
LBL-18897 

REC£1VEO 
LAWRENCE 

BERKELEY LAAORATORY 

MAR 15 1985 

LIBRARY AND 
y DOCUMENTS SECTION 

.-. HEAVY ION RUTHERFORD 
BACKSCATTERING SPECTROMETRY 
(HIRBS) FOR NEAR SURFACE 
CHARACTERIZATION OF 
ELECTRONIC MATERIALS 

K.M. y,_. 
(H.S. Thesis) 

December 1984 

TWO-WEEK LOAN COPY 

This is a Library Circulating Copy 
which may be borrowed for two weeks. 

For a personal retention copy, call 

Tech. Info. Division, Ext. 6782 . 
.• t 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 94720 

Prepared for the U.S. Department of Energy 
under Contract DE-AC03-76SF00098 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



.. 

HEAVY ION RUTHERFORD BACKSCATTERING SPECTROMETRY(HIRBS) 
FOR THE NEAR SURFACE CHARACTERIZATION OF ELECTRONIC MATERIALS 

Kin Man Yu 

M.S. Thesis 

Lawrence Berkeley Laboratory 
and 

Department of Materials Science and Mineral Engineering 
University of California 

Berkeley, California 94720 

Decemoer 1984 



1 

A8STRACT 

Tne use of neavy ion projectiles for Rutherford Backscattering 

Spectrometry(RBS) provides several potential advantages over 

conventional RB~ wlth 4He beams. Among these advantages are the 

improvea mass resolution for heavy elements (>50 AMU) and the 

increased accessible aepth of analysis. A series of experiments 

us1ng 20 MeV 16o beam oackscattered from a variety of targets 

was performed in order to examine the potential advantages of 

heavy ion RBS in tne near surface characterization of sem1con-

ductors with masses greater than 50 AMU. Important. questions 

such as mass resolution, depth resolution, isotopic effects, 

absolute sensitivity and minimum detectable limit of impurities 

were investigated. Ion implantations and multiple layered 

structures on GaAs substrates as well as metal germanide systems 

were studiea. The development of the method in conjunction w1th 

the channeling technique is also discussed. 
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HEAVY ION ~UTHERFORD BACKSCATTERING SPECTROMETRY 
FOR THE NEAR SURFACE CHARACTERIZATION OF ELECTRONIC MATERIALS 

1 INTRODUCTION 

1 . 1 Surface 

Rutherford BacKscattering Spectrometry(RBS) is a very power-

ful surface ana nedr surface characterization technique (100 to 

1000A) espec1ally for electronic mater1als. The strength of RBS 

as an analytical technique l1~s in tne fact that it can provide 

depth information w1tnout employing dny physical or cnemical 

section1ng technique and it Cdn previae quantitative analysis 

without reference of standaras of similar composition. In 

addition to exhibiting these aavantages, RbS is also fast, simple 

ana non-destructlve. 

The basic experimental drrangement consists of three major 

components, namely, the beam generation system, the scattering 

chamoer and the data handling system. Tne measurement consists 

of directing a collimated monoenergetic oeam of chargea particles 

incident on a tdrget, detecting these particles oackscattered at 

a particular angle ana measur1ng the resultant energy spectrum 

of detected particles. Tne theoret1cal oasis for tne interpret-

ation of the spectrum is wel 1 unaerstooa from nuclear physics. 

In a conventional RBS experiment, the Kinds of inforrnat1on 

one can obtain incluae (1) identification of elemental 



constituents, (ii) depth and the thickness of impurity layers, 

and (iii) concentration profile. Tne elemental information 1s 

provided through the kinematic scattering factor K which is 

simply the rdtio of tne energy of the projectile after and tnat 

oefore tne collision. K is aerivea from equations expressing 

tne conservation of energy ana momentum and is different for 

different pairs of proJectile and target atoms. Therefore K can 

oe looked upon as a unique identifier for different elements for 

a certain kina of proJectile ion. The aepth informatlon can be 

obta1ned througn tne energy loss (dE/dx) characteristics of the 

projectile in the target materials. Finally one can get the 

concentration of certain elements in the target by tne total 

yield, i.e., the total number of particles backscattered oy the 

desirea element intercepted by tne aetector, tne probability of 

collis1on (tne Rutherford scatter1ng cross section cr), and tne 

total numoer of particles 1nciaentea on the sample. 

Figure 1.1 snows a scnematic energy spectrum ootained in a 

RBS exper1ment. Tne target is a compound of two elements A ana 

8 with A neav1er than B. Tne abscissa represents the channel 

nurnoer corresponding to a particular value on the energy scale 

ana the ordinate gives tne yield per channel. By n1easuring tne 

location of the eayes 'one gets the masses of A and o. The 

neignts of the eages in the spectrum represent the concentrations 

of tne two elements in the compound. A real RBS spectrum is, 

however, more complicated. One maJor complication is the energy 

loss straggl1ng which arises from the statistical fluctuation of 

the total energy loss, tne sum of numerous small energy losses 
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of the projectiles in the target. Another more important effect 

is the detector energy resolution. As a result, the energy 

spectrum is broadened ana the step-like eages in the spectrum 

wi ·11 be smootnenea out. 

Q 
...1 
LU 

> 

AB 
INCIDENT BEAM 

Eo 

I ENERGY 

XBL 843-942 

Fig. 1.1 Theoretical spectrum fur a RBS experiment on a 
compound target AB with A heavier tnan B. 

RBS did not become widely applied to real scientific problems 

until the early 1960s when sol1d-state detectors with gooa energy 

resolution oecame available. witn tne rapid growtn of the elect

ronic inaustry ana the introduction of planar technology in sem1-

conauctor aev1ce fabrication, kBS as a near surface cnaracteriza-

tion technique found more ana more applications in electronic 
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materials research. Since then, a numoer of proolems have been 

stuaiea with RBS including surface impurities identification 

[l-3j, impurity distrioution in depth especially aopant concent

tration profiles in semiconauctors witn ion implantation or 

aiffusion processL4-6], metal/semiconautor interfacial react1ons 

[7-llj, and metal-metal interaction analysesll2-15J. By direct

ing the particle Deam into a maJor crystallographic axis of tne 

target, a technique callea channeling, R8S is also usea to 

analyze crystallinity proolems such as depth distriDution of 

lattice aisoraer caused Dy radiation aamagell6,17], location of 

impurity atoms in tne lattice sites[lB-21], and composition and 

thickness of amorpnous surface layersL22]. 

RbS is, however, not limited to the applications in the 

field of electronic materials. The method is also applied to 

nuclear energy technology ana materials science where near 

surface cnaracterization is important. Cladding materials, 

first wall erosion, corrosion, thin film reactions, oxiations 

ana superconaucting and magnetic tnin films nave also been 

studiea witn RBS. 

1.2 Motivations for tne Development of Heavy Ion RBS 

W1th tne increasing sophistication of the devices employed 

4 

by tne electronic industry, many of the existing characterization 

techniques are becoming inaaequate. Recently, the increasing 

demana for hlgh speed, nigh density large-scale integrated 



circuits led to the design of devices with very shallow junctions 

and the development of compound semiconductors such as GaAs and 

InP. As a result, more complicated metallization schemes with 

multiple layered structure are needed. 

For many of the structures, analysis by conventional RBS 

with 4He ion beam is difficult because of some inherent weak

nesses in the method. These include insensitivity to liyht 

elements in heavy suostrates, poor lateral resolution due to 

Deam size and tne lack of chemical information. But the most 

important limitation when applied to III-V compounds is its poor 

mass resolution for heavy elements (M>50AMU). This arises from 

the fact that the difference in the energies of the particles 

backscattered from targets of adjacent mass becomes more and 

more indistinguishdble as tne target becomes heavier. In other 

words the K factor in RBS is rather insensitive to the change of 

target mass for heavy targets. Tnis limits its applications 

considerably, especially in the analysis of multiple layered 

structures and tne investigations of problems in III-V compound 

semiconductor materials and ~evices. 

The use of ions heavier than 4He as projectiles in RBS 

results in an improvement of mass resolving power while it 

preserves the basic advantages of conventional RBS. In fact, 

we have demonstrated tnat adjacent elements can De resolvea for 

elements as heavy as Au (M=l97AMU). This makes heavy ion RBS 

(HfRBS) a very promising technique in near surface characteri

zation for compound semiconductors and multiple layerea metalliz-

ation schemes. In addition to tne mass resolution improvement 

5 



acnieved, a decrease in the relative energy loss (dE/ax)/E
0 

is 

also attainaole by HIRBS (where E0 is the incident energy of 

the projectiles). This results in an increase in the access

iDle depth of analysis for tne methoa. 
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2. RUTHERFORD BACKSCATTERING SPECTROMETRY(RBS) 

Rutherfora BacKscattering Spectrometry was established 

following the discoveries of Rutherfora and of Geiger and Marsden 

[23,24J. The original experiment oy Geiger and Marsden was to 

confirm the atomic model proposed by Rutherfora. The basic idea 

of the experiment is to snoot energetic chargea particles (4 to 

8 MeV alpha particles from a radioactive source) at a group of 

atoms ana to examine tne distribution 1n angle of the particles 

after passing througn the atoms. This experiment was purely of 

nuclear physics interest ana the analytical nature of tne scatt

ering methoa was not fully realizea until the late 1950s [25]. 

The basic pnysics of R8S is appealing because of its 

uncomplicated nature. As a matter of fact, tnere are only three 

most important physical concepts involved in this technique eacn 

of which gives a specific Kina of information: 

(1) tne Kinemat1c scattering factor K which gives elemental 

information, 

(2) tne scattering cross-section a which gives quantitative 

information of the atomic composition of the target, and 

(3) the observea energy loss aE/dx of an proJectile ion wnen 

penetrating through the target wnich can be interpreted to give 

depth information of the target layers without sectioning. 

7 



2.1 The Kinematic Factor K 

When a beam of monoenergetic charged particles is incident 

on a solid surface, it can undergo a number of interactions with 

tne atoms in the solid. Some of tnese particles will be scatt-

ered due to interactions with individual atoms at and near the 

surface. If tne incoming energy E0 of tne projectile particles 

is lower than the energy neeaea for nuclear reaction between 

these particles ana tne target elements, the particles will be 

elastically scatterea and the energy of the scattered particles 

at a spec1fic scattered angle will oe a function only of the 

8 

particle mass M1 , tne target mass M2, and tne angle of scattering. 

