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Abstract. The physical processes underlying the technique that
uses low-energy (0.5-5 keV) backscattered ions of noble gases
(Low Energy Ion Scattering, LEIS) and its hardware imple-
mentation are reviewed. The specific features of LEIS surface
diagnostics, including the interpretation of energy spectra,
quantitative elemental analysis, and options for studying the
surface structure, the particle-surface interaction potential,
and the presence of clusters in solid solutions, are discussed.
Software codes for computer modeling of ion—surface interac-
tion processes are presented. The advantages of energy-mass
analysis of scattered ions are considered; the application of ion
scattering in state-of-the-art ion microscopes is discussed, and
the scattering of noble gas ions in the hyperthermal energy
range is examined. The main areas of LEIS application for
the analysis of the surface and near-surface layers of various
materials and devices are overviewed, and the prospects for
further development of low-energy ion scattering spectroscopy
are assessed.
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1. Introduction

Surface science, and particularly its applied fields, began to
develop rapidly in the mid-1960s. This progress was based
on the then-cutting-edge advances in emission electronics,
solid-state physics, vacuum technology, and radioelectron-
ics. It was driven by the pursuit to better fulfill the growing
needs of manufacturers of semiconductor and microelec-
tronic devices and thermionic emitters, and the development
of new types of thin-film coatings and effective catalysts,
and later, biomedical technologies. At the same time, the
term ‘surface diagnostics of surface analysis’ emerged, and a
set of physical methods appeared that allowed the elemental
composition of the surface and subsurface layers to be
analyzed and their structure and electronic properties to be
determined under high and ultrahigh vacuum conditions.
These methods were primarily based on the interaction of
electrons, photons, and atomic particles (ions, neutral
atoms, and molecules) with the surface. The useful signal
was either the surface’s ‘response’ to such interaction, such
as by means of sputtering, or changes in the characteristics
of the primary (probe) particles, primarily their energy, after
interaction with the surface. Major international manufac-
turers of sophisticated analytical equipment, such as Varian,
Perkin Elmer, Physical Electronics, and Thermo Fisher
Scientific played a significant role in the development of
surface diagnostic techniques. They managed to rapidly
develop and deploy mass production of various systems,
including multi functional ones.
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This review focuses on ion scattering spectroscopy (ISS), a
method based on the backscattering (reflection) of ions from
surface atoms. It should be noted that this method has several
names, which are used in both Russian and international
(English-language) scientific publications. Following the maxim
of the French philosopher and mathematician René Descartes:
“Almost all controversy would be removed from among
Philosophers, if they were always to agree as to the meaning of
words” [1], we make an attempt to clarify and systematize the
names of this method for further use in our review.

First and foremost, we note that, depending on the energy
of the primary ions, ion scattering methods are divided into
low-, medium-, and high-energy ion scattering. In the low-
energy range — usually 0.5-5 keV — the primary name is Low
Energy Ion Scattering (LEIS), sometimes LEISS (with
Spectroscopy added) [2], i.e., low-energy ion scattering,
which has recently been supplemented with the prefix HS
(High Sensitive, HS-LEIS) [3]—a highly sensitive method of
low-energy ion scattering. In the Russian-language scientific
publications, the terms ion-scattering spectroscopy (ISS)
(ionno-rasseivatel’'naya spektroskopiya, IRS) [4], backscat-
tered low-energy ion spectroscopy (BSLEIS) (spektroskopiya
obratno rasseyannyh ionov nizkih energij, SORINE) [5], and
slow ion scattering (LIS) (rassiyanie medlennyh ionov, RMI)
[6] are used. Medium energy (50-500 keV) methods are called
MEIS (Medium Energy Ion Scattering) [7, 8], and in Russian-
language publications, MEISS (Medium Energy lon Scatter-
ing Spectroscopy) (spektroskopiya rasseyaniya srednih ener-
gij, SRSE) [9]. Finally, scattering of high-energy ions (over
500 keV) is called in Russia Rutherford backscattering (RB)
(rezerfordovskoe obratnoe rasseyanie, ROR) [10] and inter-
national, RBS (Rutherford Backscattering Spectrometry) [11].
Note that the energy ranges of the methods listed above may
differ slightly among different authors.

Each of the aforementioned techniques has characteristics
of its own related to the processes of ion interaction with the
surface (scattering events), the interpretation of measurement
results, and the hardware implementation. To justify the
choice of energy ranges, a comparison of the velocities of
primary ions and electrons in a solid is sometimes applied:
LEIS—the primary ion velocity is lower than the electron
velocity (elastic scattering predominates), MEIS—the ion
velocity is approximately the same as the electron velocity
(inelastic scattering), and RBS—the ion velocity is higher
than the electron velocity (nuclear interactions).

We now specifically discuss the topic of this review. We do
not touch the scattering of medium- and high-energy ions, but
only consider low-energy ion scattering, using the abbrevia-
tion LEIS to denote this method. Moreover, we are primarily
interested in the scattering of positive ions of inert (noble)
gases, although scattering of alkali metal ions and active gases
is also considered [12-16].

So, the main subject of our review is the elemental analysis
of surface composition, including quantitative analysis by
means of the LEIS method using not only light helium ions
but also heavier neon and argon ions. We also discuss the
potential for studying the chemical composition and crystal-
lographic structure of surfaces using ion scattering and fast
recoil atoms. In the section devoted to promising areas of
LEIS development, we detail the implementation features
and advantages of energy-mass analysis of scattered ions, and
discuss the application of ion scattering in state-of-the-art ion
microscopes. In our opinion, the scattering of noble gas ions
in the hyperthermal energy range (below 100 eV) is of

particular interest. In the application section, we discuss the
results obtained in studies of nanoparticles and clusters,
materials, and microelectronic devices, including their depth
profiling and the feasibility of conducting chemical analysis
based on measurements of oscillations in the signal intensity
of scattered ions with variation of the energy of the primary
ions. In addition to analyzing solids, LEIS is used to examine
the surfaces of liquid media, which is also discussed in our
review. All of the above issues have either not been considered
atallin reviews and monographs on low-energy ion scattering
known to us or received insufficient attention.

Brief historical background

The backscattering of low-energy ions by metal surface atoms
as a result of binary elastic collisions (BECs), which is
analogous to collisions of atomic particles in the gas phase,
was first discovered in 1951 by Soviet physicists Arifov [17]
and Eremeev [18]. The birth of ion scattering spectroscopy
can be considered to be the study by Panin [19], who measured
the energy spectra of secondary ions formed during the
interaction of various positive primary ions, including ions
of the inert gases He ™ and Ar™ with energies of 7.5-80 keV,
with the surfaces of molybdenum and beryllium targets. It
should be noted that the term ‘secondary ions’ was later used
exclusively to denote low-energy ions, formed during surface
sputtering by ion beams and which provide information in
secondary ion mass spectrometry (SIMS [20]).

In [19], the energy distributions of backscattered ions and
ionized recoils were measured and interpreted using classical
laws of conservation of momentum and energy of interacting
particles. It was shown that the energy of such ions depends
on that of the primary ions, the mass ratio of the primary ions
to the surface atoms, and the angle through which the primary
ions are scattered after impacting the surface atoms. The
interpretation/decoding of the spectra of scattered ions and
recoil atoms is discussed in detail in Section 2. Here, we note
that, in [19], it was experimentally proven that the energy
spectra of these ions are described by the laws of elastic
collisions of hard balls (as in a game of billiards).

LEIS as a method for elemental analysis of the upper layer
of surface atoms was first described in detail and tested by
D.P. Smith [21-23], who reported the energy spectra of He ™
and Ne T ions with energies of 0.2-2 keV, scattered at an angle
of 90° from the surface of various targets, including poly-
crystalline copper, gold, polar faces of CdS and ZnS crystals,
and aluminum oxide. It was shown that these spectra, as in
study [19], exhibit peaks of single binary elastic collisions of
He™ and Ne™ ions with surface atoms of the corresponding
targets. For comparison, the scattering spectra of 1.8-keV
atomic and molecular hydrogen ions from an Au surface were
measured. These differed from the similar He */Au scattering
spectra by the presence of an intense background at energies
lower than that of the single elastic scattering peak.

The measurements were carried out under ultrahigh
vacuum conditions (1078 Pa) using a 127° sector electrostatic
cylindrical deflector (Hughes—Rozhansky capacitor) and an
electron multiplier. The author of this review patented the
equipment and method for analyzing the surface of solids
using the LEIS method in 1969 [24], and his inventor’s
certificate was registered in the USSR.

Among the first studies using the LEIS method, one can
also note experiments [25-27] conducted in the early 1970s at
German and Dutch universities. The last quarter of the 20th
century can be considered the ‘golden age’ for surface
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analysis methods, including Auger Electron Spectroscopy
(AES), X-ray Photoelectron Spectroscopy (XPS or Electron
Spectroscopy for Chemical Analysis, ESCA), Low-Energy
Electron Diffraction (LEED), the above-mentioned SIMS,
and many others. Books on surface analysis methods were
regularly published abroad (for example, [28-31]) and
promptly translated into Russian. In the Soviet Union,
research papers, original monographs, and reviews on sur-
face analysis using various methods were also published (we
only cite a few of them [32—35]), including ion scattering [4, 5,
36, 37]. Currently, the publication of monographs, reviews,
and textbooks on surface physics and analysis actively
continues (e.g., [38—40]).

