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PREFACE

One of the remarkable features of modern technologies is the important role of surface regions of solids. Ion implantation, ion and electron impulse beams, and lasers are used to change the composition and structure of materials. The thin films are being deposited by various sources. The epitaxial films are grown under action of molecular beams; reactions of oxidation and catalysis have been widely studied. It is due to wide applying of investigation methods, which respond to composition and surface structure of solids. 

To meet the technological requirements, new methods and devices are produced. A few fundamental processes control the interaction of particles and nuclei. This manual deals with processes, which are the base of nuclear analysis of solids. When choosing investigation methods the author used three principles: methods should be non-destructive and give information about element composition and structure, the methods could be applied with heavy particle accelerators. Two exceptions have been made. The activation method is destructive but accelerators realize it. The methods based on characteristic X-ray radiation are not destructive, but can be realized without any accelerator. 

The method of Rutherford back scattering of ions controls the element composition with the depth (concentration profile) and the surface of a sample. The method is described in chapter 1. The methods of resonance back scattering, recoil nuclei, and nuclear reactions are described in chapter 2 and 3. These methods allow to obtain  reliable results while analyzing light (C, N, O) and very light (H and He) elements in heavy matrixes and have good selective resolution.  The method of back scattering in connection with channeling is used while solving fundamental and applied problems of the physics of solids. 

This method is applied for finding impurity atoms and defects in crystal lattice, finding the thermal oscillation amplitude of atoms, and studying the crystal structure and its violation by various factors. The methods using channelization are under consideration in chapter 5 and 6. Chapter 4 is dealing with the element analysis by the output of characteristic X-ray radiation induced by fast protons and ions. The activation analysis by charged particles is discussed in chapter 7. The author has taken part in elaborating an experimental complex in the Institute of nuclear physic of Tomsk polytechnic university. The complex is based on the electrostatic generator ESG-2.5 and cyclotron U-120M. The author also has taken part in scientific programs on material analysis. The acquired experience is delivered in chapter 8.

Taking into account the necessity of deep studying of methods used while analyzing thin films and surface regions of solids, the author believes that in this very strongly changing investigation field it is very important to understand deeply the basic physical processes but not certain experimental devices.

The experimental arrangement is being modernized, the new explorers come, but the fundamental processes of nuclear analysis methods are the same. 

Yu.Yu. Kryuchkov
                                                                                                                           Tomsk,  december 2004

LIST OF SYMBOLS 

	А
	 Mass number 

	amu.
	 Atomic mass unit 

	A0
	The Bohr radius, a0 = ħ2/mе2 = 0,0529 нм

	aTF
	The Thomas – Fermy screening radius

	b
	Impact parameter 

	d
	The distance between chain atoms 

	e
	Electron charge, е2 = 1,44 eV(nm

	е0
	Energy of incident particle 

	е
	Energy of registered particle

	Е1,Е2,Е3
	Energy of a particle scattered from the depth 
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	(Е
	Energy discrepancy of a particle scattered from surface atoms and those at the depth 
[image: image2.wmf]l



	(Ed
	Device energy resolution 

	(Ed
	Detector energy resolution

	(Es
	Energy straggling of analyzing ions

	(E
	Accelerated ions energy uncertainty 
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	Average energy of a particle while entering the target 
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	Average energy of a particle while leaving the target 

	dE/dx, S(E)
	The ion specific energy losses while moving in a solid 

	Fк
	Flux of channeling ions

	Fimp
	Fraction of impurity atoms in crystalline lattice nodes 

	Нi
	Output of back scattered particles in “i” channel
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	Depth 

	Me
	The electron mass at rest

	M
	Atomic mass

	М1, М2, Мi
	Atomic mass of analyzing ion, target atom, and impurity atom.

	N
	Atomic concentration, atom per cm3

	Ni
	Concentration of “i” element

	NA
	Avogadro number 

	NS
	The number of target atoms per cm2

	(N(x)i
	The layer concentration of “i” element

	Nd
	Concentration of defects

	Q
	Number of incident particles

	R
	Nucleus radius

	Rp
	The project free path of accelerated ion in a solid

	S
	Cross section of nuclear breaking 

	[S]
	Coefficient of energy losses of back scattering

	х 
	Thickness

	u1,u(
	Thermal oscillation amplitude 

	Y
	Output of recoil nuclei in back scattering spectra

	Yd
	Output of an axis spectrum of a damaged crystal

	Yn, Ych
	Back scattering spectrum output of non oriented crystals and while channelization 

	Z1, Z2
	Atomic number of analyzing ions and these ones of a target

	(
	Angle of scattering

	(1
	Reentrant angle

	(2
	Emission angle

	(Д
	The Debye temperature 

	Г
	Energy width of an excitation state 

	(
	Density g/cm3

	(D
	Dechannelization factor 

	(R
	The Rutherford cross-section

	(scr
	Screen cross-section of scattering

	((()
	Scattering cross-section

	(
	Recoil angle

	(
	Normalized axial output at the surface

	(v, (d
	Normalized axial output of initial and damaged crystal 

	(r
	Chaotic part of an analyzing beam 

	(1
	Characteristic angle 

	(1/2, (кр
	Critical angle of channelization 

	((
	Detector spatial angle 


ABBREVIATIONS

	RBSS
	The Rutherford back scattering spectrometry

	ResBSS
	The Resonance back scattering spectrometry 

	NRA
	Nuclear reaction analysis 

	RNS
	Forward recoil nuclei spectrometry 

	CXRIP
	Emission of characteristic X-radiation induced by protons 

	CXRII 
	Emission of characteristic X-radiation induced by ions

	RBSS/C
	The Rutherford back scattering spectrometry in connection with channelization 

	ResBSS/C
	The Resonance back scattering spectrometry in connection with channelization 

	NR/C
	Nuclear reaction spectrometry in connection with channelization

	RN/C
	Forward recoil nuclei spectrometry in connection with channelization 

	CXRIP/C
	Emission of characteristic X-radiation induce by protons in connection with channelization 

	CXRII/C
	Emission of characteristic X-radiation induced by ions in connection with channelization 

	AACP
	Activation analysis by charged particles

	NAA
	Neutron activation analysis 

	MCS
	Multi-component structures 

	EA
	Experimental arrangement 

	ES
	Energy spectrum

	CES
	Chaotic energy spectrum 

	OOD
	Orientation output dependence 

	ICC
	Information calculation complex

	BPWA
	Born plain waves approximation

	SCA
	Semi-classical approximation

	TBCA
	Two body collision approximation


Chapter 1. SPECTROMETRY OF FAST ION BACK SCATTERING  

Introduction

Analysis of materials based on interaction of radiation with the matter proves the possibility to obtain information on composition, concentration, and distribution of impurity atoms with the depth, and on the structure of a solid.  The interaction theory is the physical basis of accurate quantitative analysis of materials. In practical realization, the radiation sources, the cross-section of interaction between radiation and nuclei, and detection system are of importance.  

A great variety of phenomena associated with interaction of radiation and matter, the multitude of ways to realize their practical application have lead to a lot of methods adequate to every requirement of material analyses.  In modern investigation, usually the structure of the surface and surface layers are of interest. It is due to: the surface region dominates a lot of mechanical and chemical features of solids, the possibility of goal-directed attempts to change the composition and structure of outer layers by the various treatment methods. The conventional radiation sources sound the solids at a depth of several micrometers. There are few methods, which allow sounding solids at a depth of several scores of micrometers. The last circumstance allows using the expression “micro-analysis” and assumes that such an analysis is made without destruction of samples. 

There are more than 30 analytical methods of studying the composition and structure of surface regions of solids and thin films with photons, electrons, neutrons, and ions. In spite of their variety, all of them are based on a few fundamental processes, which control scattering of a radiation on targets under investigation and emission of the secondary radiation.  Those processes are: Coulomb scattering from atomic nuclei, generation of vacancies on inner shells, transmission between levels, pulverizing. The basic characteristics of those processes used for analysis are: energy and intensity of scattered particles   and secondary radiation, their angular distribution, orientation dependence (for mono-crystals).  