With the above assumptions, the collision process oetween a pro

jectile particle and a target atom is called an elastic collision. 

Figure 2.1 snows the geometry of such a collision. Tne scattered 

energy E=KEo where K is known as the Kinematic factor wnich is 

determined solely by kinematic consideration. Using the princi-

ples of conservation of energy ana momentum, one can snow tnat 

[26] 

1 
M2 ~2 . 2 -2 2 ( 2_1-1 1s1n s) +JVI 1coss 

~--------~--------) 
( 2 . 1 ) K = 

where M1 is tne projectile mass, M2 is tne target mass and sis 

tne scattering angle. For a given kind of projectile part1cles 

at a particular scattering angle, K 1s un1quely aefined for any 

given target element. As a result, different elements can be 



I~ 

identified by measuring the energies of the scattered 

projectiles. 

TARGET PROJECTILE 

K(8=180°) = 1 2 
[
1-M /M ]

2 

1 + M1/M2 

Fig. 2.1 Geometry of an elastic collision process between a 
projectile atom with mass M1 ana a target atom with mass M2 

9 

Figure 2.2 shows the relationship between K and M2;M 1 for 

different scattering angle ~- For scattering angles smaller than 

90°, i.e~ the forward scattering case, K is relatively insensitive 

to the cnange in target masses. Since the K values determine the 

scattered energies, it is desirable to nave tne slope of the K 

versus M2;M 1 curve as large as possible in order to achieve 

gooa mass resolving power. As a result, the backscattering 

geometry witn ~ greater than 90° is favorable as far as mass 



resolution is concerned. In fact, one tries to make e as close 

to 180° as possiole. It is also worth noticing that in the 

backscattering geometry, when M2JM 1 is smaller than 1, K is 

0. In other words, a projectile colliding with a stationary 

atom with mass equal to or smaller than its own cannot be 

scattered backward, but only forward. 

1.4~----------------------------r----------------------------, 

1.2 

XBL S4S-!740 

Fig. 2.2 The Kinematic factor K plotted as a function of tne 
mass ratio 1/x=M2/M1 for aifferent scattering angle e. 
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2.2 Scattering Cross Section a 

The term cross section used in nuclear pnysics is a measure 

of the probability of the occurrence of a given process. 

Rutherford scattering cross section is, therefore, a measure of 

tne probability tnat a particle will nave nuclear scattering 

with a target atom. The concept of differential scattering 

cross section is introduced in order to account for the direct

ionality of tne scattered particles. Tne differential scatterin~ 

cross section can De thought of as a small area witnin the total 

cross section a. When a particle hits witnin this small area, 

it is scattered into a solid angle dQ centered around the scatt

ering angle e. It is therefore a measure of the probaDility 

tnat a particle will be scattered througn a solid anyle whose 

value lies Detween n ana Q+dO, n is tne aetector solid angle 

wnich is typically a few millisteraaian. This parameter enables 

RBS to oDtain quantitative information about tne target. 

Generally, tne total of aetectea DacKscatterea particles A can 

be related to the amount of material in tne target by 

A=da/dfl QNt aQ ( 2 . 2 ) 

where Q is tne total number of incident particles ana Nt is tne 

numDer of target atoms per unit area. Since A, Q, n are 

measuraDle quantities, tne numoer of target atoms Nt can De 

calculated if a is known. In particular, in the case of tnin 

film analysis, assuming tnat N is the bulk atomic density of tne 

11 
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material, the thickness of the film canoe measured • 

The expression for the Rutherford differential scattering 

cross section was developed through the assumption of Coulombic 

interaction between target and proJectile and is written as 

. . 2 1/2 2 
Ocr 

dD 

((1-((M 1 ;M 2)sln e) ) +cos e) 
( 2 • 3 ) . 

4E . 4 s1n e (l-((M 1;M 2)sin e) 2) 112 

where z1 , z2 are the atomic numoers of the projectile and the 

target nuclei respectively ana E is the incident energy. The 

expression shows tnat tne total of o~ckscatterea particles has a 

(Z 1z2;E) 2 dependence. The z2 dependence shows why heavy elements 

in a light matrix are a favorable case for analysis. 

2.3 Energy Loss dE/dx 

As an energetic ion wanders its way through the target, it 

slows down ana its kinetic energy aecreases. This energy loss 

or the stopping of the projectile ion in matter consists of two 

processes: 

(1) energy loss due to interaction of the ion with the target 

electrons--electronic or inelastic stopping process, ana 

(2) energy loss aue to interaction of the ion with the target 

nuclei--nuclear or elastic stopping process. 

These two processes are largely indepenaent of each other so 

that the energy loss can be separated as follows: 



10: 

dE = dE]' 
~ electronic dx 

a E-
+ -J nuclear ax 

( 2. 4) 

For almost a century, a lot of theoretical and experimental 

effort has be~n spent on the calculation of the stopping of 

energetic ions in matter [27J. The nuclear stopping process can 

simply be treated as tne Kinetic scattering of two screened 

particles. This large angle scattering process is highly 

unliKely ana can be treated as a secondary process. The main 

contribution to the total energy loss of an energetic ion (MeV 

energy range) in matter stems from its interact1on with the 

target electrons. This interaction is the excitation or ioniza

tion of the target atoms to which the ion comes sufficiently 

close. These changes of state are caused by the Coulomb force, 

which can give a sharp impulse to an electron as the ion moves 

swiftly by. The energy transferred to an electron represents a 

loss of Kinet1c energy of tne moving ion, which therefore will 

slow down and eventually stop. The ion moves oy the atoms with 

a velocity v, whicn we assume is so great (MeV ion) that the ion 

hardly changes its direction in this kind of interaction. 

Various theoretical models naa been used for the calculation 

of dE/dXjelectronic [28-30]. The Bethe-Blocn formula was 

developed using quantum mechanical calculations 

( 2 • 5 ) 

where Z1 and Z2 are the atomic numbers of the proJeCtile ion and 
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tne target element respectively, v1 is the velocity of the 

projectile ion, me is the mass of electron, N is the atom1c 

concentration of tne tdrget and L is the stopping number. The 

stopping numoer L can be expressed as L=ln(2mevi/I) [28] 

where I is an empirical parameter representing the average over 

the various excitations ana ionizations of the electrons in the 

target atom. Since L varies slowly with particle energy, dE/dx 

therefore varies as l/v2, or inversely with the particle 

energy. 

This can be explained by seeing that because the charged particle 

spenas a longer time in the vicinity of any given electron when 

its velocity is low, the impulse felt by the electron, and hence 

the energy transfer is largest. For ions with energies in the 

MeV range such as used in backscattering spectrometry, the 

nuclear stopping process can be neglected and d~/dX]total = 

aE/aX]electronic· 

With the knowledge of energy loss cnaracteristics of project-

ile ions in the target, a deptn scale of tne target can be estab-

lisned from the energy of the bacKscattered particles. Tne 

energy of a proJectile ion at any aeptn x below the surface of 

the target can be written as 

E (X) = E -fx 
0 0 

(dE/ax)dx ( 2 • 6 ) 

Since dE/ax is a function of energy, not x, the above equat-

tion cannot be evaluated easily. A s1mple solution of the 

problem is to treat x as a function of E and uses the surface 

14 



energy approximation where dE/dX is evaluated at the surface 

energy E
0 

[26]. Tnerefore equation (2.6) becomes 

x = (E
0

-E)(dE/dx]E T1 

0 

In general, tne surface energy approximation gives very good 

( 2. 7 ) 

results as long as the energy region of interest corresponas to 

tne suomicron range in aistance. 

Since tne total energy loss for a proJectile ion penetrating 

a target material with depth ax (aE=(dE/dx)ax) is also dependent 

on areal density(atoms/cm2) of the target material, it is con-

venient to define a density independent parameter €, the stopping 

cross section such that 

l dE 
€ =(-·-) 

N dx 

The conventional unit for € is eV-cm2/atom. 

The conversion of the energy difference aE oetween tne 

( 2. 8) 

part1cles scatterea at the target surface and those scattered at 

a depth t oelow tne target surface can De wr1tten 1n the follow

ing way: 

where [S] is called the energy loss factor. With reference to 

figure 2.3, the energy loss factor can De expressed as 

15 



[ s] = K 

cus 
1 dE 

]out 
cos ~ 2 dx 

(2.10) 

where dE/axjin is the stopping power along the inward path and 

dE/dxJout is the stopping power along the outward path of tne 

projectile ion. With the surface energy approximation, equation 

( 2,. 10) oecomes 

K dE J + -E 
cos ~ 1 dx o 

1 .91.] ) 
cos ~ dX KEO 

2 

(2.11) 

XBL 842-626 

Fig. 2.3 Schematic diagram of aRBS experiment snowing tne 
incident and the scattering angle ~1 and 92, the bacK
scattered energy from surface KE 0 and from a depth t. 

In terms of the stopping cross section, we can also write 

( 2 • 1 2 ) 

where 

16 



[€ J = 
0 

K 

cos ~1 
(2.13) 

is tne stopping cross section factor in the surface energy appro-

ximation. 

> 
I-
en 
z 
UJ 
1-z 

XBL 842-624 

Fig. 2.4 Schematic of a oacKscatter1ng process 1n the surface 
region and at a depth x of a sample consisting of a monoiso
topic element(a) and the resulting energy spectrum (o). 

For a thick target(>1000A), the height of the oacKscattered 

signal in tne energy spectrum can De related to the scattering 

17 
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cross section a and the stopping cross section E(E). Considering 

a thicK sample as shown in figure 2.4, the height of the spectrum 

at energy E1 is given by 

Qa(E)f.!N (2.14) 

where Nox is the amount of material in the target necessary to 

slow down the projectile ions by oE, the energy width of a 

channel ·in the spectrum. So we can write Nox=oE/LE(E)]edKE)/E(E 1) 

[26]. hence at any aepth x below the surface of the target, the 

spectrum height H(E 1 ) is 

oE E(KE) 
H(El) = Qa(E)O Le:(E)J (2.15) 

E( E 1) 
Of particular interest is the surface yield H0 (x=O), where 

E=(E 0 ]Nox and KE=E 1 

a(E
0

)oEQf.! 

[E
0

Jcose 1 
(2.16) 

For the case of compounas, the energy loss processes are essent-

ially tne same as for pure elements. In 1905 Bragg and Kleenman 

postulated the principle of the additivity of stopping cross 

sectionsl31], later known as tne Bragg's Rule ana it was stated 

as follows: 

(2.17) 



.. 