Among the listed surface analysis methods, LEIS stands
out for its minimal analyzed layer depth, i.e., sensitivity to the
elemental composition of the upper surface layer, and the
ability to quantitatively interpret the research results. The
first measurements of scattered ion signal oscillations as a
function of primary ion energy [41] gave hope that this
method can be used to carry out chemical surface analysis,
with LEIS at that time being considered one of the main
competitors to XPS/ESCA. In terms of hardware, most LEIS
systems were laboratory instruments, although major inter-
national companies had already begun manufacturing multi-
functional spectrometers for surface diagnostics, which
included low-energy ion scattering equipment. Typically, the
core methods employed in such systems were AES and XPS.
Optimal operating conditions were created for them, while
LEIS remained a complementary technique. The basic
concepts of LEIS and the main results of applied research
conducted during this period are described in detail in [42],
which, in addition to the previously mentioned publications
from the USA, the Netherlands, and Germany, provides a
review of studies conducted in the UK, Australia, Belgium,
Japan, Argentina, and other countries.

The majority of LEIS research conducted in the USSR at
that time was not covered in review [42] or other international
publications on surface analysis. In the Russian scientific
publications, the results of exploring ion scattering, mainly of
a basic nature, conducted at universities and academic
research centers (Moscow State University, Moscow Avia-
tion Institute, Moscow Engineering Physics Institute, Lenin-
grad Polytechnic Institute, Physical-Technical Institute,
Research Institute of Nuclear Physics of Moscow State
University, etc.), were published in [4, 8, 43, 44]. One should
note the great contribution of V.E. Yurasova, an initiator and
organizer of international conferences on ion surface interac-
tion (ISI), the agenda of which included a section on ion
scattering. Since 1971 and to the present day, these confer-
ences have been held every two years in various cities of the
USSR and Russia. The last (27th) conference, ISI-2025, was
held at the end of August 2025 in Ryazan. V.E. Yurasova and
her colleagues, D.S. Karpuzov, V.A. Eltekov, V.I. Shulga,
et al., were among the first to apply computer modeling in
conjunction with experimental studies to examine the angular
and energy distributions of ions scattered from the surfaces of
various single crystals, including in the temperature range of
magnetic phase transitions [45].

Fairly scant information can be found in Russian
scientific publications on ion scattering about the develop-
ment of analytical equipment for LEIS and the results of
applied research conducted on such equipment at the
Research Technological Institute (NITI, Ryazan) from 1977
to 1993. This institute was a research center of the Ministry of

Electronic Industry (USSR MEI), and the results of equip-
ment development and most of the research conducted at this
and MEI’s other research institutes were published only in
Russian in specialized industry publications distributed by
the Central Research Institute Elektronika (see, for example,
[5]). Some of these studies can be found in monograph [4].

The initiator of the work on LEIS and other surface
diagnostic methods at NITI and a founder of this institute
was G.N. Shuppe, a recognized international authority in the
field of emission (cathode) electronics (see, for example, the
monographic review by H. Kawano [46] on the electron work
function, which contains 18 references to the studies of
G.N. Shuppe and his collaborators). The first studies using
the LEIS method conducted at NITI in the late 1970s and early
1980s were focused on examining the operating mechanisms of
effective thermionic cathodes [47-49] and adsorption/segrega-
tion processes on the surface of metal alloys [50]. Subse-
quently, work on LEIS was continued at NITI in
S.S. Volkov’slaboratory; their results are discussed in Section 4.
An important output of their activities was the creation by the
NITI team under the leadership of A.G. Denisov, the NITI
director, of a prototype of the UAE.OPR-5-007 installation
for studying the surface of solids using AES-LEIS methods. In
the early 1980s, this installation was presented at the
international scientific and technical exhibition held at the
Moscow-based Sokolniki exhibition center.

In the early 1990s, NITI, like most industrial research
institutes in the USSR, was closed. However, as the German
poet Wilhelm Busch noted: “Einszweidrei, im Sauseschritt
Liift die Zeit; wir laufen mit” (“‘One, two, three, at breakneck
speed time runs on; and we keep pace with it”’) [51]. Abroad,
LEIS continued to be developed and improved, primarily
through the efforts of H.H. Brongersma and his colleagues
from the Eindhoven University of Technology (Netherlands).
Brongersma also headed Calipso B.V., a company which
carried out analytical studies using the LEIS method and
provided services for the installation of equipment for this
method. The main achievements in this area, primarily
concerning neutralization of scattered ions and, based on
this, a quantitative approach to the assessment of the
elemental composition of the surface using the LEIS
method, are described in detail in review [2]. A monographic
review [52] is also devoted to the problems of neutralization
and charge exchange processes of slow inert gas ions
interacting with solid surfaces.

It should be noted that, at that time, XPS, SIMS, and
rapidly developing scanning probe microscopy methods (see,
for example, [53] and the references cited therein) were
gaining leadership positions in surface diagnostics. The
dominance of these methods was reinforced by the mass
production of equipment with the corresponding methodolo-
gical and software support, which the LEIS method lacked.
The era of ‘homemade’ laboratory instruments for surface
diagnostics was approaching its end.

An important step that kept LEIS afloat was Brongers-
ma’s collaboration with the German company IONTOF [54],
a leading manufacturer of TOF-SIMS and Orbitrap SIMS
secondary ion mass spectrometers. A result of this collabora-
tion was the development and industrial production of the
Qtac100 (Quantitative Top Atomic Layer Characterization)
module, which implemented a highly sensitive low-energy ion
scattering method, called HS-LEIS, as mentioned earlier [3].
This module, the design of which is discussed in detail in [55],
could be equipped with TOF-SIMS setups, and it could also
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be operated as a stand-alone device. Enhanced elemental
sensitivity was achieved through the use of a double toroidal
energy analyzer and time-of-flight mass filtration of scattered
and sputtered secondary ions. The advantages of HS-LEIS
are discussed in reviews [55, 56], the most recent of which,
published in 2024, is a practical guide to the interpretation of
LEIS spectra, primarily for users of the Qtac100 module.
Currently, most LEIS studies are carried out on such setups.
This ‘monopolization,” which has both positive and negative
aspects, is also characteristic of other surface diagnostic
methods, such as SIMS.

In parallel with the elemental analysis of surface
composition using LEIS, crystallographic structural analy-
sis of surfaces was developed using low-energy ions (e.g.,
[42, 57]). In this area, the significant contribution of Soviet
researchers should be noted (e.g., [8, 43, 44, 58, 59]). Firsov’s
potential, his proposed solution to the inverse scattering
problem, and his contribution to particle stopping theory
won worldwide recognition. The work of V.E. Yurasova
and colleagues was directly related to the discovery of ion
scattering anisotropy, trapping, and long-term motion of
ions in surface semichannels [60—63]. Scattering on atomic
chains was theoretically studied and numerically modeled by
Yu.V. Martynenko [64].

2. Theoretical foundations
of LEIS method

The elemental analysis of solid surfaces using the LEIS
method is based on the kinematic and dynamic laws
governing the interaction of two isolated atomic particles
(regardless of their charge state), which can be considered in a
model of binary elastic collisions of atomic particles. This has
been experimentally confirmed by many authors (see, for
example, the studies cited in Section 1, primarily Panin’s
publication [19]). A peak is observed in the energy spectrum
of scattered particles, corresponding to the laws of conserva-
tion of momentum and energy in elastic scattering. In many
publications on ion scattering, this peak is referred to as a
surface peak.

Figure la shows the scattering spectra of He™ with
primary energies of 1, 2, and 3 keV at an angle 0 = 147°
from the surface of polycrystalline tungsten (k,, is the
coefficient of the energy analyzer, which allows the sweep
voltage U supplied to the deflection plates of the analyzer to
be converted into the energy of the analyzed ions Ej). The

data are taken from the Atlas of the Spectra of Backscattered
Ions of Inert Gases [65], which also presents the spectra for
helium and neon ions with energies of 1, 2, and 3 keV,
scattered from the surface of pure metals Ni, Cu, W, Pb and
semiconductor materials Si and GaAs. The measurements
were carried out using the 0910S-1-009 setup. Figure 1a for
Ey = 3 keV shows a pronounced, extended, flat peak (bump)
from multiply scattered and re-ionized ions at energies lower
than the surface peak. This peak may mask scattering peaks
from other atoms present on the sample surface whose masses
are, however, lower than that of W atoms. Decreasing the
energy of the primary He ™ ions (see insets in Fig. 1a) reduces
the intensity of the bump, which almost completely disap-
pears at Ey = 1 keV. For primary Ne™ ions, even with an
energy of 3 keV (Fig. 1b), the background intensity is
minimal.

As the ion energy decreases, the depth of penetration of
the beam particles into the target decreases, and, conse-
quently, the background component in the spectrum
decreases, i.e., the contrast of the observed surface peak
increases. Variations in the peak-to-substrate ratio are
displayed in Fig. la. Therefore, the use of low-energy ions
for surface analysis is preferable.

2.1 Basic kinematic formulas

Figure 2 schematically shows the interaction of a primary
ion with mass M, and velocity vy (kinetic energy Ep)
moving at an angle f to the plane of the target surface
with a target atom with mass M located in the uppermost
(visible) surface layer. Assuming that the period of the
atom’s thermal oscillations is much longer than the particle
interaction time, this atom can be considered at rest at the
moment of collision. As a result of this interaction, the
primary ion scatters in the laboratory coordinate system at
an angle 0 relative to the direction of its initial motion,
losing part of its kinetic energy, which becomes equal to Ej.
Consequently, the velocity vector changes its direction and
magnitude, which is now equal to v;. A conventionally
stationary target atom M, called a fast recoil atom, begins
to move with a velocity v, at an angle s relative to the
direction of the initial motion of the incident ion, acquiring
kinetic energy E, as a result of the collision.