For us those methods are of interest, in which the energy of emitted radiation allows identifying the element, and the radiation intensity is the measure of the quantity of a substance.   Furthermore, the methods applied are to give (in separate measurement) information on composition and structure of a solid. Nuclear physics methods have such unique features. They are based on the interaction of accelerated ions with nuclei, the energy spectrum of interaction products being the source of information. Because of it, the methods, which we are going to discuss, are called the methods of energy analysis.  

The methods of analysis by accelerated ion beams are developed in two ways: the first one consists in measuring an activated radioactivity (neutron activation analysis and activation analysis by charged particles), the sample being destroyed; the second one consists in direct registration of products of interaction of beam particles with nuclei in the process of irradiation. Those methods are called the methods of non-destructive instantaneous nuclear microanalysis.  Expression “instantaneous” means that irradiation and registrations are being made at the same time. Of course, the analysis itself can be rather long.   

Phenomena accompanying the bombardment of a solid by accelerated ions are due to two types of collisions: elastic and non-elastic. While elastic, the energy of an incident ion is transmitted to a nucleus as a whole. Strong changing of energy and direction of a incident ion and acquirement of great energy and momentum of a recoiled nucleus follow such collisions. The change of direction can lead the falling particle to leave the target, in other words to reflect. That process is usually called “the back scattering”. It occures when the mass of an incident particle is less than that one of the target atom. If the mass of incident particles is equal or greater than those one of target atoms there is no back scattering. The kinetic energy of an incident particle is transmitted to the recoil atom – the lighter atom of a target. The recoil atom having received sufficient energy from the bombardment particle also can leave the solid. The method based on registration of backscattered particles is called the back scattering   spectrometry, and method based on registration of scattered atoms is called the recoil atom spectrometry.   

The ions of initial energy of 0.1Kev and higher are used for element analysis. At such energies, the effect of bounding of an atom in a crystalline lattice can be neglected, and elastic collisions can be considered as two-body problem. When collisions are elastic the energy of a particle scattered at a given angle is defined by its initial energy and mass of a target atom. The energy of liberated recoil nuclei depends also on the energy and mass of a bombardement ion and mass of a recoil atom. Thus, having measured the energy of reflected ions or recoil nuclei at a given angle as a result of a single collision it is possible to control the element composition of the sample under investigation.

 Elastic reflection of ions from solids is the base of spectrometry of backscattered slow ions (SBSSI), sometimes that method is called the scattering of ions of low energy (SILE). If the ions are fast, the method is called the spectrometry of back-scattered fast ions (SBSFI).  Emission of impurity atoms from a solid produced by fast and heavy ions (the mass of ions is greater than that one of a target) is the base of recoil nuclei method (RNM). 

The ions with the speed less (or greater) than that one of atomic electrons are usually called the slow (or fast) ions. The border between these two groups is chosen to be 100Kev. The discrepancy between those two energy intervals is due to the fact that at energy 0.1KeV < E < 100 Kev besides elastic scattering, the non-elastic processes (ionization and excitation) are also possible.  When E < 1Kev the collisions with atoms are elastic. When 1 Kev < E < 100 Kev the electron losses are appreciable and it handicaps to get the information. When E > 100 KeV, the energy losses caused by breaking on atomic electrons become too great. 

Thus, the method SBSSI (SILE) allows identifying the type of the surface atoms. Information on atom distribution in the depth of a sample (the concentration profile) can be got by layer-by-layer etching or by dispersing of the surface. At that, in this regard  the SBSSI method is destructive and is not under consideration in future.  

The experimental data given in 1 – 5 chapters of the book are got by the method of instantaneous nuclear microanalysis. The method is based on fast ion spectrometry. Method of Rutherford backscattering (RBS), resonance backscattering (RBS), recoil nuclei (RNM), and nuclear reaction (NRM) have been used.  In those methods the elastic scattering caused by Coulomb and nuclear interaction between falling particles and target nuclei is used. The energy losses are due to the electron braking. 
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Fig. 1.1. Geometry of experiment, detection scheme and idealized spectrum of a “thick” target (” М3 – the base, М2 – impurity implantation, М4 – the film, М5 – adsorption impurity, МАА – multi-channel amplitude analyzer)

The energy of products of the interaction between fast particles and atomic nuclei of solids leads to identification of sample atoms. Their intensity gives information on the quantity of atoms of any type; measurement of the energy losses defines the distribution of elements in the depth of samples. The correlation between those quantities is made by three parameters: a kinematical factor, which defines the mass of atoms; the differential cross-section of interaction between a falling particle and target atom, which provides the quantitative analysis of a given type of atoms; and bremsstrahlung ability of the medium dE/dx or S(E).     The energy spectrum of reaction products is of importance: its ordinate (the number of counts per energy width of analyzer channel (E) depends on the cross-section. The kinematical factor and bremsstrahlung ability affects the elastic scattering cross-section and acts upon an ordinate as well an abscissa (the energy of scattered particle, i.e. the number of analyzer channel). Such analysis does not destroy the sample. The same experimental arrangement is used for all methods of that type (Fig. 1.1). 

Thus, nondestructive energy nuclear methods of instantaneous microanalysis of films and surface regions of solids are the subject of our consideration.  

The method of back scattering is the simplest because it is based on the classical scattering in a central field. At the moment, we are going to discuss the physical principles and analytical characteristics of the method.  .

1.1. PHYSICAL PRYNCIPLES 

In order to get the energy spectrum, a collimated beam of accelerated particles (the beam of ions with a small aperture) of mass М1, atomic number Z1, and energy E0 falls at an angle (1 on the surface of a sample under investigation (see Fig.1.1). The small part of the beam would reflect from the surface, but the greater part would penetrate in the sample and then scatter. The scattered particles are registered by the energy spectrometer, the main element of which is as a rule a semiconductor surface barrier detector arranged at an angle (2   relative to the sample or at an angle ( relative to the initial direction of the beam.

The detector registers (it depends on its type) either electro-magnetic radiation (for example characteristic X-radiation excited by ions) or charge particles (the Rutherford scattered particles, products of nuclear reactions, and recoil atoms. If the detector is oriented at the angle of scattering (90( < ( < 180(), the method is called the method of backscattering and if  (0( < ( < 90() it is called the method of direct scattering. The first group includes methods of the Rutherford backscattering, resonance backscattering, and nuclear reactions. The second group includes the method of recoil nuclei and method of characteristic X-radiation. 

1.1.1. Cross-section of scattering 

The differential scattering cross-section is the fundamental characteristic of a backscattering method. The output of scattered ions (intensity of scattering) from atoms of “i” component of number Ni in a thin layer (x is given by:  

Ai = Q(d(/d()i(((Ni(x)/cos(1,                                                                             (1.1)                

Expression (1.1) is got in accordance with the principal formula of activation analysis. The quantity Q is the total number of ions fallen on the target, Ni(x is the number of atoms in a layer, atomSYMBOL 215 \f "Symbol"cm-2; (d(/d()i is  the average differential cross-section of an elastic scattering; (( = 2((d( is an elementary space angle (cm2(sr-1). Thus, if quantities Q, (( , and Ni   are constant, the output of scattered ions would be proportional to (d(/d()i. The differential cross-section of scattering of fast ions from nuclei includes the Coulomb scattering, nuclear resonance and nuclear potential scattering, and a non-coherent part. 

d(/d( = (d(/d()coul+(d(/d()res+(d(/d()pot+ Non-coherent part                         (1.2)

The first two quantities of expression (1.2) define two fields of elastic scattering. 

The energy border between them is a Coulomb barrier (Coulomb potential at a distance equal the sum of radii of colliding nuclei).    