AmBn 
wnere € is the stopping cross section of the molecule AmBn, 

m and n are the atomic fraction of atoms A and B, and €A and €8 

are the stopping cross sections of tne atomic constituents A and 

B. Hence tne energy loss of the compound becomes 

(~ (2.18) 

dx 
AmBn 

wnere N is tne density of the molecular units AmBn in the 

compouna. 

2.4 Energy Straggling and System Energy Resolution 

Ideally the energy spectra obtained from an RBS experiment 

snould have sharp, step like features as shown in figure 2.5. 

However, in reality, this is not the case. Deviations from 

ideal case are due mainly to two reasons. One is energy stragg

ling, the otner is tne resolution due to the energy detection 

system, in particular the solid state detector itself. Energy 

straggling is aue to the statistical fluctuations in the energy 

loss process wnen the energetic ions move tnrough a medium. It 

depends on the proJectile and the target atomic numoer and the 

density and tnickness of the target. The Bohr value Q8[32] 

gives the approximate straggl1ng of a target with atomic numoer 

l2, density N and thickness t 

(2.19) 
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In this expression, Bohr assumed that an individual energy trans-

fer takes place between a free stationary electron and a fully 

ionized proJectile of charge z1e which is only valid in the 

Bethe-Bloch or high energy region. This energy straggling rounds 

off tne steps of tne backscattering signals from the interfaces 

beneath the sample surface. 

The energy resolution is aue to the noise 1n the detector 

and the electronics, and to variations in the energy E
0 

of the 

incident particles. The sum of these fluctuations can be repre-

sented approximatly by a Gaussian function with a standard aevi-

ation n . Tnis is often defined as the system energy resolution. -r 

This system resolution results in a finite slope in tne nigh 

energy edge in tne energy spectrum. Since the bacKscattering 

spectra most often display the convolution of the Gaussian 

distribution with a step-like function, the 16 to 84% points 

describe these variances(figure 2.6). The convolution of the 

straggling ana the aetector energy resolution functions with the 

ideal spectrum (figure 2.5) results in a spectrum as shown in 

figure 2.7. The total effect is written as Qs+r' which is 

given oy 

n2 -n2 +n2 
~s+r--s -r 

Tne system resolution can always be estimated from the high 

( 2. 20) 

energy edge of the monoisotopic target and tne energy straggling 

from tne low energy edge by equation 2.20. 
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Fig. 2.7 BacKscattering spectrum of a thin film sample modified by 
system resolution and energy straggling. 

2.5 Mass Resolution and Deptn Resolution 

One of the most important parameter in RBS is mass resolution 

wnich can be defined as tne corresponding target mass difference 

AM2 for a system energy resolution AE 1 (FWHM) at a certain back

scattering angle e : 

AE . 
1 

l2.21) 

.. 



In section 2.1, it has already been pointed out that K, the 

kinematic factor is most sensitive to change in M2 at ~=180°. 

Therefore at 180° scattering geometry, 

is a minimum. 

3 
(M1+ M2) 

4M 1 (M 2-M 1) 
(2.22) 

In aadition to mass resolution, depth resolution in RBS is 

also of great importance. Depth resolution is aefinea as the 

ability to sense compositional changes with depth or variations 

in impurity distributions witn depth. The uncertainty in tne 

aosolute depth resolving power of the method arises from the 

system energy resoluti.on. The depth resolution ox is thus 

expressed as 

ox = ( 2 • 2 3 ) 

From equation 2.23 it is obvious that 1n order to achieve 

good aeptn resolution, one should try to maximize CS
0

] and mini

mize ~E 1 • Not much can be aone about ~E 1 since it is limited 

mainly by the detector resolution, out [S
0

] can be changed by 

varying the incident ana scattering angle of the beam with 

respect to the target surface normal (see equation 2.9). For a 

Si substrate, for example, depth resolution for a 2.0MeV 4He+ 

beam scatteriny at ~ 1 =0°, ~z=l0° and ~E 1 =15keV is =320A. How

ever, tne deptn resolution can be improved by a factor of four by 

tilting tne sample to a conaition with ~ 1 =85° and ~z=78o. 
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3 CONVENTIONAL RUTHERFORD BACKSCATTERING SPECTROMETRY (a-RBS) 

3.1 Introduction 

Tne use of R8S as an analytical material characterization 

technique can De traced back to the 1~50s [25]. One of the the 

most famous RBS experiment performed in 1967 was the Surveyor 5 

alpha-scattering experiment [33,34]. In this experiment, tne 

chemical composition of the lunar surface material was determined 

by RBS. Althougn the analysis was limited to the outer few 

microns of tne lunar surface, the results agreed well with later 

experiments performed on lunar soil. 

In tne semiconductor industry, wnere surface layer charact

erization of materials is extremely important, RBS with MeV 4He 

has become a very useful tool in the recent years. Its capaoi

lity of microanalytical aeptn profiling without sample erosion 

makes it an ideal tool for the investigations of ion-implantation 

profiles, tnin films aeposition and reactions used for ScnottKy 

barriers and contact formation, etc. 

Tnere are several reasons for the cnoice of MeV 4He ions(a 

particles) as projectiles, namely the availability of small 

accelerators sucn as tne Van de Graaff accelerators which can 

produce light ion beams sucn as H+ and 4He+ in tne MeV range, 

ana the wiae range of impurity aetection(Mz>4AMU) with 4He 

projectiles. Moreover, parameters for 4He ion oeams sucn as the 
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• 

section are well estaolisned. 

Figure 3.1 snows a plot of the kinematic factor as a function 

of the target mass for 4He oackscattering at ~=170°. Note tnat 

tne slope of tne curve approaches zero as M2 increases. In fact, 

K is ~ather insensitive to changes in M2 as M
2

>60AMU . 

1.0 

KINEMATIC FACTOR 
8=170" 

TARGET MASS (AMU) 

150 200 

Fig. 3.1 Kinematic factor vs. target mass for 4He proJectiles 
calculated for 170° scattering angle 

According to equation 2.21, mass resolution is depenaent on 
.. 

the energy resolution of tne system. For a-RBS the main contri-

bution to the system resolut1on is from the aetector energy 

resolution. Energy straggling for a particles in tnin films is 

relatively small and can De approximated oy the Bohr value given 

in equat1on 2.19. Fiyure 3.2 snows a plot of 6M 2 versus M2 for 

1.5MeV 4He oackscattering at 180° ·assuming a 6E 1 of 20keV. 
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Adjacent mass can be resolved for target mass M2<40AMU. For 

heavy target elements, say Au(M=197AMU) mass resolution is poor 

(aM 2=20AMU). 

~ 

:e 
< 
:e 

10 

<l 5 

1.5 MeV 4 He 
~E=20keV 

TARGET MASS (AMU) 

150 200 

Fig. 3.2 Mass resolution vs. target mass for 1.5 MeV 4He 
proJectiles. Energy resolution of the system is assumea to 
De 20KeV. 

3.2 Examples of Analysis 

3.2.1 Thin Films Stuaies 

One of the most important applications of RBS is the area of 

tnin films and layered structures. During the recent years, ~-

RBS nas been used extensively in the studies of thin film inter-

actions, interdiffusion, compounds formation, in particular the 

formation of metal siliciaes • 

A schematic of the backscattering process of a thin film on 

a substrate ana its corresponding energy spectrum are snown in 
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figure 3.3. Here M' 2 >M 2 and the thickness of the thin film 

t with mass M' 2 can oe easily determined from the energy dif

ference at edges 1 ana 2 and the energy loss characteristics of 

the projectile ion M1 in M' 2, using equation 2.7 and 2.8, we 

founa that 

+ 
-1 

) ( 3. 1 ) 

~~· 
where K'M is the scattering factor for M' 2 and aE/dxj 2 and 

M • 2 in 
dE/ax] 2 are the energy loss along the in and out paths for 

out 
M1 in M• 2 respectively. This thickness can also be determined by 

measuring the energy shift of tne substrate surface signal with 

and without the film on top. The dotted spectrum in figure 

3.3(b) represents the spectrum of M2 without the film. The 

thickness of the film M' 2 can therefore be expressed using the 

surface energy approximation, as 

( 3. 2) 

Figure 3.4[35] snows an example of a layer of anodically 

grown Ta oxide on Tantalum analyzea witn 2MeV a particles. The 

reduced Ta concentration in the oxide layer createa a step in 

the oackscattered spectrum. From the wiath of this step, one 

can determine the thicKness of the oxide layer. In aaaition to 

the thicKness measurement, the composition of the oxide can also 
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oe determinea from tne neignt of the step. Although tne oxygen 

signal is completely masKed in tne substrate signal, the atomic 

ratio of Ta:O can still be determined by tne relative neignts at 

tne interface of the Ta oxide ana tne Ta substrate [36]. 
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Fig. 3.3 (a) Scnematic of tne bacKscattering process of a 
tnin film of mass M1 2 on a substrate with mass M2 where 
M• M · 
(bJ>T~~ corresponding energy spectrum of (a), the dottea 
line represents tne edge of the substrate without tne 
overlay. 

In recent years metal silicides nave been widely used for 

reliaole contacts ana reproducible Schottky barriers in integ-

rated circuit applications. They are also used in power devices 
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such as high voltage rectifiers and thyristors. The study of 

the formation kinetics of silicides have been carried out prima-

rily with a-RBS together with other techniques such as X-ray 

diffraction, TEM, etc. Tnese studies involve the characteriza-

tion of the reaction between two solid phases in direct contact 

to form ordered intermetallic compounds at temperatures well 

below any liquid phase. 

e 

4 

4QOOA 
TozO~ J 

0o·L6_.:___0 '--8 ___,: _ _.,>.0,---'---,~2-..J-...!., 4-...l--,-1:6-.:___-:-, '::-8 ---'~2 0 

ENERGY (M!!V) 

Fig. 3.4 Backscattering spectra for 2MeV 4He ions inciaent 
on different thickness of Ta205 on Ta(Ref.35). 

Figure 3.5 L37J shows an example of the characterization of 
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a metal silicide formation using a-RBS. In this case, the oack-

scattered spectra of a Ni/Si system annealed at 250°C for dif-

ferent times are shown. In these spectra, one can measure the 

energy width of the nickel silicide phase to aetermine its thick-

ness wnile the rat10 of the spectrum heights in the Ni and Si 

signals gives the composition ratio of the two elements in the 

compound formea. Moreover, one can also look at the compound 

formation Kinetics as a function of time. 
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Fig. 3.5 a-RBS spectra of a sample of 2000A Ni on \100) Si 
Defore and after heat treatment at 250°C for 1 hour and 4 
nours (Ref. 37). 