Using the classical laws of conservation of energy and
momentum of interacting particles and ignoring inelastic
energy losses Q of the incident ion (Q/Ey < 1), we obtain
well-known relations for the energies of the scattered ion E;
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Figure 1. Energy spectra of He ™ ions with primary energies of 1, 2, and 3 keV (a) and Ne * ions with energy of 3 keV (b), scattered at angle 6 = 147° from

tungsten surface (k,, = 0.64) [65].
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Figure 2. Schematic diagram of elementary scattering event.

and the recoil atom E5:

2
cosf + Va2 —sin?0
E = I Ey =K\ Ey, (1
+ o
44 cos?
2:7;#150:1(21507 (2)
(1+a)

where o = M /M, is the relative mass, i.e., the ratio of the
masses of the target atom and the primary ion, and K; and K,
are the kinematic factors for the scattered ion and the recoil
atom, respectively.

If inelastic energy losses Q are not disregarded, these
formulas take the form [66]

£ _E0(0059+ \/oc2 —sin? 0 — ol +oc)Q/Eo)2, 3)

14+«
or
0 E E,
2ol = (14 p) 2L 2u /=L coso 4
E It (+ﬂ)E0+u E, <0 (4)
where = o1,

Fora > 1, i.e., when the mass of the surface atom is equal
to or larger than that of a primary ion, only the plus sign
remains after the cosine in Eqn (1), and the scattering angle 0
can vary from zero to 180°. In this case, the mass of atom M
can be calculated using the formula

MM 1+ E/Ey — 2cos0/E|/E (5)
- 1 — E/E, '

If o < 1, Eqn (1) retains its ambiguity, and the scattering
angle cannot be greater than

Omax = arcsina . (6)

An exact solution to the problem of elastic collisions of
two particles using scattering and time integrals can be found,
for example, in [67].

We emphasize that, for o < 1, two values of energy E; are
possible, while for o > 1, only one value of the energy of
backscattered ions is allowed. From a physical perspective,

the existence of two possible energies of a primary ion
forward-scattered at the same angle 0 from a lighter surface
atom implies the existence of two allowed impact parameters
for the collision of these particles (see, for example, [4, 67]). It
should be noted that, to our knowledge, experimental spectra
with two peaks corresponding to such a collision have not
been reported in publications. The formulas presented also
show that, as the scattering angle decreases and the relative
mass increases, the energy loss of the primary ion after
scattering from the corresponding surface atom decreases.

Using Eqn (5), we can determine the mass spectral
resolution of the LEIS method, i.e., mass interval AM =
M, — M, within which scattering peaks from surface atoms
with masses M, and M, are separated at a given level of
maximum intensity of these peaks:

2
AM — l—ua
a(ocos ) — Vo2 —sin? 0)

/w2 o 2
voer—sm @ ZS‘“ 0 (%) +sinfA0

X

: (7)

where (AE/E), is the relative energy resolution of the
analyzer at a given level of maximum intensity of the peaks,
and A is the range of permissible scattering angles, which is
determined by the dimensions of the input aperture of the
energy analyzer in the scattering plane.

Calculations using Eqn (7) for primary ions *“He *, 2Ne *,
and “°Ar* with typical characteristics of LEIS spectrometers
(0 =120°, A0 = 1.5°, (AE/E), = 0.03) show that the mass
resolution AM =2 amu can be achieved for primary ions
4He* in the range of surface atom masses of 5-26 amu; for
20Ne™, in the range of 21-55 amu, and for “°Ar ¥, in the range
of 41-78 amu. Thus, when using *He* ions, separating the
peaks from aluminum (M =27 amu) and silicon
(M =2 28 amu) atoms in the scattering spectra at a level of
10% of the maximum intensity of these peaks is a challenging
task, but it can be solved using *’Ne * primary ions. However,
in this case, a more significant contribution from sputtered
secondary ions should be expected, the suppression of which
requires the energy-mass analysis mode for scattered and
sputtered ions.

In principle, the energy spectra of backscattered ions
should be linear, but various instrumental and physical
factors transform them into peaks, the shape and width of
which, at least at a level of 50% of the maximum signal
intensity (FWHM), are primarily determined by the hard-
ware function of the energy analyzer. Other hardware factors
include the angle of entry into the analyzer and the energy
spread of the primary ions and the angles of incidence. The
influence of these factors on scattered ion peaks is discussed in
Section 3 devoted to LEIS hardware implementation.

2.2 Quantitative elemental analysis

by LEIS method

By measuring the scattered ion current /;, one can determine
the surface concentration of atoms /N; from which these ions
were scattered:

Ii=INiRin; 4, (8)
where [j is the primary ion current pertaining to the region

of the energy analyzer in which scattered ions are collected,
R; is a coefficient accounting for surface roughness and
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shadowing of the analyzed ith type atoms by neighboring
atoms, 7, is the elemental sensitivity, or ion yield, and 4 is a
hardware factor.

The last two coefficients in Eqn (8) require further
explanation. The elemental sensitivity for atoms of the ith
type is defined as

_ py dai

’71‘ - Pi dQ ) (9)
where P;' is the ion-survival probability that primary ions
scattered from atoms of the ith type save their charge state,
and do;/dQ is the differential scattering cross section, i.e., the
ratio of the number of particles scattered per unit time into an
element of solid angle dQ to the primary particle flux density.

The hardware factor can be represented as

A=TDAQ, (10)
where T is the transmittance of the energy analyzer, i.e., the
ratio of the number of scattered ions at the analyzer input and
output, D is the detector’s efficiency for scattered ions, and
AQ is the analyzer’s solid entrance angle (acceptance).

To carry out quantitative analysis using Eqn (8), it is first
necessary to know the elemental sensitivity, which is
determined either theoretically or experimentally using
calibration samples. The first approach is rarely used in
LEIS surface diagnostics due to the difficulties in calculating
the differential scattering cross section and, especially,
determining the probability that scattered ions preserve their
charge.

In an elementary scattering event, shown in Fig. 2, two
particles interact; in practice, however, multiple primary ions
interact with multiple surface atoms and are scattered at
multiple angles, and the scattering cross section (8) indicates
how many particles are scattered at a given angle 6. In a
laboratory coordinate system, the scattering cross section can
be represented as [4, 67]
_do_ p |dp

70) =40~ sind| a0

: (11)

where p is the impact parameter, i.e., the perpendicular
distance from the line along which the primary particle
moves to the center of the interaction potential field U(R) of
this particle with a surface atom.

Equation (11) shows that the scattering cross section is
uniquely determined by the interaction potential U(R). The
LEIS method primarily utilizes various approximations of
the screened Coulomb potential, taking into account the
screening of the nuclei of interacting particles by electron
shells and the nature of the field perturbations during
collisions of these particles [4, 8, 68—71].

The potentials most suitable in the range of primary ion
energies of 0.1-5 keV are Ziegler—Biersack—Littmark (ZBL)
[72], Zinoviev [73], and KrC [74], which agree quite well with
each other in the specified collision energy range (Fig. 3).
We also note the good agreement between these potentials
and experimental data on ion scattering in gases and
calculations in the density functional approximation [75].
The screened Coulomb potential in the Moliére approxima-
tion [76], proposed in 1949, has a convenient functional
form and is often used with a screening length adjustment.
The empirical Born—Mayer potential is sometimes used [77,
78]. Tables of differential scattering cross sections calculated
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Figure 3. Interatomic interaction potential U(R) for Ne/W system as
function of internuclear distance R. ZBL [72], Zinoviev [73], KrC [74], and
Moliere [76] potentials are shown.

using the ZBL potential are presented in the appendix to
monograph [4].

To summarize, for all interaction potentials, the scattering
cross sections decrease monotonically with increasing pri-
mary ion energy and scattering angle. This reflects the fact
that, with increasing energy and scattering angle, primary
ions penetrate deeper into the atomic shells and, conse-
quently, are subject to a greater extent to the effective nuclear
charge of these atoms. With increasing relative mass «, i.e.,
with increasing surface atom mass M, the ¢(6) values also
increase.

2.2.1 Charge fraction of scattered ions and today’s achieve-
ments in its calculations. The most challenging aspect is
determining the ion-survival probability (charge fraction) of
scattered ions, P . It should be noted that, when scattering
noble gas ions in the LEIS method, the P value can at best
reach a few percent, i.e., the overwhelming majority of
primary ions are neutralized upon scattering from surface
atoms. For ions that penetrate the target deeper than the
surface layer, the probability of charge preservation is even
lower, and if they undergo re-ionization, they contribute to
the tail of re-ionized ions rather than to the surface peak. This
explains the unique surface sensitivity of LEIS, which is the
main advantage of this method, and also one of its main
drawbacks — low elemental sensitivity.

The term ‘re-ionization’ should be clarified. Some ions
that penetrate deep into the target and are reflected there by
located atoms deeper than the visible surface layer can be
neutralized, losing some of their energy due to inelastic
interactions with atoms and electrons, and then re-ionize as
a result of head-on collisions with target atoms [2, 79, 80].
The physical processes responsible for re-ionization are
complex and diverse, and re-neutralization of ions (colli-
sion-induced re-ionization and neutralization) can also
occur alongside re-ionization.

The theory of neutralization of inert gas ions was initially
developed in application to the phenomena of potential ion-
electron emission and ion-neutralization spectroscopy, pri-
marily for zero and near-zero energies of primary ions (see,
for example, [81-83] and the references therein). The
processes shown in Fig. 4 [84] were considered the main
mechanisms of neutralization and charge exchange.
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I

Figure 4. Various types of electron exchange: (a) resonant capture (RN — resonant neutralization, RI— resonant ionization), (b) Auger neutralization
(AN), (c) Auger de-excitation (AD), (d) quasi-resonant exchange with deep level. Here, Ef is electron energy at Fermi level, W is electron work function,
E; is ionization energy, and E, is electron energy in vacuum (after escaping from solid) [84].

The processes shown in Fig. 4 are briefly explained below.

(1) Resonant electron transition (resonant ionization and
neutralization, Fig. 4a): electron exchange with the conduc-
tion band occurs with conservation of electron energy. The
equilibrium charge state of an atomic particle during resonant
electron exchange with metals is formed at characteristic
distances of 5-10 au! from the surface.

