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ABSTRACT 

This paper reviews the use of low energy ion beam systems for 

surface ;n=. ytical and structural studies. Are^s where analytical 

methods which utilize ion beams can provide a unique insight into 

materials problems are discussed. The design criteria of ion beam 

systems for performing materials studies :are described and the 

systems now being used by a number of laboratories are reviewed. 

Finally, several specific problems are described where the 

solution was provided at least in part by information provided by 

low energy ion analysis techniques. 
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INTRODUCTIOK 
In this paper I an going to arbitrarily define "low energy 

ion beam" to include cr.'y noble gas ion beams whose 
energies are from 500 to 5000 eV. while this definition is 

sor-ewhat restrictive, it covers the commonly used systems for 

surface analysis. 

The basic question of interest in materials research is: 

wh.Ht information can be gained about the elemental, chemical, 

and topological state of a material by using a low energy ion beam 

as a probe? To answer this question we must consider the interactions 

which occur when an ion beam impinges on a sui face and tne infor~ 

mation that can be obtained from these interactions. Figure 1 

summarizes these processes. For the puroose of thit paper I am 

going to restrict myself to those processes which involve ejected 

charged particles heavier than an electron. While there is considerable 

interesting information contained in the ejected electrons and 

photons ar.d in the sputtered and reflected neutrals, very few experi

ments have been conducted using these particles (1). This restriction 

leaves us with the reflected and sputtered ions as the source of 

information about the surface. Two distinct surface spectroscopies 

have developed from studies of these two types of outgoing species. 

One uses the elastic scattering of the incident 

ion and is called low energy ion scattering spectroscopy (LEISS); 

the other uses the ions sputtered from the surface and is called 

secondary ion mass spectroscopy (SIMS). The principles of these 

two spectroscopics are shown schematically in Figures 2a and 2b. 

The usefulness of these techniques for materials research is 
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determined by the information that can be obtained about a 

surface from the scattered and sputtered ions and by the spectro

metry capabilities that allow one to obtain unique information. 

To elucidate the information available in the scattered and 

sputtered ions, we must consider the events occurring in the 

primary ion-surface interaction. 

j.n low energy ion scattering spectroscopy one considers the 

collision between the incoming particle (M ) and the surface 

atom (M ) to be a binary elastic collision and then from conser

vation of energy and momentum one can derive a relationship 

between the scattered ion energy (£'), the initial energy (E!, 

and the laboratory scattering angle (6 ) 

2 
M 2 

E" _ o 
E (M 

1/? 
Cos 6 +1 —^-y - Sin'e 1 ) (1) +! — K - Sin 6 I 

Fy inspecting equation (1) it is obvious that LE1SB is a technique 
that is sensitive to the masses of atoms present en the jurface. In 
addition, from the scattering probability, one can determine the 
number of each type of atom detected on the surface. 

Tn the ca?e of sputtered particles, one can count th-'; tota?, 
number and determine the sputter yield, i.e., the number of 
sputtered atoms per incident ion. While the measurement of the 
sputter yield does not yield information about the surface directly, 
the sputter yield and its variation with ior. ppecies, energy and 
target composition have a number 
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of important applications (e.g., magnetic fusion) and sputter 
yields are used by many of the surface spectroscopies for 
obtaining composition versus depth information. In SIMS, 
one uses a mass spectrometer to mass analyze the sputtered ions. 
Since both atoms and molecules can appear ir. the sputtered ion 
spectra, one can in principle infer the surface elemental and 
chemical composition from the mass spectrum. 

The particular properties of the techniques which provide unique 
information can be addressed by considering the elements that can 
be detected by the techniques and the depth to which the techniques 
sample the surface. 

In the case of low energy ion scattering, all elements above 
He can be detected. The detection sensitivities generally increase 
with atomic number, but this feature is not unique among the surface 
analytical techniques. The unique capabilities of LEISS come from 
its extreme surface specificity and its mass detection. The- surface 
sensitivity (1-2 monolayers) of LEISS has been demonstrated by a 
number of authors (2-4). This sensitivity is attributed to a 
combination of low ion penetration depth and a high ion neutralization 
probability. This extreme surface sensitivity allows one to 
measure the composition of the outer monolayer of atoms where 
many important reactions occur (catalysis, corrosion, etc.). 