The study of metal silicides with a-RBS is always accompanied 

with a complimentary technique such as X-ray diffraction and 

transmission electron microscopy(TEM) for phases identification 

ana microstructure analysis. However, a-RBS is still the easiest 

(in terms of sample preparation), fastest and most informative 

tecnnique to use in order to ootain quantitative information on 
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film thickness ana atomic ratios as a function of annealing time 

and temperature for these systems. 

Thin-film interaction and interdiffusion of metal-metal 

systems can also be successfully studied with a-RBS [12-15j. In 

these applications, RBS examines intermixing of elements indepen

dently of compound formation. It aoes not only provide concent

ration profiles but also enaoles one to measure tne activation 

energies and the diffusion coefficients of diffusing species in 

a thin film[38]. 

3.2.2 Ion-Implantation Analysis 

RBS proviaes a natural technique for the study of various 

aspects of ion-implantation. Ion implantation, which has seen 

rapid development during the past 10 years, is now the most 

popular technique for the doping of semiconductors. Tne main 

advantages of ion-implantation include (1) precise control over 

total dose, aeptn profile ana area uniformity; (2) low tempera

ture processing; and (3) implanted junctions that can be self

aligned to the edge of the maskL39]. 

RBS, very closely relatea to ion-implantation, offers a 

method of measuring tne implantation dose and the range profile. 

Together with channeling, it can also measure the damage profile 

introduced by the implantation process as well as the lattice 

location of the implanted atoms. 

In figure 3.6 an energy spectrum of a 3.0MeV 4He ions 

backscattered from a GaAs target implanted with 130 re at 

400keV to a dose of 1016 atoms/cm 2 is shown. Tne integrated 

area of tne 130re signal can directly give the number of 
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130re atoms/cm2. Using the surface energy approximation, 

one can express the total Te dose as 

(Nt)Te = ( 3. 3) 

wnere ATe is the total counts under the Te peak in the energy 

spectrum. Alternatively, (Nt)Te can also be expressed in terms 

of the ratio of tne total Te counts ATe and the surface height 

of the suostrate element [26j: 

(Nt)Te = 

wnere [€]~~As is the stopping cross section factor of GaAs 

in the case when As atom is tne scattering atom. 

2xlo3 ~------~---------r--------,---~----.---------, 
~~MeV 4He+ 
~-160° 

t--4 
Rp 

lOX 

0 200 400 600 800 

CHANNEL 

XBL 842-617 

Fig. 3.6 Backscattering spectrum for 3.0MeV 4He ions 
incident on a GaAs substrate implantea with 130Te at 
400keV to a dose of 1016 atoms/cm2. 

( 3. 4) 
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As an ion is implantea at certain energy into a substrate, 

it undergoes scatter1ng events with electrons and nuclei of the 

suostrate ana loses energy until it comes to rest. According to 

the LSS theoryL40], the distribution of the implanted ions is 

approximately Gaussian in shape ana is aescribea by tne equation 

N (X) = 
c s _ 1 x-RP 2_ 

expL-(--) J 
2 llR p 

( 3 • 5 ) 

wnere RP is the projected range, ~RP is tne projected range 

straggling and Cs is the areal density(i.e. total dose). The 

proJectea range RP is the average distance travellea by the 

energetic particles Defore they come to rest and the range strag-

gling llRP is the standard deviation of the Gaussian distriou

tion in deptn. Tne projectea range is determinea by tne total 

energy snift of the Te peaK from surface position aETe in the 

spectrum 

( 3. 6 ) 

where [€]¥:As is the stopping cross section factor of GaAs 

with Teas the scattering atoms. The range straggling is related 

to the FWHM of the Gaussian Te signal by 

FWHM ( 3. 7) 
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Using the stopping cross section for 4He in GaAs[27], R and aR p p 

were measured and the deviations from the tabulated values are 

within 5%. 

In tne case where the implanted dopant is mucn lighter than 

the substrate, e.g. P in GaAs, RBS is not very useful since tne 

P signal will be completely masKed in the substrate. The minimum 

aetectable amount of implant atoms in a certain substrate aepends 

both on the implant species and the substrate. Typically, for 

Te implant in GaAs, a dose of lol3_lol 4 atoms/cm 2 or a peaK 

concentration of 1u 17 to 1ol 8 atoms/cm 3 is aetectable with 

RBS. 

3.2.3 Lattice Location of Impurity Atoms and Lattice Disorder 

Analysis 

Crystallographic information of single crystals can be 

obtainea witn kBS combined with the ion-channeling technique. 

The channeling effect arises from the alignment of the particle 

oeam with a maJor crystailographic axis of tne crystal. Let us 

assume that a monoenergetic beam of 4He is hitting a perfect 

single crystal sample. wnen tnis oeam is aligned along a low 

index crystal direction, most of the ions (95-99% for axial 

channeling) are directea alony the crystal channels ana unaergo 

oscillatory motion along these channels as shown in figure 3.7. 

Tnese channelea ions are confinea in the potential oarrier formea 

oy the atom rows or planes but they still undergo many small 

angle scattering events with tne electrons. This multiple scat

tering process brings more and more channeled ions closer to the 

rows ana planes. Since the lattice atoms are exper1encing 
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thermal viorations, one of these ions will come close enough to 

a lattice atom thermally displaced from its static rest position 

ana it will oe scatterea out of the channel througn large angle 

collision. Such process is called decnanneling. Figure 3.8 

snows spectra of a oeam inciaent along a low inaex crystalloyra

phic axis and along a ranaom direction. One can see the drastic 

decrease in tne oacKscattering yiald for tne channelea case. 

Tne two most important parameters in ion channeling are the 

minimum yield xmin and the nalf angle ~112 . These are shown 

in figure 3.9, an angular yield profile measurea in tne near 

surface region. xmin is tne ratio HA/H of the neignts of 

the two spectra taken in the near surface region for aligned and 

random orientation. ~ 112 is the angular nalf width of the 

yiela profile at the yield value half way oetween the minimum 

yield xmin and the yield for the random case. 

4 + 
MeV He 

'1'=0 

RANDOM 

y 

AVERAGE POTENTIAL U(y) 

PARTICLE DENSITY F(y) 

XBL 845-1743 

Fig. 3.7 Schematic of Chdnneling in a crystal with plot of 
representative average potential and particle density across 
tne cnannel. 
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Fig. 3.8 RBS spectra of a beam incident along a low index 
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Fig. 3.9 Normalized angular yield profile measured in the near 
surface region. 
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Fig. 3.10 Square root of adimensional string potential using 
M o 1 i e r e • s s c r e e n i n g f u n c t i o n (R e f • 4 1 ) . 

The values of tnese two parameters can be estimated from 

values of tne Thomas-Fermi screening radius, tne tnermal viora-

tion amplitude ana otner crystal parameters. Tne value of the 

Tnomas-Fermi screening radius a is given by Barrett[41] ana 

Gemmell L42] 

( 3. 8 ) 

Thermal vibration amplitude u1 and the crystal parameters are 

given for different materials in many books and review articles 

[41-44]. The half angle expressed in degree is 
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( 3. 9) 

where ~l=0.307(z 1 z 2 ;Ed)1/ 2 (degree) with E is the energy in MeV, 

d is the atomic spacing along the axial direction(in A), and 

FRS(~) is the square root of the directional potential using 

Moliere•s screening function and is shown in figure 3.10L41] 

with tne parameter ~=1.2u 1 ;a. 
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Fig. 3.11 Conceptual angular yiela profiles for a two dimen
sional crystal. 

The minimum yield for ax1al channeling can be estimated as 

[45]: 

X . m1n 
2 2 =Nd1r(2u 1 +a ) ( 3 • 1 0 ) 

Note tnat the axial minimum yield is energy independent. To 
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determine the lattice location of foreign atoms in a crystal, 

tne angular yield profiles about several different axial direc-

tion must be obtained. Consiaer a two aimensional crystal with 

interstitial impurlties as shown in figure 3.11(a). The corres

ponding angular yiela profiles about two axes <10> and <11> are 

Shown in figure 3.1l(b). Aoout the <11> axis, the yield from 

the 1nterstitial atoms matches tnat of tne host crystal since 

the interstitial foreign atoms lie along the <11> rows. On the 

other nand, along tne <10> direction tnere is a narrow peak in 

the foreign atom signal due to the enhancement of the ion flux 

in tne center of tne cnannel. For a substitutional impurity, the 

angular yield profile along the <10> axis also matcnes that of 

tne host lattice. For a real crystal, the proolem of identifying 

lattice locations are more complicated but the basic concepts are 

still tne same. 

Another proolem which can be analyzea by the combined metnod 

of a-RBS ana ion channeling is the investigation of lattice 

disoraer. Lattice aefects sucn as dislocations, stacking faults, 

twins, etc. enhance~ dechanneling. The dechanneled yiela normal-

ized to tne ranaom yield at a aepth in a RBS spectrum is given 

by: 

( 3 . 1 1 ) 

wnere Xv(z) is the aligned yield for the virgin crystal, cr is the 

dechanneling cross section for the defects and No(z) is the total 

number or aefects per cm2 integrated from the surface to depth z. 
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For the case of edge dislocations, channelea ion impinging 

normal to the dislocation line see a distorted axial or planar 

channel due to the bending of the atomic planes (figure 3.12 

[16]). The interact1ons of the channeled ions with the strain 

field surrounding the dislocation line can be approximated in 

terms of a dechanneled cross section per unit length of dislo

cation line A. For defects such as dislocations which involve 

only small total concentrations of displacea host atoms, direct 

scattering is negligible as compared to the dechanneling signal. 

Tnerefore the normalized aligned yield x0:xR. Hence one can 

write [16]: 

= exp [-AL(.::)] (3.12) 

where L(z) is tne total length of dislocation lines/cm2 between 

surface ana z. It was also found theoretically by Quere [46] 

that for both axial and planar channel1ng 

1 

AL(z) = k(z)E7 

wnere k(z) is dependent upon tne channeled particle and the 

(3.13) 

target parameters and E is the energy of the projectile ions. 

Since x is a parameter which can oe calculated with reasonable 

accuracy, the proJectea aislocation density length L(z) can be 

estimated. 

