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Ion scattering spectrometry was developed as a surface elemental analysis technique in the late 1960’s. Further developments 

during the 1970’s and 80’s revealed the ability to obtain surface structural information. The recent use of time-of-flight (TOF) 

methods has led to a surface crystallography that is sensitive to all elements, including hydrogen, and the ability to directly detect 

hydrogen adsorption sites. TOF detection of both neutrals and ions provides the high sensitivity necessary for non-destructive 

analysis. Detection of atoms scattered and recoiled from surfaces in simple collision sequences, together with calculations of 

shadowing and blocking cones, can now be used to make direct measurements of interatomic spacings and adsorption sites within 

an accuracy of < 0.1 A. Structures are determined by monitoring the angular anisotropies in the scattered primary and recoiled 

target atom flux. Applications of such surface structure and adsorption site determinations are in the fields of catalysis, thin film 

growth, and interfaces. This article provides a short historical account of these developments along with some examples of the most 

recent capabilities of the technique. 

1. Historical perspective 

The origin of scattering experiments has its 
roots in the .development of modern atomic the- 
ory at the beginning of this century. As a result of 
both the Rutherford experiment on the scattering 
of alpha particles (He nuclei) by thin metallic 
foils and the Bohr theory of atomic structure, a 
consistent model of the atom as a small massive 
nucleus surrounded by a large swarm of light 
electrons was confirmed. Following these devel- 
opments, it was realized that the inverse process, 
namely analysis of the scattering pattern of ions 
from crystals, could provide information on com- 
position and structure. This analysis is straight- 
forward because the kinematics of energetic 
atomic collisions is accurately described by classi- 
cal mechanics. Such scattering occurs as a result 
of the mutual Coulomb repulsion between the 
colliding atomic cores, that is the nucleus plus 
core electrons. The scattered primary atom loses 
some of its energy to the target atom. The latter, 
in turn, recoils into a forward direction. The final 

energies of the scattered and recoiled atoms and 
the directions of their trajectories are determined 
by the masses of the pair of atoms involved and 
the closeness of the collision. By analysis of these 
final energies and angular distributions of the 
scattered and recoiled atoms, the elemental com- 
position and structure of the surface can be deci- 
phered. 

Low energy (l-10 keV) ion scattering spec- 
trometry (ES) had its beginning as a modern 
surface analysis technique with the 1967 work of 
Smith [l], which demonstrated both surface ele- 
mental and structural analysis for CO chemi- 
sorbed on MO; screening of the scattering from C 
by the presence of 0 showed that CO chemi- 
sorbed on MO with the C end down and the 0 
end up. During the 1970’s, work by Heiland and 
Taglauer 121, Brongersma et al. [3], Boers et al. 
141, and Bronckers et al. [51 clearly demonstrated 
that direct structural information could be ob- 
tained from ISS. 

Interest in ISS as a technique for investigating 
surface structure grew quickly after the 1982 work 
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of Aono et al. [6], which showed that the use of 
backscattering angles near 180” greatly simplified 
the scattering geometry and interpretation. This 
allowed experimental determination of the 

shadow cone radii which could be applied to 
surfaces with unknown or reconstructed struc- 
tures in order to determine surface geometry. 
There are two problems with this technique: (i) It 

analyzes only the scattered ions; these are typi- 
cally only a very small fraction (< 5%) of the 
total scattered flux. Thus, high primary ion doses 
are required for spectral acquisition which are 
potentially damaging to the surface and adsor- 
bate structures. (ii) Neutralization probabilities 
are a function of the ion beam incidence angle cy 
with the surface and the azimuthal angle 6 along 
which the ion beam is directed. This is not a 
simple behavior since the probabilities depend on 
the distances of the ion to specific atoms. As a 
result, it is difficult to separate scattering inten- 
sity changes due to neutralization effects from 
those due to structural effects. Aono and Souda 
[7] also proposed the use of ion scattering to 
probe the spatial distributions of surface elec- 
trons. This work successfully demonstrated that 
the phenomenon of ion neutralization could be 
used to probe the electron orbital angular distri- 
butions, however, ambiguity remained due to the 
fact that the information was derived from analy- 
sis of the scattered ions only. It was difficult to 
separate ion neutralization effects from shadow- 
ing and blocking effects. In 1984 Niehus [8] pro- 
posed the use of alkali primary ions which have 
low neutralization probabilities, leading to higher 
scattering intensities and pronounced focusing ef- 
fects. The contamination of the sample surface by 
the reactive alkali ions is a potential problem 
with this method. Buck and coworkers [9], who 
had been developing time-of-flight (TOF) meth- 
ods for ion scattering since the mid 1970’s, used 
TOF methods for surface structure analysis in 