 Bк 
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The quantity e is the electron charge. Taking in mind that e2 ( 1,44(10-13 MevSYMBOL 215 \f "Symbol"cm, radius of a nuclei R ( r0A1/3 (A – mass number, r0 -, 4(10-13 cm), and neglecting the quantity R1 in (1.3) we get (when using helium or hydrogenous atoms) the following  expression for evaluating Bк (Mev): 

 Bk (  Z1ZiA-1/3.                                                                                                        (1.4)

The magnitudes of Bк, for three types of ions in accordance with (1.4) are shown in Fig.1.2. When the energy of colliding particles is lower than the Coulomb barrier, the differential cross-section of scattering is expressed by the Rutherford formula. 
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The values of d(/d( obtained in accordance with  (1.5) for various combinations helium ion – target atom and various angles of scattering Θ are listed in appendix A1. 
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   The discrepancy from (1.5) is observed when the speed of ions is small. At such speed, the effects associated with screening of interacting nuclei by electron shells are of importance. When energy is greater than 1.0 – 2.0 Mev/a.m.u., the nuclear forces   affect the elastic scattering processes.  The method of Rutherford scattering is absolute, i.e. no etalon samples are needed to find out the stechiometric composition of the target.

Fig.1.2. Dependence 
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With growing energy, the input of Coulomb scattering in cross-section becomes smaller and other addends began play their role.  The resonance addend can greatly magnify input in the total cross-section especially at angles (, close to 180(. The resonance appears in excitation scattering functions. As a rule, the cross-section of resonance scattering 2-3 times (sometimes 2-3 orders) is greater than that of the Rutherford scattering. At that, the cross-section strongly fluctuates with nuclei and energy. If resonance is isolated, the Breit-Vigner formula is valid.  
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There are some problems with normalization. The quantity ((Eres) is the cross-section at resonance energy Eres, Г is the energy width of the resonance line. Very often the experimental cross-section is normalized comparatively to the Rutherford cross-section because the Rutherford formula gives the result in absolute units. The method of nuclear microanalysis is based on using the resonance in elastic scattering. 

That method is called the method of resonance back scattering and will be discussed in the following chapter. 

1.1.2. Kinematical factor

At elastic scattering, the structure of colliding particles does not change. Their total energy remains constant. The direction and momentum of incident ion change. The recoil atom is produced.   

[image: image110.png]10

EMeV

'\ l“ 'I"'V' L} | B A SIS

t e s by la il

50 100 150A4




Fig.1.3 Elastic scattering of a particle (speed v, energy Е0, mass M1) with a target atom (mass М2)  The  angle of scattering ( and recoil angle ( are always positive. All quantities are given in a laboratory frame.

In order to study the elementary act of elastic scattering assume that a particle of mass М1, speed V, and energy Е0 (Е0 =М1v2/2) collides with a target atom М2 at rest. After collision, the speed v1 and v2 (the energy Е1 and Е2) of the bombardment ion and target atom depend on the scattering ( and recoil angle (. (Fig.1.3). The energy and momentum conservation laws lead to: 
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is called the kinematical factor. The second particle acquires the energy (1 - k) E0.

The kinematical factor can be written as follows: 
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   In accordance with (1.8), the kinematical factor depends only on the mass of colliding particles and on the scattering angle. In order to stress the dependence of the cinematic factor on the target atom mass, the notation 
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 is used. The quantity M1 and Mi are the mass of incident ion and target atom (in atomic units), ( is the angle of scattering. The kinematical factors as function of atomic number and angle of scattering are listed in appendix A2. Fig.1.4 shows the kinematical factor as a function of a target atom mass М2 at an angle of scattering ( = 170(. 
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Fig.1.4 Dependence of kinematical factor 
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The equation (1.8) holds for an elastic scattering. In the case of solids it is true if two conditions are observed. The first, the energy of a bombarding particle is to be rather high to break the atom bonds in the lattice. The second, the energy cannot be too great to induce nuclear reactions and resonance scattering. The second condition for light nuclei holds if the energy of protons and He ions is not greater than 1 and 2 Mev. 

At small angles the kinematical coefficient dos not depend on the colliding particle mass and is close to unit (Fig.1.5). With growing scattering angle ( the coefficient (hence the energy of scattered particles) decreases monotonously. The rate of decreasing depends on M1 and Mi, it increases with the scattering particle mass and decreases with Mi. The coefficient discrepancy of neighbor nuclei reaches maximum at angles close to 180(
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Hence the relative energy loss is maximal. Because of the last circumstance, it is necessary to apply the backscatter geometry (see Fig1.1). If   M1( Mi ,  the positive sign is to be used in expression (1.8). If the angle of scattering is 90(: 
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Thus, having measured the angle of scattering and the energy of scattered ions and using equation (1.7) and (1.8) we can find the target atom mass if the quantities Е0 and M1 are known. 
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Fig.1.5 Dependence of k2 on the angle of scattering

Fig.1.6 Dependence of (Eij and (ki on mass

The method described is applied to control the element composition. The right-side part of the energy spectrum of i- component corresponding to kiE0 is used to identify the  mass of scattering centers. When two elements of mass   Mi ( Mj are present, the mass can be find if the discrepancy of border energy Ei = ki E0 and Ej = kj E0 is rather great and can be measured by a spectrometer with resolution (Esp.
(Eij = (ki - kj)E0 = (kijE0 ((Esp                                                                           (1.9)

The quantity Eij depends on the scattering angle, mass of colliding particles, and bombarding ion energy. According to Fig.1.4, the quantity (kij and (Eij increases with the angle of scattering (. Dependence (Eij on Е0 is linear.  Fig.1.6 shows the quantities (Eij and (kij as functions (in accordance with (1.9)) of target atom mass number (H, He, C, O). At A<25, (Eij is the greatest for H and He ions. For middle and heavy nuclei, that quantity is the greatest for C and O ions. Analyzing figures 1.4, 1.5, and 1.6 we arrive to the conclusion that in order to increase (Eij it is necessary to choose ( close to 180( and use heavier ions of greater initial energy. 

1.1.3. Stopping cross-section 

Till this point we have assumed that atoms to be identified were on the surface of a solid. Let us use the back scattering method to control the element concentration with the depth. The scale of depth depends on the energy losses dE/dx (or S(E)) of accelerated ions (Н+, d+, Не++) with high energy (0.5 – 5.0 Mev) while moving through the matter (see Fig.1.1).  

The energy loss is proportional to a covered distance. It allows establishing the correlation between the energy spectrum of registered particles and the depth scale. The yield of back-scattered particles is proportional to cross section. Having measured the energy losses and interaction cross section we can find changing of element composition with the depth.  

While moving through the sample, the accelerated ions lose energy (are being braked) and change the direction (are deflected). The total energy losses are composed of the losses while colliding with atomic nuclei Sn(Е) (elastic collisions) and those with atomic electrons Sel(Е) (inelastic collisions):  

S(E) = Sn(Е) + Sel(Е),






           (1.10) 

The relative input of these mechanisms into total energy losses depends on the energy and atomic number of analyzing ions.  When E0 is small and Z1 is great, the nuclear bremsstrahlung dominates. At great E0 and small Z1, the electron braking prevails. The last circumstance corresponds to the spectrometry of fast ion backscattering. In addition,  the nuclear scattering is rather rare process in comparison with electron stopping. Having in mind the small dimensions of nuclei (in comparison with those of atoms) we can assume (in the first approximation) that there is no nuclear bremsstrahlung and only electron energy losses are of interest. 

An ion while colliding with electron transfers to it only small part of kinetic energy and deviates at a very small angle. The process of stopping ions by electrons is considered to be continuous. Thus, the energy losses in this process are called permanent and the trajectory is assumed to be straight (Fig.1.1). If a particle is scattered at angle ( and kinetic energy would be sufficient to leave the target, the particle is registered by detector, the signal amplitude of which is proportional to the energy of ion. The detector signals having passed through spectrometry device enter the multi-channel impulse analyzer. Thus, the information on the target is registered as back scattering energy spectrum (BSES). The number of analyzer channel is put on abscissa axis (it defines the energy of particles in question); the ordinate axis represents the yield of scattered particles (equation (1.1)). Sometimes we will use the term “scattering yield” instead of “ yield of scattered particles” (especially on figures). The spectrum form depends on energy losses, which depend in its turn on the energy, mass, and atomic number of bombarding ion, target density (, atomic concentration N, and so on. 