The ability to determine the masses of surface atoms allows 
one in principle to measure isotope ratios. In practice, due to 
the width of experimentally measured peaks, this can only be taken 
advantage of for a few elements. Among these elements the most 
important is the use of 0J" and 0 to study oxidation. Table I 
lists a number of areas where 
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LEISS can be used to provide unique information. A few of 
these areas will be discussed in more detail later. 

The unique advantages of SIMS are its mass detection,which 
allows the determination of isotope ratios and cherr.ical information 
from sputtered molecules, and its ability to detect all elements. 
Of the surface sensitive analytical techniques only SIMS can 
detect hydrogen. The surface specificity of SIMS is not nearly 
as high as LEISS due to the fact that the sputtered ion can 
originate from several layers into the sample. Areas where these 
features are used are also listed in Table I. 

In addition to the advantages which are inherent in a 
particular technique, there are practical advantages 
in using low energy ion beams. These include lov.- power input sp 
that thermally sensitive samples can be analyzed, and the analysis 
of insulating samples by compensating for charge build-up 
with low energy electrons supplied by a hot tungsten filament. 

System Design 
The basic design of a low erergy ion beam system for 

materials studies is nearly the same for LEISS, SIMS or sputter 
yield measurements. The differences are mainly due to ion beam 
size and ion current. For example, for surface analytical work it 
is desirable to have an ion bean whose size is as small as 
possible in order that spatial (i.e. X-Y) information can be 
obtained from the sample. On the other hand, if one is studying 
the sputtering process itself, i.e., if one wants to make 
sputter yield measurements, it is desirable to have a high beam 
current and the 'i,eam size may be unimportant. 
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It is not the purpose of t,his paper to detail the design of 
ion sources or lenses which are discuss-d in other papers at this 
conference, but rather to discuss those components which when 
combined into a system result in an ion beam with the desired 
properties. In addition, the incorporation of the ion 
beam into the analysis chamber is important since it is the 
combination of the ion beam and the analysis chamber which results 
in a versatile system. 

The basic components of An ion beam system for material 
studies are shown schemetically in Figure 3. The basic features 
of the system are an ion source, a vacuum chamber, a target, and a 
detector. The details of the analysis chamber are application 
dependent. For example, a target orientation 
capability is more important for surface structure studies on 
single crystal targets than for chemical composition analysis 
on polycrystal]ine samples. Also, the addition of deflection 
plates for be = ~ steering and/or rastering ir.ay be desirable. 

A number of ion sources have been successfully used for 
surface analysis. The one shown in Figure 3 is a duoplasmatron. 
Other sources which have been used are electron impact (5) 
oscillating electron discharge (6), colutron (7) and the Nier-
type source (8). The important requirements on the source are 
a lov: energy spread, ion currents on the order of a microamp, 
and a steady beam current. The beam should contain only one 
ion species in a single charge state. Foreign ions and/or 
multiple charge states can cause additional peaks in L^TSS 
spectra and the introduction of impurity artifacts in STMR 
spectra. The unwanted ions and neutrals can be removed from the 
beam by a switching magnet as shown in Figure 3 or by a Wien 
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velocity filter (9)in which perpendicular magnetic and electric 
fields deflect ions of unwanted velocities out of the beam line. 
At present, because of the compact size of the filter, the post 
commonly used mass analyzer for surface analysis equipment 
is the Wien filter. Differential pumping is important when 
a high pressure source is used. This is true not cnly in order 
to provide the ultrahigh vacuum necessary for surface analysis 
but also to minimize unwanted charge exchange collisions in the 
beam line after the mass analysis. 

As mentioned earlier, the design of the analysis chamber is 
as important as the ion beam line. Good vacuum conditions 
are required for surface analysis. Base pressures of 10 Pa. 
or lower should be obtainable in the taraet chamber. 

Sample manipulator versatility is important if a wide variety 
of experiments are to be conducted. For routine analytical work 
a sample carousel which can hold multiple samples is convenient. 
For sorr.e experiments (such as structure reas-jrerents) sample 
heating, cooling, and rotation are also required. 