1984 and demonstrated the capabilities and high 
sensitivity of the technique when both neutrals 
and ions are detected simultaneously. In 1987 van 
Zoest et al. [lo] demonstrated that TOF analysis 
of both the scattered and recoiled neutrals and 
ions provided much more information about sur- 
face structure, however, they did not have ade- 

quate resolution in the TOF mode to separate 
the scattered and recoiled particles; this limited 
the use of the recoil data. 

Having been developing TOF methods for 
scattering and recoiling, spectral interpretation, 
and surface elemental analysis in our own labora- 
tory since the early 1980’s [ 1 I], our research group 
began to concentrate its efforts on surface struc- 
tural determinations in the late 1980’s. In 1989 
[12] we published structural determinations for 0 
and H on W{211] using TOF detection of scat- 
tered and recoiled neutrals plus ions with suffi- 
cient resolution to clearly separate the recoiled 
and scattered particles. The first TOF spectromc- 
ter system with long flight path for separation of 
the scattered and recoiled particles and continu- 
ous variation of the scattering 0 and recoiling 4 
angles was developed in our laboratory and pub- 
lished in 1990 [13]. This coupling of TOF meth- 
ods with detection of both scattered and recoiled 
particles has led to the development of time-of- 
flight scattering and recoiling spectrometry 
(TOF-SARS) as a tool for structural analysis [14]. 

Several research groups [lS-351 throughout the 
world are now engaged in surface structure deter- 
minations using some form of keV ISS. The num- 
ber of research papers concerning surface struc- 
ture determinations by means of some form of 
low energy (< 10 keV) ion scattering and recoil- 
ing spectrometry published since 197.5 are shown 
graphically in Fig. 1. It is obvious that the level of 

YEAR 
Fig. I. Number of research papers concerned with surface 
structure determinations using some form of low energy ( < IO 

keW ion scattering or recoiling published in recent years. 
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research activity in this field grew tremendously 
during the late 1980’s. 

This historical overview will concentrate on 
time-of-flight scattering and recoiling spectrome- 
try (TOF-SARS) [14], for it is felt that this is the 
technique that will be most important in future 
applications. Also in this overview, emphasis will 
be placed on surface structure determinations 
rather than surface elemental analysis, for it is 
felt that TOF-SARS is capable of making unique 
contributions in the area of structure determina- 
tion. 

2. Basic physics underlying keV ion scattering 
and recoiling 

There are two basic physical phenomena which 
govern atomic collisions in the keV range. First, 
repulsive interatomic interactions, described by 
the laws of classical mechanics, control the scat- 
tering and recoiling trajectories. Second, elec- 
tronic transition probabilities, described by the 

laws of quantum mechanics, control the ion- 
surface charge exchange process. 

2.1. Atomic collisions in the keV range 

The dynamics of keV atomic collisions are well 
described as binary collisions between the inci- 
dent ion and surface atoms [36]. When an ener- 
getic ion makes a direct collision with a surface 
atom, the surface atom is recoiled into a forward 
direction as shown in Fig. 2. Both the scattered 
and recoiled atoms have high, discrete kinetic 
energy distributions. According to the laws of 
conservation of energy and momentum, the en- 
ergy E, of an incident ion of mass M, and energy 
E, which is scattered from a target atom of mass 
M2 into an angle 8 is given by 

(1) 

where A = M,/M,. For cases where M, > M,, 
there exists a critical angle 8, = sin-’ A above 
which only multiple scattering can occur. Recoils 
that are ejected from single collisions of the pro- 

Fig. 2. Schematic illustrations of backscattering and shadow- 

ing and direct recoiling with shadowing and blocking. 

jectile into an angle 4, that is direct recoils, have 
an energy E, given by 

E, = E,,[4A/(l +A)‘] cos’ 4. (2) 
As a result of the energetic nature of the colli- 
sions, only atomic species are observed as direct 
recoils and their energies are independent of the 
chemical bonding environment. 