(2) Auger neutralization (Fig. 4b) occurs through the
transition of an electron from the conduction band or weakly
bound level of the target atom to a deeper level of the ion,
resulting in its neutralization. The energy released during the
Auger process is transferred to another electron. The most
common process is Auger electron capture by a positive ion
(Auger neutralization).

(3) Auger relaxation (Auger deexcitation, Fig. 4c) of an
excited neutral atom occurs at a characteristic distance of 2—
4 au from the surface.

(4) Quasi-resonant electron exchange (Fig. 4d) with a
deep (bound) level is realized for certain combinations of
metals (Pb, Au) and noble gas ions (He ™, Ne ™).

(5) Nonresonant electron transitions occur via an electron
transition with a change in electron energy. The probability of
nonresonant transitions is low.

If Auger neutralization or resonant exchange dominates,
the ion-survival probability for a scattered particle can be
represented as

P‘L:exp<—&>7
v

where v, is the characteristic velocity (neutralization con-
stant), which depends on the primary ion/surface combina-
tion and other experimental conditions, and
1/v=1/vy + 1/ur is the reciprocal total velocity of the
particle as it approaches the surface (1/vi,) and departs from
it (1/vy), i.e., during the final part of its trajectory.

In essence, the coefficient 1/v indicates the time the
particle spent near the surface. It is recommended to use
either the perpendicular component of the velocity [85] or
the total velocity [86] as the velocities in Eqn (12), but in
general the prevailing opinion is that the perpendicular
component is better suited to describing the charge pre-
servation processes in scattered ions in the LEIS method [2].
Some authors, for example [87], in studying the angular

(12)

! Atomic unit of length (au) is the radius of the circular orbital of hydrogen
in the Bohr model (~ 0.0529 nm).

dependences of ion scattering, came to a conclusion that v,
in formula (12) is not a constant value, but depends on the
angles of incidence f§ and scattering 0. However, a
satisfactory explanation for this phenomenon has not been
proposed.

In [88], an original method was developed to determine
the characteristic velocity during scattering of helium ions
from the surface of a boron target. This method consists of
using two isotopes, *Het and *He ™, as primary ions. At the
same energy, they have different velocities, i.e., different P+
values, but the same characteristic velocity v.. The target was
irradiated with helium isotopes sequentially, while the hard-
ware factor and target properties remained unchanged. The
method was called the ‘“two-isotope surface composition
technique.” Later, a similar method, but using a larger
number of Kr™ isotopes and in the energy-mass analysis
mode of scattered ions, was applied in [89] to determine v for
a niobium target. In Section 6.1, devoted to the energy-mass
analysis of scattered ions, we consider the advantages of this
approach compared to energy analysis alone, including when
studying the neutralization processes of scattered ions [90]. In
general, for primary helium ions scattered from various
targets, it was found that the values of v, are in the range of
10°-10° m s~!. For heavier primary ions, including Ne *, the
data are quite contradictory, and the range of v, values is
much greater (see, for example, [91-94]).

The development of a theory of neutralization and charge
exchange for slow inert gas ions interacting with solid
surfaces, the foundations of which were laid back in the
1950s to 1970s, continues to attract the attention of
researchers. For a more in-depth understanding of these
processes, we recommend the review by Brongersma et al.
on surface composition analysis using the LEIS method [2],
the review by H. Winter [84], the review by R.C. Monreal [52]
on Auger neutralization and ionization processes (the work
was funded by the Spanish Ministry of Science and Innova-
tion under the FIS2011-26516 project), and the review by
Gainullin [6], recently published in Physics Uspekhi, which
summarizes the current experimental and theoretical knowl-
edge on resonant electron exchange during scattering of slow
ions from metal surfaces. Unfortunately, at present, based on
theoretical concepts of neutralization/charge exchange pro-
cesses and on calculations of differential scattering cross
sections, it is not possible to determine the elemental
sensitivity factor n; with sufficient accuracy and use it for
quantitative analysis using the LEIS method.
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Figure 5. Main classes of experimental dependences of ion yield on
primary ion energy obtained in scattering of He™ and Ne™ ions from
various targets [96].

We now consider the dependence of the ion yield on the
primary ion energy for various primary ion/surface atom
combinations. This dependence is of importance for testing
theoretical concepts of neutralization processes in ion
scattering. It is also of practical significance in surface
diagnostics using the LEIS method, as it allows one to select
an energy range that provides enhanced elemental sensitivity
and avoid the influence of matrix effects on the intensity of the
scattered ion peak.

One of the first publications on surface diagnostics using
the LEIS method [21] presented an experimental dependence
n(Ey) for He ™ ions scattered from a Cu surface, with a peak at
energy Ey < 1 keV and a subsequent smooth decrease in the
ion yield intensity. Based on Eqn (9), it can be concluded that
the nature of this dependence reflects the change in the
product of the scattering cross section ¢(6), which mono-
tonically decreases with increasing primary ion energy, and
the ion-survival probability P*, which monotonically
increases upon increasing this energy. Later, in [95, 96], this
form of the 5(Ej) dependence was called classical or
conventional. In the same study, it was proposed to divide
the #(Ey) dependences obtained from the scattering of He*,
Ne™, and Ar™ ions from various targets into 4 main classes
(Fig. 5[96)).

Table 1 [96] provides a classification of chemical elements
by the form of their #(E) dependences for three types of
primary ions of inert gases (He™, Ne™, Ar™). Of greatest
interest is class II, for which oscillating n(E;) dependences are
observed. The nature of these oscillations was explained by
(quasi)resonant electron exchange with deep levels of surface

Table 1. Preliminary classification of experimental dependences of ion
yield on energy of primary ions at scattering angle 6 = 90° [96].

Classes He™ Ne™ Ar™
1 Al Si, Ni, Cu, Zn, |Zn, Sb, Te, W
Zr,Nb, Pd, Ag, Cd,
Ta, Au
11 Ga, Ge, As, In, Sn, | Ga
Sb, T1, Pb, Bi
111 Si, S, Ni, Cu, Ge, |In, Tl, Pb
Pd, Ag, In, Sn,
Hf, Pt, Au, Pb
v S, Sc, Te, La, Hf, Cd, La, Ce, Nd, Cu, Ge, Pd, Ag, Cd,
Ce, Nd, Sm, Gd, Sm, Gd, Dy, Er, | Sn, Sb, Te, La, Ce,
Dy, Er, Yb Yb, Tl Nd, Sm, Gd, Dy,
Er, Yb, Hf, Pt, Au

atoms located within +10 eV from the first ionization
potential of the primary ion. Moreover, this condition must
also be supported by the orbital symmetries of the atoms [2].
It was also found that the shape and energy positions of the
maxima and minima of the #(E,) oscillations depend on the
primary ion/surface atom combinations and the chemical
state of the targets. This, as mentioned in Section 1, gave hope
that the LEIS method can be applied not only for elemental
but also for chemical analysis. Although the ion yield
oscillations were measured by varying the primary ion
energy, it is more correct to consider this dependence a
function of the primary ion velocity rather than the energy.
Moreover, the oscillation structure depended on the scatter-
ing angle 0, which is characteristic of (quasi)resonant charge
exchange processes.

Class IIT is characterized by a maximum in the n(Ep)
dependence at energies below 1 keV, along with a broad flat
maximum at higher E, values, while, for elements assigned to
class IV, a smooth increase in the ion yield was observed with
increasing primary ion energy. Importantly, no ion yield
oscillations were detected for these classes. Later, in review
[2], it was proposed to combine classes 1T and I'V based on the
fact that existing neutralization and charge exchange models
are unable to explain the shape of the #(E;) dependences for
the chemical elements included in these classes.

It is worth noting that the authors of [96] called their table
preliminary and indicated a specific scattering angle 6 = 90°.
The table was published in the proceedings of the first
conference on inelastic ion-surface collisions (IISC I), which
was held in 1976 at Bell Labs (Murray Hill, NJ, USA) [97].
The authors of the review carefully studied the majority of
early publications devoted to experimental measurements of
the n(Ey) dependences [41, 95, 96, 98—105], the US patent on a
spectrometer for #(E;) measurements [106], and the latest
studies [107, 108] carried out in the HS-LEIS mode. Only
article [103] and the patent [106] present experimental
dependences obtained during bombardment of targets with
primary Ne™ and Ar™ ions: in [103], for neon isotopic ions
scattered from the surface of solid and liquid gallium, and in
[106], for Ne*/In and Ne */Pb combinations and Ar*/In. All
the other aforementioned publications are devoted to #(Ep)
measurements for He™ ions scattered from the surface of
various targets containing chemical elements of classes I and
I1. This indicates that the data presented in Table 1 [96] and
then refined in review [2] are still preliminary in nature and
require additional experimental verification, primarily for the
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heavy primary ions Ne™ and Ar*. Such verification for Ne *
ions scattered from Ga and In targets and for atoms of these
elements included in the composition of AT'BY semiconduc-
tor compounds (GaP, GaAs, InP, and InAs) was partially
carried out by one of the authors of this review [109, 110] in
the energy-mass analysis mode of scattered ions.

Among the latest achievements in calculating the charge
function of scattered ions, the wave packet propagation
(WPP) method can be noted. This technique, which does not
involve the adiabatic approximation, is based on considera-
tion of the tunneling of an active electron from an atomic
particle to a metal surface through the potential barrier
separating them [6].

The time evolution of the active electron wave function
P(r, 1) is calculated by numerically solving the nonstationary
Schrodinger equation represented in atomic units:

; oY (r,1) A

ar | 2 + Vatom(r) + Veurtace (r) | ¥(r, 1) .