Since different defects give rise to different dechanneling 

factors, a-RBS/ion channeling method can, in essence, tell the 
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nature of different defects. However, in order to unambiguously 

characterize the deptn profiles, nature ana quantity of the 

defect, technique such as TEM is always used in conJunction to 

a-RBS/ion channeling. 
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Fig. 3.12 Scnematic of the processes of (a) direct scattering 
and decnanneling by dlsplaced atoms ana (b) aechanneling by 
~islocation (Ref. 46). 

3.3 Limitations 

Aside from the various types of problems that can be analyzed 

with a-RBS, tnere are certain basic limitations to the method. 

One of the most obvious one is its lack of sensitivity for low Z 

impurities. Because of the z2 dependence of the Rutherford 

scattering cross section, detection of low Z impurities in high 

Z substrates is difficult since the relatively low yield by the 

impurities will be covered by the high substrate signals. In 

the case of a single crystal substrate, the detection sensiti-

vity can be improved by orders of magnitude by using the 
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cnanneling technique which reduces the substrate yield. 

The insensitivity of tne K factor with respect to changes in 

target masses for high Z elements puts a limitation on the appli

_cations of a-RBS to neavy materials. Figure 3.1 shows the poor 

mass resolution of the method at M2>50AMU. As a consequence, 

analyses of the impurity profiles in ion implantation and diffu-

sian, the analyzaole depth for high Z substrates is limited. Tne 

analyzaole aepth of tne impurity distribution refers to the 

maximum aepth below tne substrate surface from which impurity 

signals are still resolvable in the spectrum. Here we only 

consider tne case wnere tne dopant mass is greater than the 

substrate mass. This analyzaole aepth can thus oe written as 

X. 1mp (3.14) 

where the subscripts imp and suo represent the corresponding 

parameters for the impurities ana the substrate. Taole 3.1 

snows some of the calculated values for the andlyzaole deptns 

for different dopants in Si ana Ge suostrates. 

The analyzable depths given below are in urn 

S1 substrate Ge substrate 

Ion E0 (MeV) p As Se Te 

4He 2.0 0.14 1.0 0.037 0.27 

Table 3.1 Calculated values uf analyzable depths for 2.0 MeV 
4He beam for the analysis of various impurities in Si and Ge. 
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Figure 3.13(a) shows a 3.0MeV 4He RBS spectrum of 400keV 

130Te implanted GaAs. The Te signal is well separated from the 

suostrate signal. Figure 3.13(b) shows anotner spectrum witn the 

same oeam for 800keV 130Te implanted GaAs. Tne Te signal is 

completely mixed with the substrate signal. The projected range 

Rp for tnis implantation is aoout 1900A and ARp about 900A. 
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Fig. 3.13 Backscattering spectra for 3.0 MeV 4He ions 
incident on a GaAs substrate implanted witn 13UTe at (a) 
400KeV ana (D) 800KeV to a dose of 1o15 atoms/cm2. 
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The poor mass resolution of a-RBS for high Z elements also 

puts a limit on the study of tnin films. Film thicKness deter

mination of tnin films will oe aifficult due to signal overlap

ping for neavy films sucn dS Au/Pt, Pd/Rn,etc. Study of multiple 

layered metallizations on heavy semiconductors with a-RBS is 

difficult or even impossible. Figure 3.14 shows a 1.5 4He back

scattering spectrum for a typical Schottky contact for GaAs(500A 

Au/500A Pt/ 500A Cr on GaAs) .. It is impossible to resolve the Au 

and Pt layers wnich have a mass aifference of 2AMU. Figure 3.15 

snows tn Pa 2Ge formation Kinetics oy RBS in a Au/Pd/Ge system. 

After 200°C anneal for one nour one detects diffusion of Au into 

tne Pd ana also reaction of Po ana Ge. However, because of the 

poor resolution, not much 1nformation about the atomic ratio of 

Pd and Ge in the Pd/Ge compound, tne thicknesses of different 

layers and tne Au diffusion can be deduced from the spectrum. 
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Fig. 3.14 1.5 MeV 4He 1on RBS SQectrum for a tyQical ScnottKy 
contact s t r u c t u r e f o r G a As : -50 0 A Au I 50 0 A P t I 5 u 0 A C r on G a As • 
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4 HEAVY ION RUTHERFOKD SACKSCATTERING SPECTROMETRY(HIRBS) 

4.1 Introduction 

The basic physics of HIRBS is, in essence, identical to that 

of RBS. The differences between the two techniques lies in the 

differences in the charge, mass, and energy of the projectile 

ions which change the parameters in the scattering experiment. 

Consequently, the resulting bacKscattering spectra in HIRBS is 

affected in various ways. 

In oraer to avoid nuclear reaction between an energetic 
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charged particle ana a nucleus, the energy of the charged projec-

tile particle must De below the Coulomb barrier caused by the 

electrostatic repulsion between the nuclear charge and the 

part1cle charge. In other words, tne classical scattering 

process is valid only when the incident energy t
0 

of the projec

tile is smaller than the Coulomb barrier. The height of this 

Coulomb barrier can be written as 

E Caul 
Z.Z~e 2 

= 1 ~ 

(Rl+R2) 

( 4 . 1 ) 

where z1 , z2 are the atomic numoers and ~ 1 , Rz the nuclear raaii 

of the projectile ions ana tne target atoms. The nuclear radius 

is given by 

R = r A1/3 
0 

( 4. 2) 



with A the mass number dnd r 0 the radius parameter depending 

upon the type of experiment used for its determinati.on. The 

values of r
0 

ranges from 1.2 to 1.5 fermi(1 fermi=1o- 15 m). 

Hence,[47] 
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( 4. 3 ) 

Fig. 4.1 Tne Coulomo barrier heignts plotted as a function of 
target mass M2 for different ions witn masses ranging from 
4 to 40AMU. 

When neavy ion is usea as proJectiles (M 1>4AMU), the Coulomo 

oarrier increases. Wnile hign projectile energy 1s preferrea as 

far dS mass resolution is concernea, neavy projectiles are of 

great aavantage in oackscattering spectrometry because nigh 
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energy can be employea witn neavy projectiles without breaking 

the Coulomb barrier, ana therefore witnout the interference of 

nuclear reactions of the projectile ions ana the target elements. 

Figure 4.1 shows the Coulomb barriers of 4He, 7Li, 12c, 16o, 

ZONe beams as a function of M2• 

Figure 4.2 snows the kinematic factor K as a function of 

target mass M2 for various proJectile masses with scattering 

angle ~=170°. It is obvious that for large M2 the slope of 

the curve increases as M1 increases. The increase in sensitivity 

of K for heavy target ·masses using neavy projectiles results in 

tne increase in mass resolving power. This is particularly impor-

tant for the analysis of neavy materials. 
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Fig. 4.2 The kinematic factor K plottea as a function of 
target mass Mz for different ions with mass ranging from 4 
to 20 AMU. 



The energy loss characteristics for different ion oeams in 

different materials have oeen well studied [27,48]. Figure 4.3 

shows dE/dx as a function of proJectile energy for 4He and 

16o particles in Al ana Ge targets. In order to achieve the 

best depth resolution and greatest depth penetration, it is 

desirable to cnoose tne energy of the beam so that its effective 

energy loss (dE/dx)/E 0 in the material is a minimum. There

fore, it is obvious tnat higher incident energies should accom-

pany heavy proJectiles in oraer to opt1mize the results. 

OJ~.--__ .._____._..__..__._..._..........__._ __ _.___.__.....__.__........_~ 
0.1 1.0 10 

MeV/AMU 
XBL 831·7955 

Fig. 4.3 Stopping power aE/dx of 16o and 4He particles in Al 
and Ge targets plotted as a function of energy/ion mass 
(MeV/AMU). 
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Furthermore,. one should also look at the aifferential scat

tering cross section da/an. Since da/dU- (Z 1z2/E) 2, 

increasing z1 should increase the y1eld significantly. How

ever, at the same time E is increased to an even greater extent 

so tnat tne net result is a decrease in the yield. 
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The choice of a certain ion as projectile at certain incident 

energy for optimum results can only be made after considering 

all the effects the projectile ion has on the parameters of the 

backscattering· process. In adaition to the effects mentioned 

above, it is also important to point out that the detector reso

lution worsens as the energy ana the mass of tne projectile 

increases. Finally, the use of heavy ions also results in the 

loss of sensitivity to any light impurities with mass M2<M 1 . 

With all these points in mind, the choice of l6o++ ions with 

energy at 20MeV were used in the following HIRBS experiments. 

4.2 Important Parameters 

4.2.l.Energy Straggling 

As mentioned in section 2.4, the energy straggling arises 

from the statistical fluctuations in the energy loss process for 

an energetic ion passing through a meaium. It can oe approxi-

mateo oy the Bohr value OH given by equation 2.19. Considering 

both the inward and outward straggling, the total theoretical 

approximation is given oy 



( 4. 4) 

where 2 2 1 I 2 n- = (4~(z 1 e ) NZ 2tlcose 1) , and 
-

1 n 2 2 1 I 2 
gout = (4~(z 1 e ) NZ 2tlcose 2) . 

For a oackscattering, the energy stragglings for films of 

thickness< 3000A is of the order uf a few keV and agree well 

with the Bohr values. However, for the case of heavy ion RBS, 

this type of stragglings is sometimes not negligible. 
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Fig. 4.4 Plots of tne experimental energy stragglings as a 
function of film thicKnes tor 20 MeV 16o ions in Au, Cr 
and Al targets. 

The energy straggling for 20MeV 16a++ oeam in various media 

was studied. The metals investigated were Al, Cr, and Au. 

Various thicknesses of the metals were thermally deposited on Rh 
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suostrates ana the total experimental straggling were given by 

the FWHM/2.355 of the Rh edges in the resulting spectra. We 

chose to use Rh as substrates for two reasons. Firstly it is 

monoisotopic and tne result1ng RBS spectra gave a s1ngle Rh 

edge. Tnis makes the aata analysis easier. Seconaly, the mass 

differences between Rh and the metals we studied are sufficiently 

large so tnat no signal overlap occurrea. Figure 4.4 shows tne 

~xp versus film thicKness for 20MeV 16 0++ in the tnree media. 

For a heavy medium such as Au, the straggling for films of thick

nesses > lOOOA is comparable to the system resolution. Tnere

fore, in the analysis of HIR6S results, energy straggling is not 

anymore negligible effects. Tne deviations of the experimental 

straggling aata from the Bohr values are plottea on figure 4.5. 