2.2. Interatomic potentials 

Although scattering in the keV range is domi- 
nated by repulsive potentials, it is not simply a 
hard sphere or billard ball collision where there is 
a clean “hit” or “miss”. The partial penetration 
of the ion into the target atom’s electron cloud 
results in bent trajectories even when there is not 
a “head-on” collision. This type of interaction is 
well described by a screened Coulomb potential 
[361 such as 

V(r) = [Z,Z2e2/R]@(R/C&), (3) 

where R is the internuclear separation and the Zi 
are the atomic numbers of the collision partners. 
@ is a screening function which is determined by 
R, the screening radius R,, and a scaling parame- 
ter C; there are several good approximations for 
@ [36]. Using such a potential, one can determine 
the relationship between the scattering angle 8 
and the impact parameter p. The p is defined as 



X Coordinate (A) 

Fig. .i. C‘lassical scattering trajectories for 4 krV NC ’ imping- 

~ng on a Ni surface at different incident angles w. 

the minimum perpendicular distance from the 
target atom to the ion trajectory. A small value of 
p corresponds to a near head-on collision and 
backscattering and a large value corresponds to a 
glancing collision and forwardscattering. Simi- 
larly, the recoiling angle 4 is also determined by 

P. 

2.3. Shadowing and blocking cones 

Considering a large number of ions with paral- 
lel trajectories impinging on a target atom, the 
ion trajectories are bent by the repulsive poten- 
tial such that there is an excluded volume, called 
the shadow cone, in the shape of a paraboloid 
formed behind the target atom as shown in Fig. 2. 
Ion trajectories do not penetrate into the shadow 
cone, but instead are concentrated at its edges 
much like rain pours off an umbrella. Atoms 
located inside the cone behind the target atom 
are shielded from the impinging ions as shown in 
Fig. 3. Similarly, if the scattered ion or recoiling 
atom trajectory is directed towards a neighboring 
atom, that trajectory will be blocked. For a large 
number of scattering or recoiling trajectories, a 
blocking cone will bc formed behind the neigh- 
boring atom into which no particles can pene- 
trate. The dimensions of the shadowing and 

blocking cones can be determined experimentally 
from scattering measurements along crystal az- 
imuths for which the interatomic spacings are 
accurately known. This provides an experimental 
determination of the scaling parameter C and 
reliable cone dimensions. The cone dimensions 
can also be constructed theoretically from the 
relationship of p with 8 and (t, [36,37]. A univer- 
sal shadow cone curve has been proposed [Ml 
and cone dimensions for common ion-atom com- 
binations have been reported 1391. Since the radii 
of these cones arc of the same order as inter- 
atomic spacings, that is 1 to 3 A. the ions pcnc- 
tram only into the outermost surface layers. 

2.3. Scattering and recoiling anisotropy caused by 

shadowing and blockirlg cones 

When an isotropic ion fluence impinges on a 
crystal surface at a specific incident angle N, the 
scattered and recoiled atom flux is anisotropic. 
This anisotropy is a result of the incoming ion’s 
eye view of the surface, which depends on the 
specific arrangement of atoms and the shadowing 
and blocking cones. The arrangement of atoms 
controls the atomic density along the azimuths 
and the ability of ions to channel, that is. to 
penetrate into empty spaces between atomic rows. 
The cones determine which nuclei are screened 
from the impinging ion flux and which exit trajec- 
tories are blocked as depicted in Fig. 3. By mea- 
suring the ion and atom flux at specific scattering 
and recoiling angles as a function of ion beam 
incident cy and azimuthal 6 angles to the surface, 
structures are observed which can be interpreted 
in terms of the interatomic spacings and shadow 
cones from the ion’s eye view. 

2.5. Ion -surface electronic transitions 

Electron exchange [40] between ions 
and surfaces can occur in two regions, 

or atoms 
(i) along 

the incoming and outgoing trajectories where the 
particle is within &gstriims of the surface and (ii) 

in the close atomic encounter where the core 
electron orbitals of the collision partners overlap. 
In region (9, the dominating processes are reso- 
nant and Auger electron tunneling transitions, 
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both of which are fast (7 < lo-l5 sl. Since the 
work functions of most solids are lower than the 
ionization potentials of most gaseous atoms, keV 
scattered and recoiled species are predominately 
neutrals as a result of electron capture from the 
solid. In region (ii), as the interatomic distance R 
decreases, the atomic orbitals (AOs) of the sepa- 
rate atoms of atomic number 2, and Z, evolve 
into molecular orbitals (MOs) of a quasi-molecule 
and finally into the A0 of the “united” atom of 
atomic number (Z, + Z,). As R decreases, a crit- 
ical distance is reached where electrons are pro- 
moted into higher energy MOs because of elec- 
tronic repulsion and the Pauli exclusion principle. 
This can result in collisional reionization of neu- 
tral species. The fraction of species scattered and 
recoiled as ions is sensitive to atomic structure 
through changes in electron density along the 
trajectories. 