To measure the energy loss we have to find the covered distance by ion in the target (t and corresponding energy loss (Е. The density and concentration are usually united with covered distance as ((t or N(t. These quantities represent the mass and number of atoms per unit surface trespassed by radiation to liberate the energy (Е. There are several ways to describe the energy loss. Usually the notation dE/dx, eV/Å (specific energy loss or linear stopping power) is used. Sometimes the notation S(E) is applied (1/()(dE/dx, eV/(mgSYMBOL 183 \f "Courier New CE"cm-2) – mass stopping power. Sometimes - ( = (1/N)dE/dx = (1/N)S(E) – stopping cross-section/(atomSYMBOL 215 \f "Symbol"cm-2). The last quantity represents specific energy loss per an atom on 1 cm2 of the sample surface. The stopping power is characterized by average energy loss and is defined by stopping cross-section:  

S(E) = ((E)N .







           (1.11)

According to the collision theory fast and slow collisions are treated separately. The ratio of bombarding particle velocity to average orbital speed of atomic (or molecular) electrons of a given shell or sub-shell is a criterion of choice. When the velocity of a bombardment particle is greater than that one of an orbital electron the influence of a particle on atom may be assumed to be an instantaneous external small violation. That leads to the Bohr classic stopping theory. The transmission of energy from the particle to an electron while colliding is instantaneous. The approximation of a central field can be applied. According to N.Bohr, the energy loss of non-relativistic particle (charge Z1e, mass М1, and velocity  v) while stopping in a medium with N atoms per unit volume can be written as follows:
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           (1.12)

The quantities e, m are the charge and mass of an electron, (s is the characteristic frequency of s-electron, К = 1,123. Summation is made on all electrons of a target (Z2). The following condition should hold to use Bohr approximation:

Z2 << v/v0,         







         (1.13а)


[image: image24.wmf]0

3

/

1

1

2

2

/

)

(

v

v

Z

Z

<<

,






         (1.13б)

The quantity v0 = 2.19(1018 cm(c-1 is the velocity of an electron circling about the closest to the nucleus orbit (the Bohr speed). He ions with the energy 0.1 MeV or H ions with the energy of 25 Kev have such velocity. To neglect the quantum effects, the following condition must hold: 

Z1 >> v/v0.








         (1.13в)

The stopping cross-section decreases with speed because the time being in the nucleus vicinity becomes smaller. The stopping cross-section is proportional to speed if the energy (speed) is small. The maximum of stopping cross-section divides those two regions (Fig.1.7). The region localized a little above of the maximum is usually used in the back scattering spectrometry. 

A dashed curve and rectangles show the energy losses of 4Не ions while passing through aluminum (decreased four times 
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) and related to energy, which is four times smaller than that one of He  [М(Н)/М(Не) = 1/4], i.e. at the same speed. While passing through the matter, He and H atoms are considered to be totally ionized (Не++ or (- particle, Н+ or proton) because the speed is great and the atoms lose all their electrons. With decreasing speed, the average charge of a bombarding particle becomes smaller and it loses its electrons. The number of medium electrons, which can be excited, also becomes smaller and the energy loss decreases. 

Thus, the Bohr theory can be applied only for stopping heavy nuclei in a target composed of light atoms. Besides, to hold condition (1.10б) and (1.10в) the energy of falling ions is to be several scores of MeV and it is practically not used in spectrometry of back scattering.
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Fig.1.7. The energy loss S(E) and stopping cross-section ( for  4Не and 1Н ions while passing through aluminum.  The rectangles mark the line 
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 which is derived from the energy loss curve of He ions as follows: constricting the energy axis (E/4) to compare the losses at the same speed, and decreasing the energy loss four times because of Z1-dependence. The aluminum atomic density is 6(1022 atoms/cm2 

Bethe developed a theory of fast charged particle stopping based on the Born approximation to evaluate differential cross-sections of non-elastic scattering. The condition of the Born approximation validity is follows: 

v >> Z1v0                







         (1.13г)

The Bethe stopping formula for fast non-relativistic particle with a mass greater than that of an electron is: 
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Fig.1.8 The average ionization energy in accordance with the Lindhard and Sharf theory (the Hartry-Fock-Sleiter charge distribution) Experimental data (3) confirms the theoretical ones (1,2).

The quantity I is an ionization potential. Expression (1.14) opposite to (1.12) is applied to describe stopping of great speed light ions. For example, the energy of He ions has to be greater than several Mev. 

Bloch applying quantum mechanics developed a theory, which generalize the results of Bohr and Bethe. In accordance with that theory the energy loss of a heavy charged particle can be written as follows:  
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The quantity ( is the logarithmic derivative of gamma-function. At low speed for heavy ions 
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, and the Bloch formula (1.15) transfers into Bohr formula (1.12). For fast light ions when 
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 , the Bloch formula becomes identical with Bethe formula (1.14). It is valid for v >> Z2v0. Besides the following condition has to be held: 

(Z2Z1)1/2 << v/v0.







          (1.16)

The average ionization potential, which is represented the Bethe and Bloch formulas,   is a gauge parameter and should be  found in experiments on charged particles stopping. Bloch using simple statistics evaluation showed that within the limits of the Thomas-Fermy theory: 
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In the first approximation, the quantity I0 coincides with the Rydberg constant  (Ry = 13.6 eV). Experiments show that parameter I0 slightly decreases with Z2. 

The theory rather differs from experiments especially for the heavy target atoms. There is also dependence on the atomic shell structure. Sternheimer having analyzed experimental data within the limits of modified Thomas-Fermy model assumed that the average ionization potential could be written as follows: 
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The quantity а = 9.76, b = 58.8, p = 1.19 (see Fig.1.8). 

Besides decreasing average ionization potential with increasing Z2, the oscillations of I, which correlate with infill of atomic electron shells, are observed (Fig.1.8). Lindhart and Sharf have developed a method different to that of Bethe to analyze the stopping process. The method is based on the model of free electron gas and the Thomas-Fermy atomic model. The energy losses of charged particles in a free electron gas can be evaluated if the dielectric function ((k,() is known: 
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(res = 4(e2n/m (n – electron density)..

It should be noted that the dielectric function ((k,(), which depends on the wave vector k and frequency (, describes both one-particle and plasmon excitations. At high frequency the form of stopping formula is identical to that of Bethe but the classical frequency of intrinsic oscillation of electron gas must be used: 
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Under assumption that electron density of target atoms slowly varieties in the space, we can write the atomic stopping function as follows: 
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The consideration of stopping taking into account dielectric formalism allows describing the process of excitation of plasmon oscillations and influence of solid electron structure on energy loss of accelerated particles. In zero approximation, the influence of electron density distribution can be described by function L(n, v). That function is being evaluated together with the free electron gas density n(r) applying Hartry-Fock method.  Chu used that approximation to explain Z2-oscillations of light ion stopping cross-section. 

Attempts to understand the role of electron density re-distribution in the context of this model are not successful. The coincidence with experiment is pour especially at low energy (Е ( 400 KeV for alpha-particles). It is due to illegitimacy of using formula for Lат when the electron density has sharp space deviations (if their shell structure is taken into consideration). Thus, even to build the dielectric function ((k,(), we are to take into consideration the electron structure of a solid. 

More detailed study of the stopping theory is not the aim of the manual. We just wanted to show that there is no simple analytical way to make the calculations in accordance with conventional theories. 

This circumstance has led to a number of semi-empirical formulas. The Varilas-Birzak formula is one of them:  

1/( = 1/(н + 1/(в,                                                                                                 (1.22) 

The quantity (н and (в is the stopping cross-section at low and high energy of ions. For protons of energy 10-1000 KeV the stopping power is described by the equation: 
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If Е > 1000 keV 
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( = v/c (c – the light velocity). For He ions of energy 1 < E < 10 Mev (very frequently applied for back scattering method) the stopping cross-section is being evaluated as follows: 
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(в = (C3 / E0)ln[1 + (C4/ E0) + (C5/ E0)].

 In  expressions (1.22а) ( (1.22г) the energy E0 is measured in Mev, the quantity ( is

measured in eV/1015 atom(cmсм-2; C1 - C5 are the coefficients for H and He ions, which  are

listed in appendix A1, A8, and A9. The attempts to improve the coefficients are in progress.    
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Fig.1.9. Stopping cross-section ( of 4Не ions in Si, and О ions in SiO2 The cross-section of SiO2 has been calculated in accordance with Bragg: 
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The theoretical cross-sections are shown in Fig.1.9. Maximums correspond to energies, at which the speed of bombardment ion and that of atomic electrons are approximately the same. 