From tnese curves, one can see that tne experimental straggling 

values approach the Bohr values for thick film (>4000A) and 

nea.vy media. 
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Fig 4.5 Plots of the deviations of the experimental energy 
straggling from the theoretical Bohr values as a function of 
the target film tnickness for l6o ions in Au, Cr ana Al. 



4.2.2 Energy Resolution, Mass Resolution, and Depth Resolution 

The main contrlbution for the total energy resolution of the 
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system is the detector resolution. For a silicon surface barrier 

detector, the FWHM resolution for a particles is about 15keV. 

However, for tne detection of 16o particles, the resolution is 

degraded. Figure 4.6 snows the energy resolution for a Si 

surface barrier detector for 4He ana l 6o particles [49]. Tne 

degradea detector resolution for 16o ions is mainly caused by 

tne straggling of the energy loss due to nuclear collision during 

the slowing down ot tne 16o 1ons 1n the silicon detector. The 

FWHM aetector resolution for 20NeV 16o ions is about seven 

times worse than that for 2MeV 4He and is about lOOkeV. Other 

contributions to the system energy resolution are energy spread 

of the oeam aEbeam and the kinematic energy spread due to the 

geometry of the set up aEk. aEbeam is about .3%for the 

beam proauced by the 88" cyclotron at LBL and aEk is estimated 

to be about l8keV. Therefore the total energy resolution is 

given by 

E2 + K2 E2 + E2 a det a beam a k ( 4. 5) 

The last two terms in tne aoove equation are relatively unimportant. 

From equation 2.21, it 1s obvious tnat in oraer to improve 

the mass resolution (or reduce AM 2), one must: 

(i) reauce aESYS' 

(ii) increase E
0

, or 

(iil) increase dK/dM 2. 



(ii) and (iii) are achievea by using 20MeV 16o beam instead of 

a 2MeV 4He beam. However, at the same time AEsys is 

increased by a factor of seven. The overall improvement on the 

mass resolution of HIRBS is clearly illustrated in figure 4.7. 

Here one can see that for target mass of lOOAMU, the improvement 

on mass resolution is about a factor of six over a-RBS. 
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Fig. 4.6 Detector energy resolution plotted against ion 
energy for 16o and 4He ions for a Si surface barrier 
detector. 

so 

54 



•. 

.. 

10 

1.5 MeV 4 He 
.:lE=20keV 

20 MeV 160 

TARGET MASS (AMU) 

55 

150 200 

XBL 831-7958 

Fig. 4.7 Calculated curves of mass resolution vs. target mass 
for 4He and 16o assuming aEsys=20keV for 4He and lOOkeV 
for 16o. 

The comparison on the deptn resolution between conventional 

RBS and HIRBS is difficult because it varies ~itn different 

targets. But in general; due to the aegrading aEsys in HIRBS, 

its depth resolution is worse than that for RBS. For heavy 

target elements such as Au tne deptn resolutions for the two 

cases are comparable. Table 4.1 snows a comparison of tne depth 

resolution for 20MeV 16o HIRBS ana 2MeV 4He RBS. aEsys is 

assumed to be lOOkeV in the first case and 15keV for tne latter case. 
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Depth Resolution in A 

20MeV 16o 2MeV 4He 

Al 680 330 

Ni 170 130 

Pd 150 110 

Ag 160 140 

Au 120 : 110 

Table 4.1 Oeptn resolution for 20MeV 16o ana 2MeV 4He beams 
in various targets. The surface energy approximation is used 
in the calculation of aE/ax. · 

The sligthly worsenea depth resolution for HIRBS, however, 

is not a great disaavantaye for the method. It has oeen shown 

in section 2.5 that depth resolution can always be improved oy 

increasing the effective energy loss of the system throuyn sample 

tilting. 

4.3 Instrumentation 

The technical aspects of RBS and HIRBS are essentially the 

same except for the fact that they use different accelerators. 

For a-RBS, the most widely used is the Van de Graaff accelerator. 



Others whicn can De used to produce 4He Deams for RBS include 

Pelletron ana Tandem. For HIRBS, big accelerators must be used 

to produce nigh energy heavy ion oeams. The C>8" cyclotron in 

LBL was used in our case. For RBS obtained here as comparison 

to the HIRBS results, the 2MeV Van ae Graaff accelerator was 

used. 

The energy detect1on systems are the same for RBS and HIRBS. 

A Si surface Darrier detector was usea in the HIRBS as well as 

the RBS experiments. Semiconauctor aetectors are usea instead 

of gas fillea detectors or scintillation counters Decause they 

have superior energy resolution, compact size, relatively fast 

timing characteristics, ana an effective thickness which can be 

variea to match requirements of tne application. 

A semiconductor detector can De conceived as a solid state 

ion1zation cnamDer. It is Dasically a large Si or Ge diode of 

~he p-n , p-i-n or Schottky type operated in the reverse oias 

moae. When a potential is a~plied to the electrodes of the 

dioae an internal electric field is produced. As an energetic 

charged particle (or other radiation) passes through the semi

conductor, many electron-hole pairs along the track of the 

particle are produced. Tnese free charge carriers are then 

swept to the contacts Dy the internal electric field. Therefore 

the energy aosoroea from the charge paritcle or radiation can be 

measured by measuring tne current flow in the external circuit 

of the detector or more commonly the total charge collectea on 

the contacts. The average energy neeaed to proauce an electron

hole pair is callea the ionization energy£. The value of E for 
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Si is about 3.8eV and for Ge is about 3eV. This ionization 

energy value, small compared to other oetectors such as gas 

ionization chambers, results in a large numoer of charge carriers 

for a given energy deposited in the detector. This is of prime 

importance to the energy resolution because the statistical flue-

tuation in the number of carriers per pulse becomes a smaller 

fraction of the total as the number is increased. Moreover, the 

greater amount of charge per pulse leads to a better signal to 

noise ratio. 

Theoret1cal variance in the number of electron-hole pairs 

( n ) i s 

( 4. 6) 

where F is the Fano factor which is introduced in order to modify 

the Poisson distribution of coupled processes of charge carr1er 

formation(F-0.1 for Si and Ge). The small F value for semi-

conductor detectors also contributes to their Detter energy 

resolution. 

In our RBS and HIRBS experiments, a silicon surface oarrier 

detector was used. The basic structure for a p-Si surface 

barrier detector is snown in figure 4.8[50]. Typically a 

surface oarrier detector is a diode with very thin evaporated 

Au(40~g/cm 2 ) contact on an etched n-type Si wafer. The Au 

evaporation forms the front rectifying contact of the diode, and 

the rear ohmic contact is composed of 40~g/cm2 of evaporated 

Al. When a reverse Dias voltage is applied to the diode, an 

• 
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electric field Sis created: 

e ( x) = 2V (W-x) ;z ( 3. 7) 

where W is the depletion region width and V is the bias voltage. 

When W is equal to the detector thickness L, the detector is 

tot a 1 1 y de p 1 e ted • 0 n 1 y the charge carr i e r s c r e,a ted by the i on i -

zation process due to the raaiation in the depletion region are 

efficiently collected. The depletion region is therefore also 

called the sensitive region. 
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Fig. 4.8 Mechanical details of surface oarrier detector 
fabrication 

~efore a charged particle or raaiat1on reaches the sensitive 

region, it has to pass one or more 11 dead 11 regions. The total 

thicKness of these 11 dead 11 reyions include the metallic electrode 

and a layer of Si immediately beneath the electrode in which 
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charge collection is inefficient. For heavy charged particles, 

this energy loss can be s1gnificant. Therefore for HIRBS experi

ments it is preferable to use a surface barrier detector which 

has a thinner 11 dead 11 layer compared to other semiconductor 

detectors such as the diffuse junction type and the ion implanted 

detectors. Because of the thin entrance windows the surface 

barrier detectors are optically transparent and light sensitive. 

Photons striking the detector surface can reach the active 

volume. Hence, tne experiments must oe carriea out in the aark. 

The main proolem in the use of semiconductor aetectors in 

HIRBS is the radiation damage in tne Si produced after prolonged 

exposure of the detector to 16o particles. Radiation of 

sufficient energy can displace Si atoms from their equiliorium 

sites to interstitial positions resulting in a vacancy

interstitial complexes or it can produce large aefect regions 

acting as carrier trapping sites. Tnese traps reduce the carrier 

lifetime and aegrade the energy resolution of the detector. The 

severity of the damage is a strong function of the nature ana 

quantity of the radiation inv~lvea. Damage is relatively insig

nificant for conventional KBS experiments ~ith 1.5 to 2.0 MeV 

4He ions.· For HIRBS, signif1cant degradation in tne detector 

energy resolution (40%) was ooserved after 50 hours of operation 

witn 20MeV 16o++ ions at a current of =40 nA. This 

corresponas to a total numoer of aoout 200 sample analyses and 

is therefore consiaered a minor proolem. 

• 
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4.4 Applications (Experimental Results) 

Applications of HIRBS are concentrated on medium to high Z 

semiconductors including GaAs, GaP, InP and Ge. Studies on 

different systems in aifferent areas of semiconductor research 

were carried out. All of these experiments were performed using 

the LBL 2MeV Van de Graaff facility ( 4He+ at 1.5 MeV) for 

comparisons and the heavy ion capaoility of the HB" cyclotron 

(1 6o++ at 20MeV) for HIRBS. A Si surface barrier detector 

depletea to a depth of 200~m and with 20KeV FWHM energy reso

lution for SMeV a were used. Another annular Si surface barrier 

detector was used in some of the measurements in order to improve 

the count rates of tne experiments without affecting the 

kinematics. 

Tne particle oeam size on target was 1.5mm in diameter with 

about 1o angular spread. The scattering angles were 170° for 

the conventional detector geometry and 176.6° for the annular 

detector with detection solid angles of 2.7msr ana 16.45msr for 

the two detectors respectively. Total charges accumulated 

varied from 100-400~C for the ion implantation study and 40-BO~C 

for the other systems. Typical vacuum achieved in the 

scattering chamber was of the order of magnitude 10-6 torr • 

Pulse heiyht data were accumulated in a Davidson 1024 channel 

analyzer and stored on computer cassette tape for subsequent 

plotting and analysis. The simplifiea schematic of the 

experimental set up is shown in figure 4.9. 
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Fig. 4.9 Simplified schematic diagram for HIRBS experimental 
set up. 