3. Instrumentation 

The basic requirements [131 for low energy ion 
scattering are an ion source, a sample mounted 

AB C D E C 

on a precision manipulator, an energy or velocity 
analyzer, and a detector. The sample is housed in 
an ultra-high vacuum (UHV) chamber in order to 
prepare and maintain well-defined clean surfaces. 
The UHV prerequisit necessitates the use of dif- 
ferentially pumped ion sources. Ion scattering is 
typically done in a UHV chamber which houses 
other surface analysis techniques such as low 
energy electron diffraction (LEED), X-ray photo- 
electron spectroscopy (XPSI, and Auger electron 
spectroscopy (AES). The design of an instrument 
for ion scattering is based on the type of analyzer 
to be used. An electrostatic analyzer (ESA) mea- 
sures the kinetic energies of ions while a time-of- 
flight (TOF) analyzer measures the velocities of 
both ions and neutrals. 
ion source and beam line - The critical require- 
ments for the ion source are that the ions have a 
small energy spread, there are no fast neutrals in 
the beam, and the available energy is l-5 keV. 
Both noble gas and alkali ion sources are com- 
mon. For TOF experiments, it is necessary to 
pulse the ion beam by deflecting it past an apera- 
ture. A beam line for such experiments is shown 

PLOTTER 

z I I 
l o 

SCATTERING 
ANGLE 8 

Fig. 4. Schematic drawing of TOF-SARS Spectrometer system. A = ion gun, B = Wien filter, C = Einzel lens, D = 

E = pulsing aperture, F = deflector plates, G = sample, H = electron multiplier detector with energy prefilter 
electrostatic deflector. 

pulsing plates, 
grid and I = 



in Fig. 4; it is capable of producing ion pulse 
widths of N 15 ns. 
Analyzers - An ESA provides energy analysis of 
the ions with high resolution. A TOF analyzer 
provides velocity analysis of both fast neutrals 
and ions with moderate resolution. In an ESA 
the energy separation is made by spatial disper- 
sion of the charged particle trajectories in a known 
electrical field. ESA’s were the first analyzers 
used for ISS; their advantage is high energy reso- 
lution and their disadvantages are that they ana- 
lyze only ions and have poor collection efficiency 
due to the necessity for scanning the analyzer. A 
TOF analyzer is simply a long field-free drift 
region. It has the advantage of high efficiency 
since it collects both ions and fast neutrals simul- 
taneously in a multichannel mode; its disadvan- 
tage is only moderate resolution. 
Detectors - The most common detectors used for 
KS are continuous dynode channel electron mul- 
tipliers or channel plates which are capable of 
multiplying the signal pulses by 10’-10’. They are 
sensitive to both ions and fast neutrals. Neutrals 
with velocities 2 lo6 cm/s are detected with the 
same efficiency as ions. 

4. Elemental analysis from scattering and 
recoiling 

4. I. Qualitatir)e analysis 

TOF-SARS is capable of detecting all ele- 
ments by either scattering, recoiling, or both tech- 
niques. TOF peak identification is straightfor- 
ward by converting Eqs. (1) and (2) to the flight 
times of the scattered t, and recoiled t, particles 
as 

t, = L( M, + M2)/(2M,E,,)“’ 

x (cos 0 + [ (M,/M,)’ - sin’ 01 I”) (41 

and 

t, = L( M, + M,)/(8M,E”)“2 cos 4, (5) 

where L is the flight distance, that is, the dis- 
tance from target to detector. Collection of neu- 
trals plus ions results in scattering and recoiling 

10 12 14 16 

TIME OF FLIGHT (~8) 

Fig. 5. TOF spectra of a Si(lO0) surface with chemiaorhed 

iI,0 (left) and H, (right). Peaks due to acattrred Ar and 

recoiled H. 0, and Si are ohserved. Conditions: 4 keV Ar’. 

scattering angle H = 2X”. incident angle CY = 8’. 