There are two basic designs of the electrostatic energy 
analyzer which is used as the detector for low energy ion 
scattering spectroscopy. They are the 127" sector analyzer (10) a 
the cylindrical mirror analyzer (11). The cylindrical mirror analy 
uses a fixed scattering angle and is ideal for analytical work in 
it has a high signal-to-noise ratio and therefore low ion fluerces 
can be used to perform a given analysis. The sector analyzer is 
primarily used for surface structure studies where one wants to 
vary the angle of incidence and the scattering ar-gle. 
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The majority of the analyzers used for SIMS with low 

energy ion beam systems are quadrupole mass analyzers which 

have had an energy analyzer added to the front end. Ar.or.g the energy 

filters which have been used are a modulated grid system (12), 

a spherical analyzer (13) and a cylindrical mirror analyzer (14 } . 

The major disadvantage of these systems is the relatively low 

mass resolution of the quadrupole analyzer- This deficiency 

can lead to peak interferences particularly when analyzing 

molecular ions. 

The largest number of LEISS systems in use are a commercial 

aejsign which employs a cylindrical mirror analyzer with a coaxial 

ion gun. The ion gun in this system is not mass anal\^ed. 

Ion beam purity is controlled by continuous pumping of the 

active gases by Ti subl in a t ion and liquid \' cryopurr.ping and 

by using lev; ionization voltages (to reduce do-_:L2y charged ions). 

Bror.gersma et al. (14 1 have combined the advantages of the high 

siynal-to-noise ratio of a cylindrical mirror analyzer with a mass 

analysed beam by passing the beam through a ring detector placed 

on the a>:is of the analyzer. This system is the closest 

approximation to an ideal system for analytical purposes now 

being used, Taglauer et al. (15) have used a system similar 

to that shown in Figure 3 alonn with a 127° sector analyzer and a 

sample bolder which allows both a change in the angle of incidence 

and scattering angle. Eall et al. (If.) have used a system similar 

to that of Taglauer et al. but have the additional option of 

analyzing the neutral particles by a time of flight mass 

spectrometer. 

Most of the SIMS systems are similar in that they use a non-

mass analyzed ion beam and a quadrupole mass spectrometer with 
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a cylindrical mirror filter for energy analysis. However, as 
the availability of smaM mass analyzed ion beams increases, 

more of these systems wall probably be used. In addition, more 

sophisticated energy prefilters are beginning to appear. Probably the 
most notable low energy quadrupole SIMS system is that of Magee (13) 
which was designed for depth profiling. This system uses a Colutron 

ion source with a Wien filter for mass analysis and a 1° deflection 

system to eliminate hijh energy neutral particles. The 
secondary ion optics consist of an extraction lens r.d a spherical 
electrostatic analyzer. Magee has shown that a combination of 
these secondary ion optics ?nd a raster/gate system for the ion 

beam prevents essentially all extraneous ions from reaching the 
detector. 

Examples of the Use of Low Energy Ion Be^rrs for .".aterials Research 
The examples discussed in this section will stress the unique 

advantages of ion beam techniques for solving problems and not 
those cases which overlap other techniques. Therefore, the areas 
which will be stressed are surface sensitivity and mass detection 
of isotopes and molecules. 

As an example of the use of the surface sensitivity of LEISS 
to solve problems I have chosen the measurement of the surface vs. 
bulk composition of binary alloys. By making measurements of the 
surface composition as a function of temperature and bulk composition., 
the surface phase diagram can be obtained. This information is 
important in a number of areas including catalysis, corrosion 
and wear and nuclenr fusion. There have been a number of 
reported applications of the use of LEISS for these measurements 
by Brongersma et al . (17) Biloen et al. (IS), Williams and Nelson (13) 
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and Nelson (20 ) . The system I have chosen to discuss in this 
paper is the Cu/Au system. This system is of particular interest 
in that it tests the relative importance of the two current models 
for predicting surface vs. bulk composition, i.e., the strain 
model (il) which is based on the atoms being of different sizes, 
and the pair-bond model (22) which i< >ased on surface free 
energies. In the case of Cu/Au, the atom sizes are signifi
cantly different and thus the strain energy should contribute 
significantly. In the Cu/Au system the strain energy theory 
pradicts that there should be Au enrichment at the surface while tnc 
regular solution model predicts Cu enrichment. By heating clean sample 
of Cu/Au alloy in vacuum we can measure the surface vs. bulk 
compos it ion. Figure 4 illustrates the difference between a bulk 
alloy of 60 at.% Cu and 40 at.% Au and the same alloy heated to 
500°K. There is a clear enrichment of the gold. Figure 5 is 
a plot of the gold surface composition measurements at 500°K as 
a function of bulk composition. The straight line represents 
a surface composition equal to the bulk and the solid curved line is th 
regular solution model prediction (Au depletion ). The experimental 
data indicate that the surface is enrichad in Au but not to 
the extent predicted by the strain theory. This is a case where 
both effects play a competing role with the strain contribution 
dominating. By making measurements like these as a function of 
temperature and bulk composition, it is hoped a unified theory 
which incorporates both strain and thermodynamic effects will 
evolve. 