(13)

The ground state of the active level of the atomic particle
¥ (r) is typically taken as the initial value. The potential relief
seen by the active electron during the interaction of the atomic
particle with the metal surface is obtained by a simple
superposition of the pseudopotentials of the metal Vypace
and the atomic particle Vyom, Which is acceptable if the
distance between the atomic particle and the surface exceeds
3 au.

Projecting ¥(r, t) onto the ground state of the electron in
the atomic particle yields

P(t) = | (o) ¥ (. 0)[, (14)
where P(¢) is the probability of finding the electron in the
ground state of the particle.

Gainullin [6] implemented a 3D version of the WPP
method, using three-dimensional potentials that describe the
metal surface at the atomic level.

In concluding this section, we note that knowledge of the
charge fraction yield of scattered particles significantly
enhances the accuracy of the LEIS method for quantitatively
determining element concentrations in the surface layer.
However, in practice, the calibration sample method, dis-
cussed in Section 4, is primarily used for applied problems.

2.3 Advantages of using inert gas ions

We note that inert gas ions do not form strong bonds with
the atoms of the surface being studied and therefore, unlike
alkali metal ions and active gases, minimally distort its
initial state. Furthermore, the high ionization potential of
inert gas atoms ensures complete or nearly complete
neutralization of ions scattered from layers deeper than
the visible surface layer. This implies that the contribution
to the surface peak of scattered ions comes primarily from
atoms in this layer.

In some cases, alkali metal ions are used for surface
diagnostics (see, for example, [12, 13, 113-115] and refer-
ences therein). When these ions are scattered from a metal
surface, a charged fraction yield exceeding 50% is observed.
A disadvantage of using alkali metal ions is the significant
background due to scattering from atoms located deep in the
target and the sensitivity of the ion fraction to the presence of
surface contaminants. Scattering of active gas ions was also
examined [14-16, 116, 117]. They are primarily theoretical

studies aimed at elucidating the mechanisms of negative ion
formation during charge exchange. The experiments were
conducted at grazing incidence angles and small scattering
angles, which increased the time of interaction of the
bombarding particles with the surface atoms.

2.4 Effect of multiple scattering

and collision inelasticity on scattered ion spectra

Multiple scattering resulting from a series of successive
pairwise elastic collisions of the primary ion with target
atoms can contribute to the high-energy portion of the
scattering peaks shown in Fig. la or even form individual
peaks with energies higher than that of the scattering peak.

Figure 6 [118] shows the scattering spectrum of Ne* ions
with an energy of 600 eV at an angle of 0 = 68° from the
surface of single-crystal Ni (110). The incidence angle of the
primary ions was fi = 60°, and the scattered ions were
detected in the forward direction at an angle of 8° to the
target surface along the [110] direction. Two scattering peaks
are visible in the spectrum: the SS peak of binary single elastic
scattering and the DS peak of sequential elastic scattering of
neon ions at small angles from two nickel atoms, while the
total scattering angle remained equal to 68°. The DS peak can
be erroneously interpreted as a scattering peak from heavier
atoms that could be present on the Ni target surface, for
example, from Pd or Ag atoms. In this case, double scattering
is an undesirable effect, but, at the same time, it has been
successfully used for surface diagnostics, for example, of
Si; _Ge, solid solutions [119].

Information on multiple scattering processes and models
used to interpret such processes can be found, for example, in
[2, 4]. Multiple scattering is primarily used for structural
analysis of surfaces, studying interfaces in multilayer struc-
tures, determining the positions of adsorbed atoms, monitor-
ing crystal orientation, etc. These issues are discussed in detail
in Section 4.

The experimental value of the energy corresponding to the
scattering peak may be lower than the energy E; calculated
using Eqn (1). This shift can be due to instrumental factors,
namely, inaccurate determination of the primary ion energy
E), the scattering angle 0, and the energy analyzer coefficient
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Figure 6. Energy spectrum of 0.6-keV Ne ™ ions scattered at angle 0 = 68°
from surface of single-crystal Ni (110) at incidence angle = 60°: SS
(single scattering) is peak of single elastic scattering, DS (double scatter-
ing) is peak of sequential elastic scattering from two atoms [118].
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kan. Discrete inelastic energy losses Q (see Eqns (3) and (4))
that occur when the primary ion approaches the target
surface, collides with the target atom(s), and then departs
from the surface can also lead to a shift in the scattering peak.
The nature of these energy losses can be either local, due to the
interaction of the electron shells of colliding particles, or
continuous (nonlocal), due to the interaction of ions (atoms)
with the electron gas of the solid along the entire trajectory of
motion.

Many studies examined the physical processes responsible
for inelastic energy losses of scattered ions (see, for example,
[121-126] and the references cited therein). In the low-energy
range of primary ions, the relative magnitude of inelastic
energy losses Q/Ey for most known primary ion/target atom
combinations does not exceed 5%. For example, in [125], for
the scattering of Ne ™ ions with energies of 500-1950 eV from
the surface of a silicon target, the value Q =45 +4 eV was
obtained. Similar values of Q equal to 45 4 5 eV for Ne T/Al
and 554 5¢V for Ne™/Si were obtained in [123] in the
energy-mass analysis mode for the primary ion energy
Ey > 1.5 keV, and it was found that, in this energy range,
the absolute values of inelastic losses do not depend on Ej. In
[89], for Ar™ ions in the energy range of 3-9 keV scattered
from a Ti surface, the value of Q ~ 90 eV was obtained. Also
in the aforementioned studies, the values of Q were measured
for doubly charged Ne?* ions formed during the scattering of
singly charged Ne " ions from silicon and aluminum targets.
For Ne™/Si, the values obtained were 8645 eV [125],
110 4 10 eV [123], and 120 4 15 eV [89], while for Ne2*+/Al,
the value of Q was found to be 100 & 10 eV [123]. It is worth
noting that all of the above inelastic energy losses were
observed during scattering of primary ions on target atoms
with a mass M slightly exceeding the mass of the primary ions
My, 1.e., with large elastic energy losses of the primary ion (see
the diagram shown in Fig. 3). In the collision event in this
case, the colliding particles come together at a close distance,
less than 0.1 nm [125], which facilitates the formation of
doubly charged scattered Ne?* ions accompanied by large
inelastic energy losses due to the additional ionization of Ne *
ions. Also, large values of inelastic energy losses were
discovered in [124] during scattering of Ar* ions with an
energy of 5 keV at small angles 0 = 4—20° from the surface of
targets, where the mass of the atoms was less than the argon
ion mass, i.e., at o < 1. For example, for Ar /Al at § = 20°,
the value of Q was 160 ¢V, while for Ar*/Siat § = 24°, a value
of 135 eV was obtained [124].

In [124], it was shown that, when an aluminum target was
bombarded with Ar* ions with an energy of 5 keV at a
scattering angle of 0 = 14°, the energy positions of the
maxima of all peaks were shifted toward lower energies due
to inelastic energy losses. It should be noted that, despite the
rather important results obtained in [124], small-angle
scattering of heavy argon ions on light targets is of limited
practical interest for applied studies using the LEIS method.

2.5 Evaluation of elemental sensitivity

and surface destruction by primary ions

We present data on the detection limits that can be achieved
using the LEIS method. Given that the primary advantage of
LEIS is its sensitivity to the uppermost visible surface layer,
detection limits typically amount to a few percent of the
monolayer coating concentration, i.e., ~ 10> atom cm~2 for
light elements (M < 20 amu) using helium as primary ions and
~ 10" atom cm~? for heavy elements using Ne* and Ar*.

Table 2. Estimation of Ni and W target surface destruction during
bombardment with 5-keV He " and Ne * ions.

System | do/dQ, N, Dose, Y, Fraction of
A sr! at/A2 ion/cm? at/ion | sputtered atoms
He*/Ni [ 0.026 | 0.203 | 9.022 x 10" | 0.13 58 x 1076
Het/W | 0.057 | 0.159 | 5.254 x 10 | 0.04 1.3x10°¢
Ne*/Ni [ 0.109 | 0.203 | 2.152x 10" | 1.63 1.7 x 1073
Net/W | 0.173 | 0.159 | 1.731 x 10" | 0.78 8.5x 1076

As an example to evaluate the surface damage by primary
ions, we consider the bombardment of Niand W target surfaces
with He ™ and Ne™ beams with an energy of Ey = 5 keV with
the following parameters: irradiated (analyzed) area of
3 x 1072 cm?, ring-axis energy analyzer acceptance AQ =
0.07 sr, and mirror experimental geometry at a 20° incidence
angle and 20° emission angle relative to the surface.

The calculated sputtering yields Y and the relative fraction
of sputtered atoms at a surface atom density N are presented
in Table 2 for the cross section of scattering at an angle of 40°,
a charged fraction yield of 10%, and a bombarding ion dose
required to obtain statistics for 10° particles registered by the
detector.

As can be seen from Table 2, when using a high-aperture
analyzer, the proportion of sputtered atoms is relatively
small, although when analyzing multi-component materials
with a content of the analyzed element of several percent, this
proportion will increase accordingly.

It should be noted that, to reduce the degree of destruction
of the analyzed surface in the LEIS method, parameters such
as analysis time, beam current, bombardment area size,
primary energy, and ion type must be selected appropriately.
For He ' ions and polymer surfaces, the high sputtering yield
limits the ion dose to 10'3 ions cm~2, while for metal surfaces,
this dose can be 100 times higher.

2.6 Features of surface diagnostics using LEIS

Surface diagnostics using low-energy backscattered ions,
when applied solely to elemental analysis, are reduced to
determining the mass and concentration of M; atoms in the
uppermost visible layer of the surface. As mentioned
above, the LEIS method is uniquely sensitive to the
elemental composition of this layer, allowing for quantita-
tive assessment of concentration. To enhance the reliability
of the analysis, it is advisable to have preliminary
information on the composition of the target being
studied, which helps to optimally select the primary ions,
their energy, and current.