intensities that are determined by elemental con- 
centrations. shadowing and blocking effects. and 
classical cross sections. The main advantage of 
TOF-SARS for surface compositional analyses is 
its extreme surface sensitivity as compared to the 
other surface spectrometries, i.e. mainly XPS and 
AES. Indeed with a correct orientation and apcr- 
ture of the shadow cone, the first monolayer can 
be probed selectively. At selected incident angles, 
it is possible to delineate signals from specific 
subsurface layers. Detection of the particles inde- 
pendently of their charge state eliminates ion 
neutralization effects. Also. the multichannel de- 
tection requires primary ion doses of only - IO” 
ions/cm’ or - 10 _ ’ ions/surface atom for spcc- 
tral acquisition; this ensures true static conditions 
during analyses. 
TOF spectru - Examples of typical TOF spectra 
obtained from 4 keV Arf impinging on a Si( 100) 
surface with chemisorbed H .O and H ? arc shown 
in Fig. 5 [41]. Peaks due to kr scattering from Si 
and recoiled H, 0, and Si are observed. The 
intensities necessary for structural analysis are 
obtained by integrating the areas of fixed time 
windows under these peaks. 

4.2. Quantitatirre analysis 

While qualitative identification of scattering 
and recoiling peaks is straightforward, quantita- 
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tive analysis requires relating the scattered or 
recoiled flux to the surface atom concentration. 
The flux of scattered or recoiled atoms F de- 
pends upon the primary ion flux Fp and the 
experimental geometry f(0, 4) as well as the 
following three factors: (1) the concentration of 
surface atoms C; (2) the degree to which shadow- 
ing and blocking attenuates the scattered and 
recoiled particles, as represented by a masking 
factor a(&, Es, E,, 0, 4)) with range 0 I II I 1; 
and (3) the differential scattering or recoil cross 
section a(E,, E,, E,, 8, 4). This can be ex- 
pressed as 

F=FJCa(l-a). (6) 

Compositional analyses by TOF-SARS and ISS 
have been applied in different areas of surface 
science, mainly in situations where the knowledge 
of the uppermost surface composition (first 
monolayer) is crucial. Some of these areas are as 
follows: gas adsorption, surface segregation, com- 

(lx2bPt {IlO} 

pounds and polymer blends, surface composition 
of real supported catalysts, surface modifications 
due to preferential sputtering by ion beams, dif- 
fusion, thin film growth and adhesion. 

5. Structural analysis from TOF-SARS 

The atomic structure of a surface is usually not 
a simple termination of the bulk structure. A 
classification exists based on the relation of sur- 
face to bulk structure. A bulk truncated surface 
has a structure identical to that of the bulk. A 
relaxed surface has the symmetry of the bulk 
structure but different interatomic spacings. With 
respect to the first and second layers, lateral 
relaxation refers to shifts in layer registry and 
vertical relaxation refers to shifts in layer spac- 
ings. A reconstructed surface has a symmetry 
different from that of the bulk symmetry. The 

1 I I I I I I I 
0 20 40 60 80 

-INCIDENT ANGLE a (degl- 

Fig. 6. Scattering intensity versus incident angle (Y scans for (1 X 2)-Pt(110) at f3 = 149” along the (ilO>, (001) and (112) azimuths. 

A top view of the (1 X 2) missing-row Pt(ll0) surface along with atomic labels is shown. Cross-section diagrams along the three 

azimuths illustrating scattering trajectories for the peaks observed in the scans are shown on the right. 



methods of structural analysis will be delineated 
below. 

5.1. Scattering ~‘ersus incident angle cy scans 

When an ion beam is incident on an atomically 
flat surface at grazing angles, each surface atom 
is shadowed by its neighboring atom such that 
only forwardscattering (FS) is possible; these arc 
large impact parameter (p) collisions. As Q in- 
creases, a critical value ~f,~ is reached each time 
the ith layer of target atoms moves out of the 
shadow cone allowing for large angle backscatter- 
ing (BS) or small p collisions as shown in Fig. 3. 
If the BS intensity I(BS) is monitored as a func- 
tion of (Y, steep rises [42] with well defined max- 
ima are observed when the focused trajectories at 
the edge of the shadow cone pass close to the 
center of neighboring atoms (Fig. 6). From the 
shape of the shadow cone, i.e. the radius (1.) as a 
function of distance (I) behind the target atom 
(Fig. 2), the interatomic spacing (d) can be di- 
rectly determined from the I(BS) versus N plots. 
For example, by measuring (Y:,,,, along directions 
for which specific crystal azimuths are aligned 
with the projectile direction and using d = 
r/sin (Y:,~,,, one can determine interatomic spac- 

0 
-120 -00 -40 0 4( 

-AZIMUTHAL ANGLE 8 (deg)----- 

I 

0 

de 

Fig. 7. Scattering intensity of 2 keV Ne’ versus azimuthal angle 13 scans for Pt{l 10) in the (I X 2) and (I X 3) reconstructed phase\. 