Fig.1.9 shows the data both for one-type atom target (Si and O) and   for a compound target (SiO2). The cross-section of a compound is found in accordance with the Bragg-Clyman rule (additively postulate): the stopping cross-section of a compound 
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with composition AmBn can be written as follows: 
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The quantity (А and (В is a cross-section of atoms, m and n their relative number. 

For example for SiO2 (at microscopic level):  
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 is the stopping power per molecule. Hence, 
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, where N = 2,3(1022 cm-2 is the number of SiO2 molecules per a volume unit. The energy loss dE/dx of He ions of energy 2.3 MeV is 28.3 eV/A(. It is close to 24.6 eV/A( for pure silicon. 

The additivity rule can be applied both for alloys and for any compounds. The stopping power of compounds containing elements Zi with weighting coefficients кi is considered to be the linear combination of stopping powers of separate elements. The rule does not take into account the chemical bonds, crystalline structure, and physical state of a target.  

The validity of additivity rule has been discussed rather widely because the results of investigation of alloys and compounds depend on that rule. It was shown that the additivity rule holds good at high energy. But there are some exceptions: for polystyrene at the proton energy of 2 – 6 MeV the rule does not hold. When the speed of bombardment protons is less than 150 keV the rule is not valid for organic substances. Thus, it is doubtful to apply that rule at energy low than 100 keV.

Some authors assume that the stopping power depends on physical state and structure of target molecules, what explains the difference of stopping power of a gas and solid states (for example for hydrogen). The approximation coefficients of He ion stopping power in solids and gases at low energy are listed in appendix A8 and A9. Sometimes the chemical bonds may affect the stopping power. It was found that for organic molecules, the additivity rule holds for single and double bonds but is not valid for a triple bond. 

It is assumed that the origin of Z2 oscillations of stopping cross-section and influence of physical and chemical state is due to the electron cloud configuration, which depends on compound and its aggregate state. Experiments show that the data for solid and gas phase coincide (for He ions at the energy greater than 1 MeV). At energy lower than 1 MeV, the solids stopping power is 5% greater than that of gases. The discrepancy is appreciately less than the predicted one and too small to explain the violation of the additivity rule for oxides. 

It is possible that the differences of chemical bonds in metals or in molecular oxygen and oxides (rather than aggregate state) affect the stopping power. It should be noted that the choice of stopping power magnitudes needed for calculation is very critical because dispersion of experimental data especially at low energy is great. 

1.1.4. Ion free path 
The free path of a particle of energy E0 in a medium is defined as average distance covered by the particle till it stops. The free path is measured as an average distance covered by the particle in onward direction. As a result of successive collisions the ion loses gradually its energy and stops. Every collision leads to small angular deviation. Thus, the ion trajectory is complex. There are a lot of definitions of a free path. The linear (total, effective) free path Rl is defined as the total free path covered by ion. The distance from the entrance point to the final one is called the vector free path Rv. A longitudinal free path Rp represents the vector path projection on the direction of motion. The distance from the axis of motion to the stop point is called the transversal free path Rt,, which characterizes the deviation of the particle from its initial direction. 

The free path is measured either in linear or surface density units. Obviously: 

R Å = 108 R∙ cm = 105R/( mg/cm2




          (1.24)

The quantity ( is the stopping medium density. 

The free path is usually measured using the transmission curves i.e. dependence of the beam intensity on the thickness of a substance. Ideally, the intensity should fall to zero at some thickness of a sample. In reality, the statistic dispersion acts (Fig.1.10). The average magnitude is defined as follows: 
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The quantity P(R) is the path probability. The dispersion or second distribution moment is used for evaluation. For projective path: 
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Fig.1.10 Evaluation of a path 

The Gauss distribution is a typical one: 
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Three types of the path are conventionally used: average, extrapolated, and maximal. The average path corresponds to the medium thickness, which stops the half of the beam. The extrapolated path is defined by the intersection of the I(d) curve tangent and abscissa axis аt a point corresponding the half of intensity.  The largest distance covered by ion is called the maximal path. We remind our reader that in all cases we have in mind the path projection. To get the linear path, the multi-scattering correction should be made. In terms of the stopping power S(Е), the path can be represented  as follows:  
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This is the total linear path. For practical application, the last expression can be modified as: 
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The quantity 
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is called the residual path; the quantity 
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is called the initial path of a particle with energy Е0 (it is found experimentally). The first term is used to evaluate the energy loss of a particle, which transfers the finite thickness of matter. Empiric expressions of the (1.31) type are widely used:  
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The quantity а, b, and с are empiric parameters. 

While passing through medium the charged particle is being scattered by the Coulomb field at small angles (л. In the process of multiply scattering the particle deviates from its initial direction at an angle, which depends on the number of collisions at the angle (л. The influence of multiply scattering manifests in the path angular distribution, discrepancy of measured path from its real length, and increment of energy losses caused by multiply collisions. 

 Results delivered by Mollier are widely used while finding angular distributions cause by multiply scattering. It was recently proved that the Mollier theory is rather approximated. New calculations have been done. It was found that new data   differ only in small degree from those of Mollier. The experiments with 6.6 MeV protons, 12.5 Mev deuterons, and 24 MeV alpha particles showed that there is good agreement between the experimental angular distributions and those of Mollier.

The multiply scattering should be taken into account while comparing experimental free paths with the theoretical ones. The observed free path is related to the average projection path by a formula:  


[image: image55.wmf]22

1

cos(1/2),

2

наблiiiiсрii

ii

ш

RllRl

JJJ

=»-@-

ååå




          (1.32)

The quantity 
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 is the distance between i and (i + 1) collision while scattering at small angles, 
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is a direction relative the beam axis after i-collision. The path length is increased by: 
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The quantity 
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 is a mean square deviation from the initial direction; х is the covered distance in the medium. Having taken into account the multiply scattering processes allowed increasing accuracy of specific energy loss measurements using the back scattering spectra. 

1.1.5.  The width of back scattering spectrum 

The RBS method is unique: it gives information of impurity depth distribution (the concentration profile or just profile). At that, the target is not destroyed. While using channelization we can control the defect depth distribution (the structure violation profile). The method of finding impurity and defect space distribution is based on registration of energy discrepancy (( of particles scattered from the surface and inner atoms at some depth x.  To interpreter the energy spectra in terms of a defect and impurity concentration profile we should pass from the energy scale to the depth scale.  

The process of elastic scattering of charged particles (M1, Z1, E0) from nuclei  (M4, Z4) of a thin film is shown in Fig.1.1.  The thickness of the film is less than the free path of bombardment particles of energy E0. The film is deposited on thick matrix of atomic mass M3.  Assume that M3 ( M4. Let us find the energy of particles scattered at points 2, 3, and 6 (Fig.1.1). 

The energy of particles scattered from the surface nuclei (we neglect the energy loss in the thin layer of adsorption impurity atoms of mass M5):  
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While moving from the film surface to the interface between the film and its basement through the distance 
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 = x/cos(1 the particle loses energy. Its energy before collision is: 
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After having collided with nucleus at the film backside, the energy of the particle is: 
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Having turned back and covered distance 
[image: image64.wmf]2

l

 = x/cos(2 the particles lose energy and arrive to the detector with the energy: 

E = E3 - 
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Thus, the spectrum energy width (E of back emitted particles, which are scattered by the film of thickness (x: 

(E = E1 - E =
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The bottom indices designate the energy of a particle S(E) while entering  and leaving  the film.  

The energy of elastically scattered while passing through a thick (infinite) sample and registered particles can be written as follows: 
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The energy spectrum of particles scattered from a film deposited on thick substrate is continuous. It consists of the energy spectrum of the particles scattered by matrix nuclei (0 SYMBOL 163 \f "Symbol" E [image: image69.wmf]3
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), which are induced by the film and impurity atoms (M3 < M4 < M5). 