The use of LEISS to determine "structure" i.e., the position 
of atcr.s on a surface was first demonstrated by Strehlow and Smith (- ! 
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for the case of CdS where thev determined the Cd and £ faces 

of this polar crysv.al. The ability to obtain this type of 

information again depends on the surface sensitivity of LE1SS, 

i.e./ the ability to snadow one atom on the surface by ancr.^r 

from the ion beam. The major work in this area has been carried 

out by Brongersma et al., (23) i Heiiand and Taglauer (24,25), 

Niehus and Bauer (26). Englert et al. (27), and Theeten et al. I-;?). 

It usually entails combining LEISS with low-energy electron 

diffraction (LEED). To determine the atom positions, one needs 

to be able to rotate the crystal such that the ion bean looks down 

different rows cf atoms. By varying the angle of incidence 

and/or the scattering angle one car. see more or less of the 

adsorbate/substrate atoms. This is shown schematically in 

Figure 6 . 

To illustrate the use of this technique to determine 

structure, the work of Ellis and Taylor (29) in ih- delermin uLion 

of the oxygen structure on U0_(111) will be used. In these 

studies they have combined LEED with LEISS measurements using 

He at 500 eV. A hard sphere model of the UO (111) planer surface 

with an outermost oxygen layer is shown schematically in Figure 7a 

and b. When the angle of incidence (S) of a piobing ion beam is 0°, 

the postulated outermost layer of oxygen is penetrated and signals 

corresponding to He scattered from U as well as O should be detected 

As the angle of incidence is changed, a critical angle (£„) will be 

reached above which the incident bear, will be blocked from reaching 

the uranium atoms by the oxygen atoms and only the 0 peak should be 

detected. From Figure 7b it is obvious that there will be 2 hlcckir. 

angles corresponding to beams impinging from the right (2) and the-
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left (1). In reality the hard sphere model must be modified to account 
for the repulsive potential between the he ion and the ox/gti. 

atom. This is the so-called shadow cor.e formulation £.nd is 

depicted schematically in Figure 7c. I.-, this case no scattered 

signal fron u is observed for 6^2 when the edge of the oxygen 

cone is outside the maximum He /U impact parameter necessary 

for backscattering into the detector. L'sing this formalism, 

the values of £ art modified somewhat fro- the hard sphere mod*;! . 

Figure 8 shows the results of Taylor and Ellis for the (111) 

surface of U. They observe two cutoff angles at S = 57° and 77°. 
c 

These cutoff angles are withi.i 3 and 9° respectively of those 
calculated for a shadow cone model ar.rj are considered to be 
consistent with the center-bonded oxygen nodel shown in 
Figure 7a. 

As mentioned earlier, one can use the sputtered a tons to 
study the sputtering process, i.e., determine sputter yields as 
a function of ion energy and species for different target materials. 
In addition, the sputtered ions can be used to study the surface 
composition. The example I will use is a study of the low energy 
deuterium sputter yields of TiB, films which are of interest for 
fusion applications. SIMS has been used to determine the depth 
distribution of deuterium implanted into TiB 2 and to study the 
change in surface co-position of Ti3, during deuterium, bombardment. 
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Low energy sputter yields are important for fusion 
applications in that material sputtered from the internal surfaces 
of a Tokam.ak car. contaminate the plasrca and prevent igr.iti;.-,. 