Scattering angle 0 = 28” and incident angle a = 6”. 

1 

ings in the 1st atomic layer. The first/second- 
layer spacing can be obtained in a similar manner 

from a:,,,, measured along directions for which 
the first- and second-layer atoms arc aligned, 
providing a measure of the vertical relaxation in 
the outermost layers. 

5.2. Scattering lwsus uzimuthal angle S sums 

Fixing the incident beam angle LY and rotating 
the crystal about the surface normal while moni- 
toring the backscattering intensity provides a scan 
of the crystal azimuthal angles 8 [43]. Such scans 
reveal the periodicity of the crystal structure. For 
example, one can obtain the azimuthal alignment 
and symmetry of the outermost layer by using a 
low N value such that scattering occurs from only 
the 1st atomic layer. With higher (Y values, simi- 
lar information can be obtained for the 2nd atomic 
layer. Shifts in the first/second-layer registry can 
bc detected by carefully monitoring the LY:,,~ val- 
ues for 2nd-layer scattering along directions near 
those azimuths for which the 2nd-layer atoms arc 
expected, from the bulk structure, to be directly 
aligned with the lst-layer atoms. The a:,,, values 
will be maximum for those ii values where the 
lst- and and-layer neighboring atoms arc aligned. 
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When the scattering angle 0 is decreased to a 
forward angle (< 90”>, both shadowing effects 
along the incoming trajectory and blocking effects 
along the outgoing trajectory contribute to the 
patterns. The blocking effects arise because the 
exit angle p = 0 - (Y is small at high LY values. 
Surface periodicity can be read directly from these 
features [39] as shown in Fig. 7 for Pt(ll0). Min- 
ima are observed at the S positions correspond- 
ing to alignment of the beam along specific az- 
imuths. These minima are a result of shadowing 
and blocking along the close-packed directions, 
thus providing a direct reading of the surface 
periodicity. 

Azimuthal scans obtained for three surface 
phases of Ni(llO} are shown in Fig. 8 [44]. The 
minima observed for the clean and hydrogen- 
covered surfaces are due only to Ni atoms shad- 
owing neighboring Ni atoms, whereas for the 
oxygen-covered surface minima are observed due 
to both 0 and Ni atoms shadowing neighboring 
Ni atoms. Shadowing by H atoms is not observed 

because the maximum deflection in the Nef tra- 
jectories caused by H atoms is < 2.8”. 

5.3. Recoiling versus incident angle (Y scans 

Adsorbates can be efficiently detected by re- 
coiling them into forward scattering angles C$ as 
shown in Fig. 2. As (Y increases, the adsorbate 
atoms move out of their neighboring atom shadow 
cones so that direct collisions from incident ions 
are possible. When the p value necessary for 
recoiling of the adsorbate atom into a specific 4 
becomes possible, adsorbate recoils are observed 
with the TOF predicted from Eq. (5). Focusing at 
the edge of the shadow cone produces sharp rises 
in the recoiling intensity as a function of (Y. By 
measuring (Y,,,,, corresponding to the recoil event, 
we can directly determine the interatomic dis- 
tance of the adsorbate atom relative to its nearest 
neighbors from p and the shape of the shadow 
cone. 

(Ix 21-H (2x11-0 

2 
z 
b 

2 
0 40 80 120 0 40 80 120 0 40 80 120 

AZIMUTHAL ANGLE 6 

Fig. 8. Scattering intensity of 4 keV Nef versus azimuthal angle 6 for a Ni{llO) surface in the clean (1 x l), (1 X 2)-H missing row 
and (2 x 1)-O missing row phases. The hydrogen atoms are not shown. The oxygen atoms are shown as small open circles. 0-Ni 

and Ni-Ni denote the directions along which 0 and Ni atoms, respectively, shadow the Ni scattering center. 
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Fig. 9. Plots of oxygen recoil intensity versus incident angle cr 

for both high (1.5 ML) and low (0.j ML) oxygen coverages on 

a W(2l I) surface. The critical shadowing CY,,,,, and blocking 

CY,,,,, angle are indicated. 