4.4.1 Mass Resolution Study 

In section 4.2.2, the improvea mass resolution of HIRBS was 

described in detail. In order to verify this, experiments on 

multi-isotopic elemental samples were carried out. Thin films 

of Cu and Ag (=SOA) were deposited on carbon substrates. Cu has 

isotopes with masses 63 and 65 AMU. According to figure 4.7, 

tnese isotopes cannot be resolvable 1n 1.5MeV 4He+ RBS 

(4Mz=5AMU at M2=60AMU) out will be nicely separated in HIRBS. 

Isotopes of Ag with masses 107 and 109 AMU are adequately 



resolved in HIRBS but not with a-RBS. Figure 4.10 (a) and (b) 

snow the Hl~BS spectra for Cu and Ag films. The completely 

separated peaks in tne case of Cu ana the partially separated 

doublets in the case of Ag verified, without ambiguity, the 

improved mass resolution of HIRBS. Furthermore, the relative 

abundances of the isotopes in the elements were also calculated 

by comparing the total yield under the peaks. For Cu, the 

relative abundances of 63 cu ana 65 cu were 69.4%and 30.6%, 

w n i 1 e f o r 1 ° 7 A g a n a 1 ° 9 A g t h e y we r e 5 4% an d 4 6 o/o. T h e s e 

match with the tabulated results to within 5% error. 
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Fig. 4.10 Spectra obtaineo from SOA layers of natural Cu and 
Ag using 20MeV 16o as projectiles. 



HIRBS measurements on a piece of bare Ge was also made. Tne 

five isotopes in Ge : 70 Ge, 72 Ge, 73 Ge, 74 Ge and 76 Ge were well 

resolved in the HIRBS spectrum snown in figure 4.11. Tne 

relative aoundances of the five isotopes of Ge can be approxi-
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mated by tne relative neignts of the five steps in the Ge edge in 

the spectrum. 
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Fig. 4.11 BacKscattering spectrum for 20MeV 16o ions 
inciaent on a bare Ge sample. 

4.4.2 Ion Implantat1on Study 

An importdnt consideration in the study of ion implantation 

profiles when using bacKscattering method is signal overlap 

between the substrate edge and the impurity peak in the 
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backscattering energy spectrum. The profile of the dopant 

impurity in the substrate can oe measured only when the 1mpurity 

mass is larger than the substrate mass ana overlapping of the 

substrate and impurity signals does not occur. Therefore one can 

define the maximum identifiable implantation depth of an impurity 

species below the substrate surface as 

( K . -K ) E 1mp suo o 
LSJ~Ub 1mp 

where Kimp and Ksub are the impurity and substrate kinematic 

scattering factor respectively and [S]~~~ is the energy 

( 4. 8) 

loss factor when the particles pass through the suostrate scat-

tered by an impurity atom. LRpJmax is also known as the maximum 

accessiole depth for impurity aetection. 
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Fig. 4.12 20MeV 16o ion RBS spectra of 130Te implanted GaAs 
at 200, 400 and 800KeV to a dose of l015atoms/cm2. 
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Fig. 4.13 Te concentration profiles in GaAs for 200, 400 and 
800keV Te implants as measured by HIRBS. 

Studies of ion implantation profiles in compound semi

conductors were carried out. Isotopically separated 130Te was 

implanted at different energies (200keV, 400keV and 800keV) with 

1o15 atoms/cm2 dose into GaAs suostrates. Figure 4.12 snows 

three HIRBS spectra of 130Te implanted at 200, 400, and 800keV. 

Note that even for 800keV implantation which corresponds to a RP 

of 1900A and ~RP of 900A, the 130 Te peak is still well sepa

rated from the GaAs edge. With tne known dE/dx values for Te in 

GaAs, Rp and ARP for each case were measured and the results 

were within lO~error with the tabulated values calculated with 

the LSS theory. Figure 4.13 shows the 130re concentration 

profile in the GaAs suostrates as measured from the spectra. As 

a comparison, the same systems were analyzed by a 2.0MeV 
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4He+ beam. The spectrum for the 400keV implant is shown in 

figure 4.14. Obviously the Te peaK wds not as well separated as 

in figure 4.13. In fact, analysis with tne same beam on the 800 

keV implant snowea that the Te peak was covered entirely by tne 

GaAs signal ana no impurity profile was observed . 

130 
400keV Te - GaAs 

OOSE=l0 15 ATOM/cm2 

> 
1- 60X 
tl) 1 .. -! z 
LU 
1-
z 

0 l.O 

ENERGY 

XBL 842-620 

Fig. 4.14 2.0 MeV 4He RBS spectrum of 400keV Te implant in 
GaAs with total dose of 1Ul5 atoms/cm2. 

The minimum detectable limit can be defined dS tne concen-

tration of the impurities corresponding to a net total count 

equal to three times the standard deviation, i.e., three times 

tne square root of the bacKground counts (95% confidence level 
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of detection)L51j. For RBS analysis, the minimum detection limit 

of impurities is: 
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(Nt)min = ( 4. 9) 

where A8 is the background yield under the impurity signal peak. 

By this method, the minimum detectable limit for Te in GaAs was 

estimated from the data obtained to be 4xlo 13 at/cm 2 ana this is 

comparable to the result for 4He RBS. With the application of an 

annular detector positionea around the oeam axis, increase in the 

geometry efficiency resulted in an improvement in the minimum 

detectable limit. (Nt)min i n this case became 2.5xlo 13 at/cm 2• 

Table 4.2 i s a summary of the comparison data between 160 and 

4He for the use of several impurity suo stances in two represen-

tative substrates, Ge and Si. The depth resolution was calcu

lated using the surface energy approximation for the energy loss 

factor and assumes an energy resolution of lOOkeV for 16o and 

lSkeV for 4He. The depth resolution will degrade as a function 

of depth due to energy loss straggling, especially for neavy ions. 

From table 4.2, it can oe concluded that the depth resolutions 

are comparaole for the two ion oeams except for the case of very 

light or very heavy materials where the two methods exhibit their 

respective advantages. The accessible depth, however, is signi

ficantly greater for heavy ions particularly for the larger mass 

dopant where the advantage is as great as a factor five. The 

minimum detectable limit for impurities is comparable for the 

two methoas. 

It should also be pointed out that implant species with 

multiple isotopes were not desirable. The improved mass 
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resolution of HIRBS would be lost because tne various isotopes 

would produce overlapping peaks. Therefore, isotopically sepa-

rated implant species must be used in order to nave unambiguous 

impurity distribution aetermination . 
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ACCESSIBLE DEPTH MINIMUM DETECTION 
DEPTH ( ~) RESOLUTION ( ~) AMOUNT (Atomstcm3) 

4He * 16() ** 4He 16() 4He 160 

p Si 0.14 0.3 320 570 -- --

As Si 1.0 2.5 

Sb -s; 1.16 3.4 

Bi Si 1.35 4.1 

As Ge 0.01 0.04 

Sb Ge 0.24 0.9 

Bi Ge 0.4 1.5 

*Eo • 2.0 MeV, AE • 15 keV 

**Eo • 20 MeV, AE • 100 keV 

300 330 -- --

290 300 6 X 1017 8 X 1017 

290 200 -

260 200 - --

250 250 3 x 1o1a 3 X 1018 

250 230 -- -

Table 4.2 Summary of tne comparison data between 16o and 4He 
beams in RBS analysis. 



4.4.3 Germanide Formation Study 

In section 3.2.1, the application of a-RBS in the stuay of 

metal silicides was discussea in detail. HIRBS can also be usea 

in the study of silicide formations but not mucn improvement is 

expected in such analysis. In fact a-RBS is a preferred method 

over HIRBS in siliciae study because depth resolution for HIRBS 

is worse than that of RBS in the case of light elements such as 

Si. HIRBS, however, has certain advantages in the investigation 

of ternary silicides or multiple layered siliciaes. 

Like Si, Ge also forms intermetallic compounds with certain 

metals at temperature well below the liquia phase. These inter

metallic compounds are cal lea metal germanides ana they play 

similar roles in germanium devices as silicides do in silicon 

devices. A lot of effort has been put on the investigation of 

silicides but not nearly as much work has been done with 

germanides (52-55]. This is because of the fact that germanium 

is used only for special application while Si is the workhorse 

of the electronic inaustry. 
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HIRBS is an iaeal tool for the investigation of germanides 

because germanium has a mass of 72 AMU wnicn is within the range 

where HIRBS has superior mass resolution over a-RBS. The system 

analyzed here was a paladium germanide system. Thin film {=400A) 

of Pd was· vacuum depos1ted onto single crystal Ge substrate. 

Another layer of 500A Au was then deposited on top. This is a 

typical structure for a germanium raaiation detector. In order 

to make good contact witn low contact resistance and good reli

aoility, intermetallic compounas between Pd and Ge must be formed. 
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The system was heat treated at 200 and 250°C for 1,2,and 4 hours. 

These samples were then analyzed by HIRBS and a-RBS. HIRBS 

results for these measurements are shown in figure 4.15. The 

samples were all tilted to 60° in order to improve depth resolu-

tion. It is obvious from the spectrum tnat germanide was formed 

by ooserving the step in the Ge signal and the lowerea ana 

broadenea Pd signal. Careful analysis snowed that the atomic 

ratio between Pd and Ge in the middle layer is 2:1 and theretore 

the compound formed was prooaoly PdzGe. Also from the spectrum, 

one can ·see the Au aiffusion througn the PdzGe layer and accumu

lated at the interface of Ge and Pd 2Ge. The possible structure 

of the system after 200°C anneal for one nour is shown in figure 

4.16. Annealing at 200°C for different time up to four nours 

showed the same results. 
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Fig. 4:15 20MeV 16o RBS spectrum {or a Au/Pd on Ge system. The 
solid spectrum represents the 200 C anneal for 1 hour case. 
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Fig~ 4.16 Possiole structure of the Au/Pd on Ge system after 
200 C anneal for 1 hour as measured oy HIRBS. 
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Fig. 4.17 1.5MeV 4He RBS spectrum of the Au/Pd on Ge system 
after anne a 1 i ng. 
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Analysis of the same system with a 1.5MeV 4He beam, however, 

gave ambiguous results. Figure 4.17 is an a-RBS spectrum of the 

system after 200°C anneal for one hour. The Ge ana Pd signals 

overlapped ana the Au diffusion was not observaole. From the 

a-RBS spectrum the Pa and Ge atomic ratio in the reactea region 

cannot oe measured. From the above comparison, it is obvious 

that 1n thls film interact1on study, HIRBS is tne superior tool. 