If the impurity atoms were lighter than matrix atoms  (Fig.1.1, M2, and M3), the elastic scattered particles would produce a spectral peak on the background spectrum produced by the particles scattered by matrix nuclei. The peak envelope represents the information on impurity concentration profile. To get the information it is necessary to transform the energy scale into the depth scale and the yield scale into the N scale (the number of nuclei per 1 cm2) using equation (1.1). 

The transformation (energy – depth) can be accomplished by equation (1.38). The task is rather tiresome because it requires the solution of integral equations. Thus, some approximations are used. At that, the peculiarities of energy losses are of interest. The function S(E) depends weakly  on  E and is practically linear.  It is illustrated by Fig.1.7 where the energy losses (( = (1/N)dE/dx)  of 4Не and 1Н ions in aluminum  are shown..
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The weak dependence S(E) on E allows to extract that function from the integral (1.38) and get zero (or surface) approximation for the quantity (x.
Fig.1.11. Dependence of cross-section ( on analyzing particles energy Е. The curve is used to pass from the energy scale to that one of the depth
(x = (EM/[S]M ,                                                                                                  (1.40)

[S]M = kMS(E0)/cos(1 + S(kE0)/cos(2,                                                               (1.41)

[S]M is the stopping loss form-factor (eV/Å), k is the kinematical factor, (1 and (2 is the incidence and reflection angle. Index M designates the matrix. The zero approximation is valid for thin films ((x ( 100 nm) when the energy loss is small in comparison with initial energy.  

For simplicity assume, that (1 = 0(, i.e. (2 = 180( - (. Thus, equation (1.21) transforms into: 
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Such geometry is widely used. Fig.1.12 shows the back scattering spectrum (( = 170() of 3 MeV 4Не ions falling on 4000-angstrom aluminum film covered from both sides by thin (( 3 mono-layers of Au) markers.  In aluminum, the energy loss along the entrance trajectory is about 22eV/( at energy 3 MeV and along the exit trajectory is 29 eV/( at energy 1.5 MeV (kAl ( 0,55). Substituting those quantities in (1.41a) we get for (ЕAl  165 keV. The distance between Au peaks is 175 keV. It is greater than (ЕAl.  It is due to the fact that by calculating in accordance with (1.41a) we used coefficient k for gold but the specific energy loss dE/dx for aluminum. 

Assuming constancy of dE/dx or ( along inward and outward trajectories leads to a linear relation between the signal width (( and depth x, at which the particle scatters.  In thin films ((х ( 100 nm) the relative change of energy is small. Thus, we can use the zero approximation, in accordance with which the energy loss dE/dx(entr is evaluated at Е = Е0, and the quantity dE/dx(exit is evaluated at Е = kE0. Thus: 
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The index denotes zero (surface) approximation.  

Analogously to [S], the stopping cross-section factor is introduced:

[(]M = kM((E0)/cos(1 + ((kE0)/cos(2,                                                                (1.42)
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(x = (E/[(]N.                                                                                                      (1.43)

Fig.1.12. The back scattering spectrum (( - 170() of 3.0 MeV He ions falling on aluminum film with thickness 4000 ( covered from both sides by thin gold markers

The linear dependence S(E) on E allows to use more accurate approximation for thick films. The quantity S(E) is assumed to be constant (at some intermediate energy). Thus:  
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 = (1/2)[E1 + kE((x)].                                                                                  (1.45)

Assuming that the energy loss is divided into two equal parts between the direct and back trajectories we can write: 



 = E0 - (E/4; 

 = E1 + (E/4,                                                                  (1.46)

Those relations hold when (1 ( (2 and kM ( 1.

Fig.1.13 shows both approximations made for 2.0 Mev He ions scattered by Pt film. In a surface approximation the spectrum width (Е is proportional to the layer thickness (х (with a coefficient 148.5 eV/A(. In average energy approximation, the dependence between (Е and (х is not linear and the energy width for a 500 nm film is not grater than that of a surface approximation. Comparison of both approximations gives the estimation of possible errors induced by the surface approximation. It should be stated that the back scattering energy spectrum could be considered as linear depth profile of elements, which compose the sample.  

Sometimes (for example in the point of contrary flexure of the function S(E) in Fig.1.7) the dependence of the cross-section on energy is not linear. Then the iterative method is applied to transform the energy scale into the depth one.  
1.1.6. The back scattering spectrum form

There is a characteristic slope on the back scattering spectrum of a thick target (Fig.1.14). It is due to the relation between the energy loss and depth and to the dependence of Rutherford scattering cross-section on energy. 

Let (( be the detector entrance angle. Thus, the number of registered particles QD   (or scattering yield Y from a thin atomic layer (x):

QD ( Y = ((()(((Q(N(x,






         (1.47)
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The quantity ((() = (d(/d() is the average differential elastic scattering cross-section of analyzing particles from atomic nuclei; Q – the total number of beam ions fallen on the target while measuring; N(x – the number of target atomic layer per 1cm2.

Fig.1.13. The energy width of back scattering spectrum of He ions with energy 2 Mev as a function of a Pt film thickness: solid line – surface approximation, dashed line – average energy approximation

In the thick or volume targets, the bombardment particles scatter at any depth. This leads to a continuous spectrum in low energy region. The scattering output from the depth layer (x at ( = 180°:


[image: image80.wmf]2

2

12

()

4()

ZZe

YxQ

ΩNx

Ex

æö

=DD

ç÷

èø

k

,





         (1.48)

Here Е(х) is the energy of a particle at the depth х, N is an atomic concentration. In back scattering method the spectrum of emitted particles of energy Е1 is being measured. In order to get the spectral distribution Y(Е1)dЕ1  from equation (1.48) we take into account that Е(х) is an intermediate energy between Е0 and Е1​. Introducing quantity (Еent = Е0 – Е(х) (the entrance energy loss) and (Еexit = kE(x) – Е1 (the exit energy loss) we get: 
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Fig.1.14. Back scattering spectrum of 1.4 MeV He ions falling on a thick Au target: solid line – experiment, dashed line – formula (1.51) (normalization on energy 1.3 Mev) 

This ratio  does not practically depend on depth if the energy loss – depth function is slow (for example, 2.0 MeV He ions). Then the energy at the depth x: 
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 А is a constant. For heavy targets К (1, А ( 1, and 
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Fig.1.14 shows the spectrum of particles with the initial energy Е0 = 1.4 MeV. 

The previous evaluation of amplitude and width of an output signal are to be made while preparing the experiment for optimization an experimental arrangement and choosing the sample configuration.  

1.2. Characteristics of back scattering methods 

While discussing this item we will use the expression the ‘methods of back scattering’ to accentuate the unanimity of analytical characteristics of the Rutherford back scattering and resonance back scattering methods. It should be noted that the analytical characteristics were studied while developing the method of Rutherford back scattering, which is the most universal und is widely used among the nuclear-physics methods of elementary analysis.  The other methods are usually used to improve one of its characteristics – sensitiveness.  

1.2.1. Mass resolution of BS methods 

The mass resolution is one of the important characteristics. In accordance with (1.9):

(Mi (M1, Mi, (, E0) ( (E = (ki (M1, Mi, Mi+1, ()E0/(Earr,

           (1.52)

The quantity (ki is an increment of ki per unit atomic mass of a scattering substance; (Еarr is the arrangement energy resolution. 

(Еarr = [((Еd)2 + ((Еs)2 + ((Ег)2 + (Ек)2 + ((Еb)2]1/2.                                          (1.53)
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Here (Ed is the detector resolution  (for semiconductor detector (Ed = 13 ( 20 keV); (Eb is the energy dispersion of beam ions (for electro-static accelerators (Eb = 1 keV); (Es is the energy straggling of analyzing ions (changes with depth). In silicon at the depth 100 nm the energy straggling of 1 MeV 4Не ions is 3 keV; for heavy targets the energy straggling may be of (Ed -order; (Eг is the energy dispersion caused by discrepancy of path lengths of ions (depends on the beam size detector aperture, the distance detector-sample, depth, scattering geometry); (Eк is the energy kinematics dispersion caused by 

Fig.1.15 The mass resolution as a function of 4He ions energy 

the detector aperture angle (usually (Eк ( 1 keV). Thus, the detector makes the main deposit in the detector resolution. The trustworthy division of neighbor nuclei is provided if:  

(E/(Earr ( 1.                                                                                                        (1.54)

In accordance with Fig.1.3, 1.4, and expressions (1.52-1.54), in order to improve the mass resolution one needs to increase the scattering angle, decrease the device energy resolution, and increase the energy and mass of analyzing ions.  