Example plots of oxygen recoil intensity versus 
N for two different chemisorbed 0 atom cover- 
ages on W(211) are shown in Fig. 9 [ 121. Low 
dose exposure forms a ~(2 x 1) structure consist- 
ing of 0.5 monolayer (ML) coverage and high 
dose exposure forms a p(l x 2) structure consist- 
ing of 1.5 ML coverage. Sharp rises appear at low 
(Y and sharp decreases appear at high LY. The 
rises are due to peaking of the ion flux at the 
edges of the shadow cones of neighboring atoms 
and the decreases are due to blocking of recoil 
trajectories by neighboring atoms. The critical cy 
values for both shadowing, aCsh. and blocking, 
CY, ,,,,, can be used for determination of inter- 
atomic spacings. At high coverage, CX~,~,, = 24” and 
N,,~, = 42”, which is considerably higher and lower, 
respectively, than the values N,~,, = 16” and N, h, 
= 48” obtained at low coveragk. This indicatks 
that as coverage increases, both the shadowing 
and blocking effects are enhanced due to close 
packing of 0 atoms; this results from shadowing 
and blocking of 0 atoms by their neighboring 0 
atoms. The cy, values correspond to 0 atoms 

SijlOOf-2X1 

a=5 O, e=2a” 

-100 -80 -80 -40 -20 0 20 40 80 
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Fig. 10. Azimuthal angle 6 scans of the silicon recoil intensity for the clean Si{lOO) and Si(lOO)-(I x 1)-H dihydride surfaces. 

minima are identified from the structural drawings above the scans. The hydrogen atoms are not shown. 
The 
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separated by a distance of two W lattice constants 
at low coverage and one W lattice constant at 
high coverage. 

5.4. Recoiling versus azimuthal angle 6 scans 

Plots of recoiling intensity versus azimuthal 
angle 6 reveal the surface periodicity of the re- 
coiled atoms in a manner similar to that of the 
scattering intensity. Azimuthal scans of Si recoils 
from the Si{lOO)-(2 x 1) and -(l X 11-H surfaces 
are shown in Fig. 10 [45]. The patterns are sym- 
metrical about the (011) (6 = 0”) azimuth. The 
positions of the minima are consistent with the 
structures indicated above the figures. The repe- 
tition of the symmetry features every 90” indicates 
that there are two domains which are rotated by 
90” with respect to each other. Azimuthal scans 
of H recoils from the Si{lOO)-(2 X 1)-H and 
Si{lOO)-(1 X 11-H surfaces are shown in Fig. 11 
[41]. The observed minima are due to Si atoms 
shadowing neighboring H atoms. The patterns 
are consistent with the structures indicated above 
the figures. 

B B A 

A 
D 

6. Ion-surface electron exchange from TOF-SARS 

Ion-surface electron transition probabilities 
are determined by electron tunneling between 
the valence bands of the surface and the atomic 
orbitais of the ion. Such transition probabilities 
are highest for close distances of approach. Since 
TOF-SARS is capable of directly measuring the 
scattered and recoiled ion fractions, it provides 
an excellent method for studying ion-surface 
charge exchange. It has recently been shown that 
the charge transfer probabilities have a strong 
dependence on surface structure [46]. A direct 
method for measuring the spatial dependence of 
charge transfer probabilities with atomic-scale 
resolution has been developed using the method 
of direct recoil ion fractions [47]. The data 
demonstrate the need for an improved under- 
standing of how atomic energy levels shift and 
broaden near surfaces. These types of measure- 
ments, combined with theoretical modeling, can 
provide a detailed microscopic map of the local 
reactivity of the surface. This information is of 
crucial importance for the understanding of vari- 

AZIMUTHAL ANGLE (deg.) 

A B C 

D 

-80 -60 -40 -20 0 
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Fig. 11. Azimuthal angle S scans of the hydrogen recoil intensity for a Si{lOO] surface in the (2 X 1)-H monohydride and (1 x 11-H 
dihydride surfaces. The minima are identified from the structural drawings above the scans. The hydrogen atoms are indicated as 

small dark circles. 
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ous impurity-induced promotion and poisoning 
phenomena in catalysis and electron-density maps 
from scanning tunneling microscopy 6~~1. 

7. Role of scattering and recoiling in the myriad 
of surface science techniques and expected new 
developments 

Scattering and recoiling contribute to our 
knowledge of surface science through (i) elemen- 
tal analysis, (ii) structural analysis, and (iii> analy- 
sis of electron exchange probabilities. We will 
consider the merits of each of these three areas. 