4.4.4 Multiple Layers Structures on Compound Semiconductors 

Another important application of HIRBS involves the stuay of 

multiple layered contact structures in III-V compound semi

conauctor devices, in particular GaAs devices. Typical Scnottky 

and Ohmic contacts for GaAs consist of multiple layers of metals 

on the GaAs suostrates. Deta1l structural analysis of these 

systems are usually very diff1cult with a-RBS. HIRBS, witn its 

advantage of excellent mass resolution in tne heavy region, is 

very suitable for sucn characterizations. 

Figure 4.18 snows a comparison of 2UMeV 16u backscattering 

spectrum with 1.5MeV 4He spectrum for the case of a Schottky 

contact consisting of a sequence of 50UA Au, Pt and Cr layers on 

a GaAs substrate. Tne 1mprovea detail of the HIRBS spectrum is 

obvious. In particular, the Au and Pt layers are easily resolved 

and their thicKnesses unambiguously measured in tne HIRBS spec

trum wnereas they are not resolved by conventional RBS. 
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Fig. 4.18 Backscattering spectra comparing 16Q and 4He ions 
RBS for a layered structure consisting of SOOA Au, Pt ana Cr 
on a GaAs suostrate. 
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F1gure 4.19 is another comparison of HIRoS ana a-RBS analyses. 

The system analyzea was an Ohmic contact with layers of Au, Ge, 

Au, Ni/Cr, GaAs on GaAlAs. All layers are well resolved in the 

HIRBS spectrum ana tne atomic ratio in tne Ni/Cr layer canoe 

measurea. In the a-RBS sepectrum, signal overlapping causes a 
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lot of difficulties in the data analysis. Determination of the 

layer tnicknesses and Ni /Cr ratio is almost impossible. 
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spectra comparing l6Q and 4He ions 
structure (250A Au/750A Ge/lSOOA Au/ 
GaAlAs substrate. 
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4.5 Future Development--HIRBS/Channeling 

The advantages of channeling with high energy neavy ions 

arise from the fact that a neavy ion beam trajectory will have 

greater r1gidity witn respect to the exchange of transverse 

momentum. This results in a more pronounced channeling pheno

menon with enhanced sensitivlty to defects or dopants profile 

studies. 

4.5.1 Decnanneling in a Perfect Crystal 

When an ion Deam is oriented along a maJor crystallographic 

axis, it will exnibit the channeling effect. Dechanneling of 

these channeled ions arises even in a perfect crystal due to 

scattering by electrons and the thermally vibrating nuclei in 
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the crystal. This dechanneling effect is observed as the increase 

in the yield in the Dackscattering spectrum as a function of the 

penetration depth of the ions. Theoretical calculations for 

dechanneling have Deen carried out Dy many authors[56-58j Dased 

on the continuum approximation[45j in which the motion of tne 

channeled ions is determined Dy their transverse energy, i.e. 

their momentum perpendicular to a row of atoms. For particles 

with a given transverse energy E~, the rate of change of EL with 

penetration depth z averaged over the area A(t~), <dEL/dZ> is 

approx1mately equal to the rate of 1ncrease of transverse energy 

due to multiple scattering. The area A(tL) is the area in the 

transverse plane accessible to particles with transverse energy 

EL. This rate of increase of transverse energy aue to multiple 
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scattering may be written as the sum of nuclear and electronic 

contributions. In terms of the reduced transverse energy e:.l(e:.l = 

E.1 /(1/2 E ~y) withE ~I= z1z2e 2/d): 

d £.1 = 
dz 

( de:.l) 
-- n az 

(4.10) 

For particles with low transverse energies, i.e. best cnan-

neled particles, the electronic contribution can be much larger 

than tne nuclear contrioution. Moreover, both the electronic 

and nuclear terms in tne above equation were snown to be propor-

tional to z1;E L42], therefore 

de:.l 
<->

dz 
(4.11) 

For a well-collimated beam inciaent on a structurally perfect 

crystal surface, the initial normalizea distribution of trans

verse energy g(e:.1,z) willinitidlly be determined mostly by the 

dominating electronic multiple scattering. 

For individual oeam particles tne changes in transverse 

energy at successive scatterinys are in the nature of a random 

walk process, there oeing a net arift toward higher transverse 

energies. The distrioution in transverse energy can therefore 

De descriDed by a aiffusion equationL42, 56]: 

ag(&_L,Z) = a l A(£.L)D(£.L) (_a_ g(e:_L,Z) )J 

az 3£.L d&.L A(e:.l) 
(4.12) 

where D(£.L) is a diffusion function. Once the initial distribu-



tion g(£~,0) is given, then g(£~,z) can be found by solving 

equation 4.12. 

With the assumption that particles with transverse energies 

greater than some value £l are dechanneled, then the dechan-

neled fraction as a function of depth is given by: 
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(4.13) 

From tne above derivdtions, it is obvious that explicit 

functional relations oetween the dechanneling fraction and z1 

and E are difficult to obtain. However, by solving equations 

4.12 and 4.13 numerically[57.59] the dechanneling fraction was 

shown to increase as z1 increasea and decrease as E increased. 

If we assume that the dechanneling fraction has a simple linear 

dePendence w i t h Z 1 and E ( = z 11 E), then for a 2 0 MeV 16 0 beam , 

Z1/E is 0 .• 4. Comparing to a 2MeV 4He beam which has Z1/E equals 

1, there is a factor of 2.5 decrease in dechanneling. This means 

that HIRBS/channeling has a much more prono~ncea channeling 

result. 

4.5.2 Oechanneling by Defects 

In the presence of lattice defects such as interstitials, 

dislocation lines, dislocation loops, stacking faults,etc., the 

backscattered yield is ennanced due to both dechanneling and 

direct scattering. This is discussed in section 3.2.3. For the 

case of edge dislocations whlCh have negligible direct scatter

ing, the aligned yield due to the defect is given by equation 
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3.12. x 0 , the normal1zea yield due to defect aechanneling is 

a very sensitive function of A, the dechanneling cross section 

given in equation 3.13 
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kE 1/2 _ E 112 
AL = (--) ( 3.13) 

z1 

When using a 20 MeV 16o beam, A is enhanced oy a factor of 

1.6 as compare to us1ng a 2 MeV 4He beam. This dechanneling 

factor enhancement couples with the reduction in dechanneling of 

the' virgin crystal greatly increase the sensitivity for the 

detection of line defects in a single crystal. 

however, Hl~BS/channeling is not very suitable for the 

detection of point defects such as interstitials which have 

dechanneling factor a 0-(z 1;E). Using high energy heavy ions, 

aD is reauced. Furthermore, for intersititials, direct scat-
1 

terings events between projectiles ana defects must be considered. 

The cross section for these events follow the Rutherford scat

tering cross section which is proportional to (Z 1;E) 2. There

fore, it is obvious tnat HIRBS/channeling is not an ideal tool 

for point defect analysis since it results in a aecrease in the 

sensitivity of detection of the defects. 

Finally, it is 1mportant to De aware of the fact that chan

neling with nigh energy neavy ions is relatively more difficult 

to do. Tne half angle for cnanneling ~ 112 as given in equation 

3.9 is proportonal to (Z 1 /E) 112 and is of the order of 1 

degree. For HIR8S/ channeling, the ~112 is reduced by a factor 



of 1.6. Figure 4.20 shows a plot of ~ 1 versus beam energy for 
4He and 16o beams 1n <110> Ge cnannel. In other words, for 

HIRBS/channeling, it is more difficult to align the sample so 

that cnannel1ng occurs. Therefore a better collimated beam and 

a high precision goniometer are required. 
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Fig. 4.20 Plots of ~1 as a function of beam energy for 4He ana 
16o beams in <110> Ge channel. 
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5. SUMMARY 

5.1 Advantages 

Tne aavantages of HIRBS were well verified in the experi

mental results described in the previous sections. They can be 

summarized as follows: 

(i) In the case of ion implantation profile studies, HIRBS 

can increase the accessible deptn for analysis. Hence, implan

tation profiles of higner energy can be studied. This is of 

particular importance in the study of tnree dimensional devices 

in wnich tne implantation energy is in the MeV range. 
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(ii) In the case of multiple layer metallization structures 

on neavy semiconductors, the improvea mass resolution of HIRBS 

for heavy elements resulted in unamoiguous determination of layer 

thicknesses ana more detail analysis could oe carried out. 

(iii) In the field of thin film interactions for heavy 

materiali sucn as germanide formation study, the improved mass 

resolving power of HIRBS gave better atomic ratio analysis. As 

a result, the compounds formed in the interactions could be 

better studied. 

(iv) Since tne oackscattering yield is proportional to 

(Z 1z2 tE) 2, the use of heavy ion with low energy(<1MeV) is a 

very gooa tool for the study of trace amount of heavy surface 

impurities. Tne sensitivity could oe increased by more than two 

orders of magnitudes [40]. 
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(v) The fact that no backscattering signal is expected for 

targets with masses less than the projectiles could be used to 

increase sensitivity for tne detection of trace elements in light 

substrates. 

(vi) In the channeling mode, HIRBS provides information 

about extended defects profiles witn enhenced detection sensi

tivity due to ennencea aefect dechanneling ana reduced dechan

neling by tne virgin crystal. 

5.2 Limitations 

Apart from tne many advantages of HIRBS, this new technique 

also has certain limitations as a near surface layer analytical 

characterization technique. Some of these limitations are listed 

as follows: 

(i) Since light targets with masses less than that of the 

projectiles cannot be detected, impurities such as 0, N, C are 

not detectable in HIRijS when l6o beam is used. 

(ii) The good mass resolution for HIRBS also has a disaavan-

tag e. It amplifies the isotopic effects for multi-isotopic 

dopants and layers so that accurate determindtion of thickness 

for thin film layers, or ~Rp for ion implantation profiles are 

difficult. Tnis shortcoming can easily oe remeaied oy the use 

of monoisotopic mater1als. 

(iii) Tne decrease of K value and the worsening of depth 

resolution of HIRBS for low Z materials make it quite useless 

,, 



for the characterization of such materials. Figure 5.1 shows a 

comparison for a silicide system analyzed by 1.75MeV 4He RBS 

ana 20MeV 16o R~S. Obviously tne conventional RBS spectrum 

shows much more detail of the system. 
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(iv) Detector lifetime is reducea wnen neavy ions are usea. 

(v) Energy loss straggling is important in HIRBS when tnick 

layers (>2000A) are analyzed. This must be accounted for in 

order that accurate data analysis can De carried out. 
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