A brief digression regarding the concept of ‘surface’ is
appropriate here. If we consider the surface to be the
interface between a solid (or other aggregate state of the
target being studied) and a vacuum (or another medium,
such as a liquid), it refers to a layer several atomic diameters
thick, whose properties may differ from those of the bulk
target material. Assuming that the diameter of neutral
atoms does not exceed 0.5 nm, this value can, as a first
approximation, be considered the thickness of an ideal
visible surface layer, as shown in Fig. 2. Of course, a real
surface, especially in polycrystalline samples, features
irregularities and roughness. Their height, which depends
on the technology used to obtain and process these samples,
can significantly exceed the atomic diameter.
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One of the key characteristics of surface diagnostic
methods is their surface sensitivity, or information depth,
determined by the thickness of the layer from which averaged
information on the surface properties, primarily its elemental
and chemical composition, is obtained. According to optimis-
tic estimates presented, for example, in [55], the information
depth of LEIS does not exceed 1 nm, due to which this method
is the most superficial, in the literal meaning of the word, of all
surface diagnostic methods. It should be noted that the
information depth, even for a target with a perfectly smooth
surface, depends on its properties, such as work function and
conductivity, on the energy, mass, and ionization potential of
the primary ions, the angles of incidence and scattering, and
other physical and instrumental factors.

Already in the first publications on the application of
LEIS, for example, the analysis of polar faces of CdS and ZnS
crystals [21-23] showed that the high ionization potential of
inert gas atoms ensures complete or almost complete
neutralization of ions scattered from layers deeper than the
visible surface layer, i.e., the contribution to the surface peak
of scattered ions comes mainly from atoms from this layer.
Later, Bauer et al. [126], using a more sophisticated experi-
mental technique of time-of-flight (TOF) analysis of all
scattered particles (neutral and positively charged) with
additional modeling using the MARLOWE program, con-
firmed that the main contribution to the surface peak comes
from the two upper layers of the surface of the sample under
study. It should be noted that the time-of-flight technique for
analyzing the backscattered spectrum of atoms [127] allows
enhanced accuracy of quantitative analysis and is successfully
applied up to energies of 100-200 eV, i.e., in the hyperthermal
energy range discussed in Section 5 of our review.

The scattering angle 0 in most LEIS setups is selected in
the range of 90°-145° to ensure separation of scattering peaks
and reduce the undesirable contribution to the energy spectra
from multiple scattered ions, while maintaining a sufficiently
high sensitivity, which decreases with increasing scattering
angle due to a decrease in the scattering cross section o(6).
The scattering angle 6 is determined by the relative positions
of the primary ion source and the energy analyzer in the
vacuum chamber, and this angle usually cannot be changed.
Varying it requires a device for rotating the ion source or
scattering plane analyzer, which complicates the design of the
vacuum chamber and is rarely implemented in practice. In
contrast, the incident angle of the primary beam f can be
varied over a wide range by rotating the sample using a
manipulator. Preferably, either normal incidence, when
f = 90°, or specular scattering geometry, in which = 0/2,
is used. In setups designed for surface structure studies using
the LEIS method, the scattering/emission and incidence
angles are selected to be less than 90°.

4He* ions are most often used as primary ions in the LEIS
method, as are sometimes isotopic *He ™ ions. For helium
ions, sputtering of the original surface during analysis is
minimal, and the relative mass o= M/My, > 1 for all
chemical elements except hydrogen. As already mentioned,
the mass resolution AM = 2 amu can be achieved for primary
“He™ ions in the range of surface atom masses of 5-26 amu;
for ®*Ne ™, in the range of 21-55 amu, and for **Ar™*, in the
range of 41-78 amu.

Note that, when calculating the mass spectral resolution
of the LEIS method using Eqn (7), it was assumed that the
shape of the scattering peaks is described by the normal
distribution law without the contribution of re-ionized and

multiply scattered ions and sputtered secondary ions. Under
real experimental conditions, the value of the mass spectral
resolution may be worse than that calculated using Eqn (7);
nevertheless, study [44] showed that the scattering peaks of
Ne * ions can be separated from those of elements with similar
masses, Ni and Cu, and the surface segregation of elements in
the alloy can be studied.

However, problems with the mass spectral resolution of
the LEIS method exist, and mathematical processing of the
experimental data can help resolve them. An example is the
processing of the scattering spectrum of primary Ne™ ions
with an energy of 5 keV from the surface of a multi-
component alloy consisting of Cr (M=52 amu), Mn
(M =55 amu), Fe (M = 56 amu), Ni (M =2 59 amu), and
Co (M = 59 amu). The measurements were carried out in
HS-LEIS mode [56]. Only three scattering peaks could be
distinguished in the experimental spectrum, which corre-
sponds to the mass spectral resolution for Ne™ ions
calculated using Eqn (7). The authors of [56], knowing the
composition of the sample in advance and calculating the
energy positions of the scattering peaks for its components,
processed the experimental spectrum using the deconvolution
method, similar to the way this is done when processing XPS
spectra. The scattering peak shape was assumed to be
Gaussian, and the contribution from sputtered secondary
ions was subtracted from the experimental spectrum. After
mathematical processing, five scattering peaks were identified
in the spectrum, corresponding to the number of chemical
elements contained in the alloy under study.

Continuing to discuss the measurements of scattering
peak intensity, we note that either the scattering peak
amplitude (maximum value) or the average value calculated
during discrete energy scanning of the analyzer for the
intensity maximum and several values before and after the
maximum can be used as its value. This improves the signal-
to-noise ratio and increases the accuracy of measurements,
especially in quantitative analysis using the LEIS method.
When studying neutralization processes, for example, when
determining the characteristic velocity v. in Eqn (12) [90], the
scattering peak intensity can be integrated at the half-
maximum (FWHM) level.

The primary ion energy Ej is typically selected in the range
of 1-3 keV and sometimes up to 5 keV. For example, on a
Qtac'% spectrometer, most measurements using primary
helium ions are carried out at Ey = 3 keV [56]. Knowing the
1(Eo) dependence, one can select an E, value that provides
enhanced sensitivity. However, it should be taken into account
that, with increasing primary ion energy, also increased is the
undesirable contribution to the scattering spectra from re-
ionized scattered ions (see Fig. 1) and, when using Ne ™ and
Ar™T primary ions, also from sputtered secondary ions.

The primary ion current [ is typically selected in the range
not exceeding a few pA. To increase elemental sensitivity,
according to Eqn (8), Iy must be increased, but this enhances
the destruction/alteration of the initial surface state due to ion
sputtering, implantation, and the formation of radiation
effects, especially when using primary neon and argon ions.
Nevertheless, in many experiments, the surface of the studied
samples is pre-cleaned by bombardment with heavy ions with
an energy of 5 keV [56].

An ideal LEIS experiment assumes that no more than one
primary ion hits each surface atom during the analysis period.
Assuming an atomic concentration on the surface of
N ~ 10" atom cm~2 and a primary ion current density of
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jo <100 nA cm~2, the time of ‘nondestructive’ surface
analysis, during which the required energy range E; can be
scanned, should not exceed 100 s. In this case, it is necessary to
ensure a high vacuum (10°~10~7 Pa) near the surface of the
sample being studied to avoid contamination of the original
surface with adsorbed atoms of residual gases.

2.7 Computer simulation of ion-surface interaction

Before proceeding to a brief overview of computer programs
developed for modeling ion-surface interaction processes, we
provide a link to a convenient calculator (LEIS Energy
Calculator [128]), which allows computing the energy of
scattered ions using Eqn (1) and estimating other scattering
parameters for the Ziegler—Biersack—Littmark [72] and
Thomas—Fermi—Moliere [76] interaction potentials.

The authors of [129] proposed using the binary elastic
collision approximation for computer simulation, in which
the scattering of atomic particles in a solid is considered a
sequence of binary collisions of the incident particle with
atoms of the solid. In this case, the particle trajectory is
replaced by the asymptotes of the trajectory. An impor-
tant step in the development of computer modeling was
the work of Ziegler, Biersack, and Littmark on the
analysis of ion ranges in solids, which led to the creation
of the widely used SRIM (Stopping and Range of Ions in
Matter) code [130].

Table 3 presents some computer programs based on the
binary collision approximation.

At collision energies below 50 eV, the applicability of the
binary collision approximation is violated. At low energies
and with grazing incidence of the beam on the target, it is
necessary to take into account the interaction of the incident
particle with a large number of atoms. Examples of the
application of trajectory calculation methods in this case can
be found in [6, 138].

At low energies, the molecular dynamics (MD) method is
widely applied. This method calculates the motion of all
interacting atoms as a function of time. The trajectories of
atoms and molecules are determined by numerically solving
Newton’s equations of motion, where the forces between
particles are often calculated using interatomic many-particle
potentials. Calculations using this model require significant
computing power.

Table 3. Computer codes based on binary collision approximation.

For MD calculations, the LAMMPS code [139] (Large-
scale Atomic/Molecular Massively Parallel Simulator) is
often used. Developed at Sandia National Laboratory
(Livermore, USA), the LAMMPS program allows modeling
interactions with targets in liquid, gaseous, and solid states.
The code incorporates various types of interatomic interac-
tion potentials. Also noteworthy are the KALYPSO compu-
ter program [140], developed by M.A. Karolewski for MD
calculations of collisions in metal targets, and the SAFARI
program [141], which allows the molecular-dynamics simula-
tion of ion scattering spectra in the low- and hyperthermal-
energy range (1-1000 eV).