7.1. Elemental analysis 

The unique feature of scattering and recoiling 
spectrometry is the sensitivity to the outermost 
atomic layer of a surface. Using an ESA, it is 
possible to resolve ions scattered from all ele- 
ments of mass greater than carbon. The TOF- 
SARS technique is sensitive to all elements, in- 
cluding hydrogen, although its limited resolution 
presents difficulties in resolving spectral peaks of 
high mass elements with similar masses. The 

unique feature for elemental analysis is direct moni- 
toring of surface hydrogen. For general qualitative 
and quantitative surface elemental analyses, XPS 
and AES remain the techniques of choice. 

7.2. Structural analysis 

The major role of TOF-SARS is as a surface 
structure analysis technique which is capable of 
probing the positi?ns of all elements with an 
accuracy of ,< 0.1 A. TOF-SARS is sensitive to 
short-range order, i.e., individual interatomic 
spacings along azimuths. It provides a direct mea- 
sure of interatomic distances in the first and 
subsurface layers and a measure of surface peri- 
odicity in real space. One of its most important 
applications is the direct determination of hydrogen 
adsorption sites by recoiling spectrometry [12,41]. 
Most other structure techniques fail for H atom 
determinations, with the possible exception of He 
atom scattering, VLEED, and vibrational spec- 
troscopy 

TOF-SARS is complementary to low energy 
electron diffraction (LEED), which probes long- 
range order, minimum domain size of 100 to 200 
A, and provides a measure of surface and adsor- 
bate symmetry in reciprocal space. Coupling 
TOF-SARS and LEED provides a powerful com- 
bination for surface structure investigations. The 
techniques of medium and high (Rutherford 
backscattering) energy ion scattering sample sub- 
surface and bulk structure and are not as surface 
sensitive as TOF-SARS. 

New developments in structural applications of 
ion scattering are occurring rapidly. Coaxial ion 
scattering, in which the ion beam goes through a 
hole in a channel plate detector, allowing detec- 
tion of - 180” backscattered particles has been 
demonstrated 148,491. Since this apparatus fits on 
a single flange, it is suitable for in situ monitoring 
of epitaxial film growth of atomic layers and for 
time-resolved analysis of dynamical surface pro- 
cesses. Improvements in optics will provide nar- 
rower ion pulse widths, resulting in enhanced 
time resolution of the spectra. Fast programs for 
computer simulation of scattering and recoiling 
trajectories have recently been developed [.50]. 
These are extremely valuable in solving unknown 
structures by comparison of experimental data to 
simulations based on proposed structural models. 
Development of the simulations will make com- 
puter modeling of surface structures routine. 

Future designs of scattering and recoiling in- 
struments using large area detectors with position 
and time resolution of the events and fast elcc- 
tronics will be able to collect surface structural 
images on a very short time scale, allowing one to 
monitor dynamic processes at surfaces in real 
time. This will make it possible to monitor the 
dynamics of film deposition, chemisorption, sur- 
face reconstruction, surface diffusion, etc. 

7.3. Ion-surface electron exchange probabilities 

One of the unsolved problems in the interac- 
tion of low energy ions with surfaces is the mech- 
anism of charge transfer and prediction of the 
charge composition of the flux of scattered, re- 
coiled, and sputtered atoms. The ability to collect 
spectra of neutrals plus ions and only neutrals 
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provides a direct measure of scattered and re- 
coiled ion fractions. Plots of ion fractions in inci- 
dent- and azimuthal-angle space provide elec- 
tronic transition probability contour maps which 
are related to surface electron density and reac- 
tivity along the various azimuths [47]. The appli- 
cation of TOF-SARS techniques to ion-surface 
electron exchange processes can develop into a 
method [47] for determining local electron tunnel- 
ing rates within the surface unit cell. 

8. Conclusions 

Emphasis in this article has been placed on the 
physical concepts and structural applications of 
TOF-SARS. TOF-SARS is now well established 
as a surface structural analysis technique that will 
have a significant impact in areas as diverse as 
thin film growth, catalysis, hydrogen embrittle- 
ment and penetration of materials, surface reac- 
tion dynamics, and analysis of interfaces. Surface 
crystallography is evolving from the classical con- 
cept of a static surface and the question of “where 
do atoms sit?” to the concept of a dynamically 
changing surface. The development of large area 
detectors with rapid acquisition of scattering and 
recoiling structural images, as described in Sec- 
tion 7, will provide a technique for capturing 
time-resolved snapshots of such dynamically 
changing surfaces. 
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