The maximal scattering angle ( = 180( can be provided by circular detectors. The device energy resolution (Earr can be made better using magnetic or electrostatic analyzers МА and ЭСА, which have rather high-energy resolution (SYMBOL 126 \f "Symbol"1 keV). That magnitude is one order greater than that of the semiconductor surface barrier detectors. Two obstacles complicate the advantages of ЭСА and МА for wide application. The analyzers are developed for 100-150 MeV protons and 400-600 keV 4Не ions and that constricts the method of fast ion back scattering. The analysis time is very long; that is due to small angular aperture and energy width of the registration window. The last circumstance leads to energy scanning of scattered particles to assemble the energy spectrum.

There are some difficulties while using heavy ions to increase the mass resolution. The resolution of semiconductor detectors when registering heavy ions is by one order worth than when registering the light ions. If take into consideration the actual resolution of spectrometers and evaluate the ion minimal energy 
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, at which equation (1.54) holds, we see that the satisfactory mass resolution for He ions is reached at considerably smaller energy than for heave ions (Fig.1.2). The energy of He ions is two times smaller than that one of carbon ions.  In other words, at given energy of analyzing ions, increasing of their mass will not improve the quantity (Мi. 

Increasing energy of heavy ions requires the application of more power-consuming accelerators (cyclotrons instead of electrostatic generators) that leads to higher price of analysis. The heavy ions (in comparison with the light ones) make the structure of mono-crystals amorphous at much less depth doses (two-three orders). For a semiconductor detector it leads to fast degradation of its resolution power and damage of the detector (may be in the time of analyzing). 

Using dependence 
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= f(Ai) and Bcoul = f(Ai) for hydrogen, helium, and carbon ions we can chose at a given energy of bombardment particle the mass resolution needed for nuclear analysis.   For example 3 MeV 4Не ions give resolution (Mi = 1 (
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 SYMBOL 163 \f "Symbol" 1) in the region 16 < Mi < 48 (the low limit is due to the barrier height to eliminate nuclear reactions); (Mi = 2 (1 ( 
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 < 3) in the region  72 < Mi < 90 and so on. . The 15 MeV carbon ions give resolution (Mi = 1 at 25 < Mi < 60; (Mi = 2 at 60 < Mi < 110; (Mi = 3 in the region 110 < Mi < 138.

In multi-element analysis it is not only needed to identify the sample nuclei mass. To make qualities analysis it is necessary to find the amplitudes and area of spectral peaks; in other words, to get a total spectrum or partial subdivision of spectra into its components. 

  To evaluate the validity of multi-component structural method the mass resolution criterion( has been introduced. It is defined as the minimal energy interval between two arbitrary chemical elements in a sample when:

( ( (ki - kj)E /(Earr,                                                                                              (1.55)

The coefficient ki and kj is an element kinematical factor. For thin films when the spectrum is composed of separate peaks ( = 1.5. At that, for peaks of identical intensity the depth of the cavity between them is 25SYMBOL 37 \f "Symbol" of maximum amplitude. For superposed spectra ( = 4. Using this magnitude we can evaluate the maximal number of chemical elements in a target, which spectra can be distinguished with confidence.  

Fig.1.5 shows the dependence of kE0 on target atom mass for 4Не ions of different energy at ( = 170(. The horizontal strips of the “width” (Earr =20 keV mark the regions corresponding to the energy interval 4(Earr, (beginning from the right side of the mass Mi = 208).  The number of stripes of every curve gives the maximal number of analyzed masses at a given energy. The length of the stripe corresponds to the mass resolution (Mi. For example, at E0 = 2 MeV the masses in the region Mi = 185 ( 210 cannot be distinguished. In apparatus spectrum at E0 = 1, 2, and 3 MeV it would be possible to select 8, 13, and 20 components. Hence, even using 1 MeV 4Не ions it is possible to select eight components. The real structures have no more than 5-6 components. 

The nuclear microanalysis is made in most cases by helium ions of energy 1-5 MeV. In that energy diapason, the scattering and stopping cross-section has been well investigated. To register 4Не ions the semiconductor detectors of high resolution have been manufactured. Rather cheap and widely used electrostatic generators are applied to accelerate ions.  

1.2.2. Depth resolution of BS-methods 

The depth resolution can be evaluated if in equation (1.40) or (1.43) insert (Earr instead of (E:

 (x = (Earr /[S] = (Earr /[kSentr/cos(1 + Sexit/cos(2].                                              (1.56)

In standard arrangement ((Earr = 15 keV), the energy of He ion Е0 = 2 MeV, (1 = 0(, (2 = 150( - 170(. The depth resolution in silicon surface layer  ((x0 = (Eд/[S0]) is ( 30 nm. 

If the impurity concentration is small (( 1% atoms) the base matrix dominates the stopping power. Fig.1.16 shows the energy spectrum of silicon implanted by arsenic ions.  Transformation of energy scale into depth one is made by relation (1.40). The quantity dE/dx is taken for silicon, k = kAs. The shift (ЕAs signifies that the arsenic atoms are implanted in a certain surface layer of silicon. 

Fig.1.17 shows the data on silicon target covered by the thin (1000Å) nickel film. Almost entire 4Не ion beam penetrates the target at the distance of several micrometers. The particle scattered from the front side of nickel film have energy, which is defined by relation E1 = kNiE0. The kinematical factor of helium ions scattered at angle 170( is 0,76 (while reflecting from Ni). Thus, 2 MeV 4He ions scattered by an external surface of nickel films have energy 1520 keV. When reflecting from silicon the kinematical factor is 0.57. 

While moving in a solid the specific energy loss is about 64 eV/Å( (the nickel density 8,9 g/cm3). With a good accuracy the energy loss in thin films is linear with thickness. Thus, the 2 MeV particles having reached an inward Ni-Si interface lose 64keV. Having back scattered from nickel at the interface the energy of the particle is 1471 keV (accordingly to kNi(E0 – 64)). Moving in backward direction the energy loss will be a little different (69 eV/Å(), because of dependence on energy. At the surface the helium ions scattered by nickel will have the energy of 1492 keV. The energy decrement (Е of the particles scattered by external and internal film sides is 118 keV. This quantity can be got from equation (1.40). 

Usually the reaction products or inward diffusion profiles are of interest. The low part of Fig.1.17 corresponds to the case when the nickel film acting upon substrate forms Ni2Si. The width of a signal (ЕNi is increased a little due to the silicon atoms. A step is produced on silicon signal, which is caused by silicon atoms. It should be noted that amplitude ratio НNi/НSi gives the composition of silicon layer. In the first approximation: 
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We have neglected the difference of back stopping cross-sections of the particles scattered from nickel and silicon atoms. The scattering output from Ni and Si is a product of signal amplitude by its width (Е. The more accurate approximation for the ratio of output of two chemical elements uniformly distributed inside a film is: 
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          (1.58)

The formulas (1.57) and (1.58) for Ni2Si give 5% difference while identifying the stehiometry of a silicide. 

It follows from equation (1.56) that in order to improve (x the following steps are necessary: 1) to decrease the energy resolution (Earr; 2) to optimize the type and energy of analyzing ions for increasing S; 3) to optimize the experiment geometry.

Analyzing the application of heavy ions shows that in the region 1.5-5.0 MeV they do not give better depth distribution then helium ions. Comparison is made for 1-2 MeV  4Не ions, and 1-2 Mev 40Ar, 84Kr ions. The quantity (xmin in tantalum is four times greater than for helium ions. The quantity (хmin for ( 3.5 MeV 12С and 14N ions is of the same magnitude as that one for helium ions; for ( 5 MeV 12С ions in nickel that parameter is a little greater than for helium ions.