Due to the high deuterium fluences which are possible with the 

^instrument shown in Figure 3, the weight loss method can be used 
tc determine sputter yields. The data shown in Figure <» are a plot 
of the measured sputter yield as a function of ensrgy for deutcriu-

ions. The so)in curves show the physical sputtering predicated by 

an empirics formula devised by Bay et al . (30) assuming the target 

atom is 1) b, 2) TiB_, and 3) Ti. It is found th=>t the best 

agreement occurs when the »asb of Ti is used 
in the formula. This is interpreted as being due to preferential 
sputtering of the low mass element (E) and leaving a Ti rich 

surface. This assumption cf preferential sputtering can be 

tested b^ measuring the SIMS spectra during bo~bard~or.t by 

deuteriun ions. 

In Figure 10 is shown the positive SI"S spectra of ~iS 2 

while being bombarded by 2 keV D ions. In addition to the 

presence of -i and Ti , peaks which are identified as originating 

from TiD and TiO are observed while no peaks due to ED or SO 

are found. These data are interpreted in terms of a mechanism 

where E> is pref .rentially sputtered and the resulting Ti rich 

surface interacts with the residual O and D in the vacuum chanber 
to form TiD and TiO which are then detected in the SI'lS snectra. x y 

SIMS has also been used to quantitatively determine the 
depth distribution o^ deuterium implanted into TiB at 2 keV. 
This distribution (shown in Figure 111 indicates that the pc-3:i 
of the implantation region is on the order of 200 A in depth 



ar.d that if one is ce.ncer.nod about the reaction of deutoriur-
at a thin fj m substrate interface, it is the diffusion of 
the doutoriur. due to thermal effects which must be considered 

ii i 

and not the depth of implantation. 
Summar/ 

The interaction of low energ/ ion beams with surfaces 

allows one to obtain unique information about the elemental, 

i chemical, and structural rrooerties of surfaces. As with 
f 
j the other surface inalytical technqiues, it is the combination 

of several of these techniques in one system which provides 

>' \-hc 71 a:•:iT.un a mount of inf ormat ion , 
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FIGURE CAPTION'S 

Figure 1. Schematic representation of the processes which 

occur when an ion beam interacts with a surface. 

Figure 2. Schematic representation of the processes for low 

energy ion scattering and secondary ion production. 

Figure 3. Schematic drawing of a low energy ion beam system. 

Figure A. Low energy ion scattering spectra obtained from 

a Cu/A'J alloy at room te~peraLurc [solid curve) anu 

500 CK (dashed cv.rvo) . 

Figure 5. Plot of the surface gold concentration measured at 

bOO°K as a function of bulk gold concentration for 

Cu/Au alloys. The straight lino corrcsi^r.ds to the 

surface concentration being equal to that of the bulk. 
Figure 6. Hard sphere representation of shadowing for two different 

orientations of a crystal surface. Figure a is a 
lorr.al view. Figure b is a view in the "P" direction 
at an ancle of 60° with respect to the nor-al. Figure c 
is a view in the "s" direction at an angle of 60° with 
respect to the normal. 

Figure 7. Schematic representation of the U0 2(111) surface. 
(a) is a normal view, (b) indicates there are two 
possible blocking angles,and (c) is a shadow case repre
sentation of b. (After Ellis and Trvlor 2J). 



Figure 8. I' signal as a function of angle of incidence. CJ: •. 
one is for ions coming from the left anri curve two 
is for icns coining from the right (see Figure 7) . 
(After Ellis and Taylor Ret". V ) . 

Figure 9. Deuterium ion sputter yield of TiB, as a function of 
energy. The solid curves are calculated assuming 
only physical sputtering from the forriula ot Bay et al . 
(tlr) assuming the target atom is B, TiB 2 and T\ . 

Figure 10. Secondary ion mass spectra obtained curing deuteri-j^. 
ion bombardment. Note the peaks due t<-- TiD and TiO. 

Figure 11. SIMS depth profile of deuterium implanted into TIB-,. 
The measured range of 200 A agrees well with those 
predicted theoretically. 
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