3. LEIS instrumentation

Figure 7 shows a simplified block diagram of an LEIS
spectrometer. The main components are the primary ion
source and the analyzer. Typically, sources employing
ionization of the working inert gas by an electron beam
generated by a heated cathode are used. A mass separator
that allows the ion beam to be purified from impurity ions is
either a straight-through mass filter with crossed electric and
magnetic fields (Wien filter) (see, for example, [142]) or a
sector magnetic analyzer. The neutral particles, which can
reduce the dynamic range of depth profiling analysis during
surface sputtering by an ion beam, are eliminated by deflecting
the ion beam axis by several degrees from the axial position
due to mechanical displacement. When using a sector
magnetic analyzer, neutral particles are removed from the
beam concurrently with impurity ions. A pulse modulator is
required for operation with a time-of-flight analyzer. Focus-
ing and scanning of the ion beam is provided by one or more
electrostatic lenses and an electrostatic XY deflector. All of the
listed devices are commonly referred to as ‘ion guns’ or
‘primary ion beam columns,” while power supplies and the
device for injecting inert gas are omitted in Fig. 7. The vacuum
in the analytical chamber (10-®—10~7 Pa) is provided by
turbomolecular pumps, or less commonly by sorption
magnetic discharge or cryopumps. The ion gun can be
equipped with turbomolecular pumps for differential pump-
ing of the inert gas; in the simplest version, purified gas flows
in up to a pressure of 103 Pa (without pumping) directly into
the analytical chamber housing the ion gun.

The primary ion beam energy Ej is selected in the range of
0.5-5 keV with a sample current /, ranging from fractions of a

nA to several pA. The main requirement for the ion beam is a
Program Authors Features References
ACAT Takeshi, Initially amorphous targets [131]
Yamamura
MARLOWE| Robinson, Initially crystalline targets | [132, 133] Ton source N
Torrens @
. Mass filt
SDTrimSP Biersack, Static and dynamic [134] ass e @
Eckstein calculations. Deflecton of neutrals @
Sequential \ Detector
and parallel calculations Pulse modulator Q
SRIM Biersack, Amorphous targets [130] ﬁ , 4 Analyzer
Ziegler Focusing and scanning .7
/
OKSANA Shulga Crystal, polycrystals, [135] *
d hous target >
and amorphous targets Manipulator
SARIC Bykov et al. Crystals [136] Figure 7. Simplified block diagram of LEIS spectrometer [2]. Figure does
Tloffe Meluzova Crystal, polycrystals, [137] not show power supply units, inert gas inlet device, vacuum pumps and
Institute et al. and amorphous targets vacuum control equipment, or system recording scattered ion signal.
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small energy spread, less than 5 x 1073 E,, which is necessary
to reduce AE}, and a small angular spread (1-2°), i.e., parallel
ion trajectories in the beam to reduce Af. For this reason,
strongly focused ion beams are typically not used in LEIS,
and measurements are carried out with ion beam diameters
(spatial resolution) of 10-100 pm [55]. These requirements
are met in many commercial ion guns, such as the IQE12/38
(SPECS, Germany [143]), which can be additionally equipped
with a Wien filter and operate in differential pumping mode.

The manipulator provides sample movement in three
directions XYZ and rotation in one or two planes without
disrupting the vacuum in the analytical chamber. Manipula-
tors can also be equipped with heating and cooling devices,
along with automatic sample movement and position control
systems.

Various types of electrostatic analyzers are used as energy
analyzers [144]. In the first LEIS setups (e.g., [21]), this was a
127° cylindrical sector deflector, followed by sector and
180° spherical deflectors and cylindrical mirror analyzers
(CMASs). Setups equipped with such energy analyzers with
electron, ion, and X-ray beam sources are usually combined
spectrometers, as for example, ESCALAB (Thermo Fisher
Scientific, UK [145]), in which the main diagnostic methods
are photoelectron and Auger electron spectroscopy. In such
spectrometers, to detect the signal of scattered positive ions, it
is necessary to reverse the polarity of the voltages on the
electrodes of the input optics and the deflection plates of the
analyzer and on the detector. Another approach is the
construction of laboratory (homebuilt) setups using commer-
cially available analyzers, ion guns, vacuum equipment, and
other necessary components and units (e.g., [146]). Due to
problems related to acquiring analytical equipment for
surface diagnostics in the USSR, most ion scattering spectro-
meters of that time were laboratory setups designed and made
by researchers themselves. Descriptions of such setups can be
found in monographs [4, 36, 43].

Of particular interest is the complex experimental setup
[147], developed and produced at NITI using the compo-
nent design of electron and ion spectrometers [148]. A
distinctive feature of this setup was a 180° spherical
deflector mounted on a rotating platform, which allowed
the scattering angle 0 to be varied from 0 to 160° with an
accuracy of 1°. The energy resolution of this analyzer was
(AEJE), = 0.3% with an angular resolution of 6 =1.5°.
The ability to directly inject the primary beam into the
analyzer allowed highly accurate measurement of the ion
beam parameters (Ey and AEy), estimation of its diameter,
and determination of the analyzer coefficient, which
enhanced the reliability of interpreting the energy spectra
of scattered ions and ionized recoil atoms.

Recall that, to achieve high sensitivity, LEIS requires a
strictly defined scattering angle 6 with a minimal A6 value of
~ 1°—2° at the largest possible azimuthal entrance angle to
the analyzer. A large azimuthal entrance angle is virtually not
possible to achieve for the aforementioned analyzers due to
the limited dimensions of their input apertures (slits) at fixed 6
and AQ.

When using a standard CMA in LEIS mode with an axial
electron gun inside the analyzer and ion guns located outside
the analyzer, such as employed in the UAE.OPR-5-007, a
combined spectrometer developed at NITI, a mechanical
shutter was used to fix the scattering angle. This shutter was
positioned in front of the analyzer entrance and moved by a
special manipulator.

To increase the azimuthal entrance angle of the CMA in
LEIS mode, it was proposed to use an axial primary ion
source [149—151]. In this approach, the primary ions were
directed normal to the sample surface, and backscattered ions
were collected at a fixed scattering angle (0 = 135°) and an
azimuthal entrance angle of 360°. The detector used was
either a standard secondary electron multiplier (SEM)
located inside the CMA [149, 150] or a more complex ring
SEM, which allowed the primary ion source to be located
outside the analyzer. A setup with such an analyzer and ion
source, which was developed by Brongersma’s group, was
named Nodus [151].

In [150], it was proposed that a hybrid source of charged
particles with a cold cathode be placed inside the CMA, which
could generate both ion and electron beams for surface
analysis using LEIS and Auger electron spectroscopy.
However, this approach was not developed further due to
the insufficient performance of the hybrid source in both
operating modes.

The idea of using an ring SEM with an external axial ion
gun was further developed and refined by Brongersma’s
group. The CMA was replaced with a dual toroidal electro-
static analyzer [152], which made it possible to simultaneously
analyze scattered ions by energy and azimuthal angles, i.e.,
obtain information not only on the elemental composition of
the surface, but also on its structural features. The experi-
mental setup with a toroidal analyzer was named EARISS
(Energy and Angular Resolved Ion Scattering Spectrometer)
[153].

This setup was subsequently improved [154], and, on its
basis, IONTOF, in collaboration with Brongersma’s group,
developed the commercial Qtac'% spectrometer, which used
a dual toroidal analyzer. Figure 8a,b shows a schematic
representation of such an analyzer with an axial ion source,
a position-sensitive detector, and a pulse modulator, while
Fig. 8c presents its external appearance [54, 55]. The toroidal
analyzer allows scattered ions to be analyzed over a wide
energy range (5-10% of the analyzer’s transmit energy)
without loss of energy resolution (AE/E),, even though the
trajectories of these ions within the analyzer differ from one
another. A position-sensitive detector registers ions with
various trajectories, providing information on the surface
structure. A pulse modulator of the primary ion beam is
necessary for implementing time-of-flight filtering (separa-
tion) of scattered and sputtered secondary ions, which
contributes to an increase in the signal-to-noise ratio and
enhances the sensitivity of the analysis.

It should be noted that, already in the early 1980s, 3M
(USA), using the first LEIS systems with a sector
cylindrical energy analyzer [21], began the manufacture of
specialized ion scattering spectrometers capable of measur-
ing the dependence of ion yield on the energy of primary
ions. However, this production, which was small scale, was
not further developed. In the 1980s, NITI produced several
UAE.OPR-5-007 combined spectrometers, which were
successfully used at enterprises of the USSR Ministry of
Electronic Industry.

We now return to the block diagram of the LEIS
spectrometer (see Fig. 7). An electrostatic analyzer is not the
only instrument that can be used for the energy analysis of
backscattered ions and ionized recoil atoms. Time-of-flight
analyzers have also been used for these purposes since the late
1980s. Such analyzers made it possible to detect hydrogen
along with the neutral component of scattered ions and recoil
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Figure 8. Schematic representation of dual toroidal analyzer with axial ion source, position-sensitive detector, and pulse modulator (a); sectional view (b),

and external view of this analyzer (c) [54, 55].

atoms. TOF analyzers were primarily used in laboratory
setups for surface structural analysis [57] and for studying
neutralization processes [126]. Descriptions of such setups
can be found, for example, in [57, 127, 155, 156]; they also
operate effectively in the range of medium energies of
scattered ions (the MEIS method) [157, 158]. Note that
pulse modulation of the primary ion beam is required for
operation with a time-of-flight analyzer (see Fig. 7).

4. Application of LEIS method
for solving applied and basic problems

The application areas of LEIS are quite diverse, but they are
all united by the method’s ability to provide unique surface
sensitivity combined with the ability to quantitatively
evaluate measurement results. One can distinguish the
investigation of the surfaces of catalysts, glasses and
various minerals, metal alloys, thermionic emitters, etc.
Some of these studies have already been cited in this
review, for example, article [49] devoted to examination of
oxide cathode activation processes. A detailed analysis of
the main results of LEIS application before the early 2000s
can be found in the monographs by Mashkova, Molchanov,
and Kurnaev [4, 43] and in the review by Brongersma et al.
[2]. The specifics of HS-LEIS application are discussed in a
practical guide to the interpretation of backscattered ion
spectra [56].