 It was shown that increasing ion energy and depth resolution did not improve the depth resolution. The resolution (х ( 30 nm in Ge was got by 19F ions (Е0 = 17 MeV, ( = 1500). The 16О ion beam (Е0 = 40 MeV, ( = 1170) in Нg1-xCdxTe gives resolution (х = 50 nm (sliding scattered beam that improves the depth resolution).

Optimization of the experiment geometry (sliding angles of incidence and scattering) proved to be profitable. In sliding geometry the target is arranged so that the beam and detector were at the same side from normal to the surface and the angle between them and the surface were small. 
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Having applied the optimal geometry ((1 = 85( and (2 =78(, Fig.1.1) the record depth resolution for semiconductor detectors ((Ед = 15 keV) (хmin = 2.5-4.0 nm in Si for Fig.1.16 The back scattering spectrum of 2.0 MeV 4Не ions reflected by a silicon crystal implanted by 250 keV As ions (dose 1.2(1015 ion/cm2). The vertical arrows designate the energy of particles scattered by 28Si and  75As at the sample surface. The left ordinate scale is for Si, the right one is for As.

There are two modifications of sliding beam geometry, which improve the depth resolution 5-6 times; (1 = 85( and (2 = 0( (the sliding incidence angle and normal position of a detector); (1 = 0( and (2 =85( (normal falling of the beam and the detector sliding position). Those modifications have been widely used in element depth analysis, the last one being practically unique for finding the defect depth distribution of monocrystals.

1.2.3. Straggling 

The energy resolution limit is dominated by the detector resolution (Еd and straggling (Еs. Assuming the both inputs to be independent and follow the Poisson distribution the total resolution:  

(Е1 = [((Еd)2 + ((Еs)2]1/2.
       





           (1.59)
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Fig.1.17. 2 MeV 4Не ion back spectra when scattered by a nickel film deposited on silicon: (a) diffuse border, (b) developing Ni2Si.  

While moving through a medium the fast particles lose energy due to a lot of collisions. That process is discrete and affected by fluctuations of energy losses. The identical particles having passed the same thickness of the uniform medium are not of the same energy. That phenomenon is called the energy straggling. The straggling dominates the accuracy limit of energy loss measurements and hence the depth resolution.  

Several MeV light particles (1Н and 4Не) lose energy mainly by colliding with target atom electrons. Thus electron interaction fluctuations are of interest. The distribution of energy losses (Е of the beam passed through a foil approximately is that of Gauss:  
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(В is the standard deviation. Let the quantity d( be the cross-section of energy transferring. Then for a foil of thickness х end electron density n (electron per 1 cm3):  
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Taking into account that: 
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(b is an impact parameter, Т is the energy transmitted by collision) 
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Тmax = mv2, Тmin = I. For fast particles 
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Expression (1.60a) is often called the Bohr formula of energy straggling. It should be noted that half width is 2(2ln2)1/2 times greater then the standard deviation i.e. (Ес = 2,35 (В.

According to Bohr’s theory the energy straggling does not depend on energy and is proportional to the square root of electron density NZ2x. For helium ions the quantity 
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, (in 10-12 (eV(cm)2 units) equals Z2 with accuracy of 4%. That simple evaluation of the target thickness (atom/cm2) leads to the energy dispersion 15 keV of 2 MeV helium ions. Fig.1.18 shows the results of calculation. For example, the energy dispersion when applying silicon films (Z2 = 14, N = 51022 atom/cm3) with thickness about 5000 ( is not greater than conventional detector resolution (15-20 keV). 

Straggling restricts the depth resolution.  The energy dispersion depends on the penetration depth because 
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 is proportional х. The energy dispersion of helium ions falling upon the layer (thickness ( 1000 Å) is small in comparison with the detector resolution and does not affect the depth resolution. When thickness is greater than 2000 A the energy dispersion becomes appreciate and restricts the depth resolution. 

While scattering at the depth х at an angle 95( (the emission angle is 5( relative the sample surface) the path length is 10х. Because of this circumstance, the straggling, which in traditional back scattering schemes affects the energy resolution only at the depth about 2000 Å, becomes of importance even at the depth of about 200 Å. Hence, using the sliding exit angles raises the depth resolution only in sufficiently thin surface [image: image125.png]Energy —e KsiEg KniEo EO
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layers. 

Fig.1.18. The surface atomic density, which produces the energy straggling 15 keV (while passing) or 21 keV (while back scattering) as an atomic number function according Bohr’s theory for 2 MeV 4Не ions. The straggling is defined as half width of energy spectra.

1.2.4 The limit of finding chemical element small concentration 

That quantity is defined as the minimal concentration of certain atoms, which can be found with given accuracy. The parameter is dependent both on the energy resolution and the input of an element in the spectrum. Using (1.1), (1.40), and (1.43) we get the maximum of energy spectrum as function of k, d(/d(, and S(E) (at  (1 = 0(): 

H(E) = Q((d(R(E0)(E/{d([S(E0)]}.                                                                 (1.61)

A glance at expression (1.5) shows that the cross-section is proportional 
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. Thus, the sensibility is higher while finding heavy nuclei in light atom matrixes. Absolute layer concentrations of impurity atoms N(x can be established if we use a certain matrix as an etalon. The amplitude of a back energy spectrum of ions scattered by target surface atoms can be written as follows:  

HM = Q((d(M(E0)(Eан/{d([(М)]}                                                                    (1.62)

The quantity (Ean is the energy width of analyzer channel. Using (1.1) and (1.2) we get: 

(N(x)п = Ахd(M(Eан/HMd(п[(M].                                                                        (1.63)

With the aid of (1.63) we can find the concentration of adsorption atoms M5 deposited on a thin base (of M4 atoms) and to build up the concentration profile of M4 (See Fig.1.1). For example, the sensibility limit for Au atoms on a Si surface (2 MeV helium ions) is 3SYMBOL 215 \f "Symbol"1012 atoms per 1 cm2  (or ( 10-3 mono-layer). It follows from (1.1) and (1.61) that the ratio of partial yields while scattering from surface atoms: 

Нi/Нj = NiZi2/(NjZj2).                                                                                            (1.64)

If the volume concentration of light chemical elements in a heavy matrix is small it is impossible to detect its spectral signal, in other words, to find its relative concentration in the compound. 

The ratio between the output signal from light atoms and statistic dispersion in signal from the matrix is a criterion of the method. Three times exceeding of light element signal in comparison with that of background is believed to be a method validity criterion.

Him ( 3
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The indices “im” designates impurity atoms, the indices “m” – matrix atoms. The total number of registered impulses per cannel usually is not greater ( 104 (the time of experiment 10 –60 minute). It was found (using (1.61) that the limit sensibility to find the relative concentrations of a light element or impurity in heavy matrixes can be approximately expressed as follows:  

Сimlimit( 3ZM2/Zim2  (.                                                                                           (1.66)

In accordance with (1.37) the sensibility limit for oxygen in matrix ZМ = 40 is about 75%. More exact results with respect of experimental conditions are shown in Fig.1.20 (upper curve):  Сimlimit ( 50 SYMBOL 37 \f "Symbol". Thus, the expressions (1.65) and (1.66) can be used only for rude estimation. As it follows from Fig.1.19 (the upper curve) rather great quantity of oxygen (60-90%) is not controlled when the matrix contains chemical elements with Z = 60 ( 80.

Accordingly to equation (1.65), the sensibility can be increased by the ratio Нim/Нbgr. Decreasing the background in comparison with useful information but not violating the background statistic fluctuations in back scattering spectrum from matrix heavy atoms can provide it. The analysis time should be increased to get 104 impulses per channel. To realize that way, either thin films or monocrystals are to be used.
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Fig.1.19 The detection limit for oxygen in Zi matrix with criterion 3(Нbgr, where Hbgr = 104 impulse/channel: The upper curve RBS  (Е0 = 2 MeV), lower curve ResBS (Е0 = 3.045; 5.15 MeV)

 While applying the second modification, the number of information counts is being increased (the number of background counts being constant). It is achieved by using of resonances. 
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