We discuss the specifics of using calibration samples with
known concentrations of chemical elements for the quantita-
tive interpretation of LEIS experimental data.

Both pure and multi-component samples, such as metal
alloys, are used as calibration samples. It should be noted
that the elemental composition of multi-component samples
must be pre-measured using another independent quantita-
tive method with a sensitivity at least equal to that of LEIS.
Furthermore, the information depth of this method should
be approximately the same as that of LEIS. Both of these
conditions are quite difficult to fulfill, especially the second
requirement, which concerns the depth of the analyzed
layer, since the composition of the upper surface layer,
which is the subject of LEIS studies, may differ from the
bulk composition of the sample due to the presence of
surface contaminants, including oxides, segregation of
individual components, and selective sputtering during
surface cleaning with an ion beam.

For clean samples, the elemental sensitivity 5, can be
determined based on Eqn (8) by normalizing the scattering

peak intensity /; to the primary current ly. The elemental
sensitivity often includes an instrumental factor 4 and a
coefficient R, which takes into account the surface roughness
of the samples. In the late 1990s, Brongersma organized a
round robin LEIS experiment [159], the purpose of which was
to compare the elemental sensitivity values obtained for pure
polycrystalline samples of Al, Ni, Cu, Pd, and Pt in five
laboratories based in the Netherlands, Germany, Italy,
France, and Belgium. All the samples listed in Table 1 of
[96], except platinum, belong to class I with the conventional
character of the ,(Ey) dependence. As for Pt, it is assigned in
this table to class III for primary Ne ™ ions, and there are no
data for He ™ ions for this chemical element either in Table 1
or in review [2]. All spectrometers used in the round robin
experiment were laboratory setups equipped with cylindrical
or spherical electrostatic energy analyzers with approxi-
mately the same solid entrance angles AQ. Helium isotopic
ions (He* and “He ) and Ne* with energies of 0.6-3.5 keV
were used as primary ions, with some ion sources equipped
with magnetic mass separators. The sample surfaces were
pre-cleaned by bombardment with Ar™ ions with energies
of 2-3 keV. The scattering angles 6 were 90°, 135°, 137°, 139°,
and 142°, with primary beam incidence angles ff ranging from
45° t0 90°.

As a result of the experiments, it was found that the spread
of elemental sensitivity #; values for the studied metal samples
did not exceed £20%, and, within each individual laboratory,
the data reproducibility was better than 10%. It was not
possible to verify the nature of the #,(Ey) dependence for the
studied elements, since the elemental sensitivity values were
normalized to data for copper samples. Additionally, the
surface composition of the CussPdys alloy was quantitatively
measured in three laboratories—in Eindhoven, Florence,
and Garching-bei-Munich—using a copper calibration
sample in a single experiment (in situ). The average atomic
concentration of Cu in this alloy was 58 + 3 at.%, while,
according to XPS measurements conducted in Garching, it
was 54.5 at.%.

A quantitative analysis of the surface composition of
CuPd calibration alloys with various component concentra-
tions was carried out using the LEIS method in [160]. Using
the RBS method, which can be considered completely
quantitative, since it does not require additional calibration,
the copper concentration in these alloys was measured; it was
found to be equal to 20, 40, 55, 75, and 85 at.%. In addition,
the elemental sensitivity for pure Cu and Pd samples was
determined under the same experimental conditions. The
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measurements of the relative intensity of the scattering peaks
Ne */Cu and Ne */Pd yielded a virtually linear dependence of
the intensities Icy(Ipq) for samples with different copper
concentrations, which indicates the absence of matrix
effects, i.e., the influence of the chemical environment of the
atoms of the studied samples on the ion-survival probability,
P*, of the scattered ions. This confirms the feasibility of
quantitatively analyzing such alloys using the LEIS method.
It was shown that sulfur, a surface contaminant, segregates
on the alloy surface at temperatures above 650°C during
thermal cleaning, with sulfur atoms primarily located on
copper atoms. It was also found that copper atoms are
preferentially sputtered during ion bombardment.

The absence or negligible influence of matrix effects on the
intensity of scattering peaks is a significant advantage of the
LEIS method. In [161], it was shown that, during the
scattering of ’He ™ and *He ™ ions with energies of 1-3.5 keV
from polycrystalline NiggPtyo and AggoAlyg alloys and NiO
and Al,O3 oxides, the chemical composition of the samples
under study did not affect the ion-survival probability of the
scattered helium ions. However, it was found that the P*
values for the single-crystal NiAl{110} alloy were signifi-
cantly lower than those for the polycrystalline sample of pure
aluminum. The authors of [161] attributed this observation to
the influence of matrix effects, without specifying the
mechanism for this influence. In our opinion, the difference
in the intensity of the scattering peaks from the surface of the
single-crystal alloy and the polycrystalline calibration sample
could be influenced by the different structure of their surfaces,
primarily the surface roughness of the polycrystalline
samples.

In [162], CaF, powders and single crystals were quantita-
tively analyzed in the HS-LEIS mode (3 keV He ™, 6 = 145°)
using a single-crystal LiF(001) sample and metallic Ca, a thin
layer of which was deposited in a vacuum onto the surface of
an SiO, substrate, for calibration. The F/Ca surface atomic
concentration ratio was found to be 2.3 + 0.1, being the same
for both powdered and single-crystal calcium fluoride. The
surface roughness of the powders studied affected the
intensity of the calcium and fluorine scattering peaks,
decreasing it by 0.77 + 0.03 compared to the single-crystal
CaF,(111) sample.

The influence of matrix effects on the results of quantita-
tive analysis is particularly noticeable in secondary ion mass
spectrometry, where the probability of ionization of sputtered
particles (secondary ions) depends both on the electronic and
vibrational state of these particles and on their chemical
environment in the sample under study. Unlike LEIS, SIMS
quantitative impurity analysis utilizes relative sensitivity
factors (RSFs) [163, 164],

RSFf:CiI}—“7 (15)

where C; is the bulk concentration of impurity atoms, and /Iy,
and [; are the intensities of selected isotopic mass peaks of
secondary ions of the matrix and impurity, respectively.

RSF values are determined by analyzing calibration
samples, typically prepared by ion implantation of the
impurity into a known matrix. A linear relationship
between the intensities of impurity and matrix mass peaks
is only observed for C; < 1 at.%, i.e., when the concentra-
tion of implanted impurity atoms has virtually no effect on
the matrix composition. RSF values depend on the matrix,

the type of mass spectrometer (magnetic or quadrupole),
the primary ions, and other experimental characteristics.
Unlike LEIS, quantitative analysis of the composition of
multi-component samples using SIMS is a challenging task,
although satisfactory results have recently been obtained in
the depth profiling analysis of binary and ternary semi-
conductor structures based on silicon, germanium, and tin
[165, 166].

Let us also recall that, when deriving Eqn (1), it was
assumed that the target atoms remain motionless (frozen)
upon collision with the primary ions, since the interaction
time of the ion with the target atom (~ 10713 s) is much
shorter than the period of its thermal oscillations (~ 10713 s).
In recent years, many studies have been conducted to
numerically simulate the influence of thermal oscillations on
the spatial distribution of scattered ions (see, for example,
[167, 168]). The results of such studies, which have provided
information on the amplitude of thermal oscillations, are of
interest in the study of fundamental processes in solids. For
practice, it is of importance that LEIS surface analysis can be
carried out at temperatures significantly above room tem-
perature, with the energy positions of the scattering peaks
corresponding to those calculated using the binary elastic
collision model, and the peak shapes changing only slightly
over a wide temperature range.

As an example, Fig. 9 [49] shows the spectra of He ™ and
Ne * ions with energies of £y = 1.5 keV scattered at an angle
of 6 = 74° from the surface of an oxide cathode prepared
using the binary carbonate BaCOj3 and SrCOj. The spectra
displayed in Fig. 9 show the change in the elemental
composition of the oxide cathode surface during its degas-
sing, activation, and subsequent cooling to room tempera-
ture. Without going into the details of the operation of the
oxide thermionic cathode (the necessary information can be
found, for example, in [49]), we note that the energy positions
of the scattering peaks and their shapes for the activated and
then cooled cathode (Figs 9b—d) remained virtually unaltered.
In the case of the unactivated cathode (Fig. 9a), the position,
shape, and amplitude of the peaks were affected by the
charging of the cathode surface, which occurs during ion
bombardment of its surface. During activation, the electric
charge on the cathode surface was eliminated by the
formation of a conductive monolayer of metallic barium
doped with strontium.

4.1 Elemental and chemical analysis of surface

and subsurface layer composition of various materials

and devices

In discussing the practical application of the LEIS method,
we sought to avoid repeating results previously published in
the various monographs and reviews listed in Section 1.
Instead, we focused on the analysis of liquid surfaces,
studies of nanoparticles and clusters, cultural heritage
objects, microelectronic materials and devices, including
their depth profiling analysis, and the feasibility of chemical
analysis.

One of the first studies on the analysis of liquid media
[169] was devoted to investigating the elemental composition
and structure of the double electrochemical layer formed on
the surface of an Ag electrode immersed in a solution of
common salt. For LEIS measurements, He™ ions with an
energy of 2 keV and a sample current of 30 nA were used.
Using layer-by-layer analysis in combination with XPS, we
found the formation of a monolayer of Cl~ anions on the
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Figure 9. Spectra of He ™ and Ne ™ ions (Ey = 1.5 keV, 0 = 74°) scattered
from surface of oxide cathode, measured at various temperatures:
(a) unactivated cathode at 7= 300 K, (b) de-gassing at 7= 1100 K,
(c) activation at 7= 1200 K, (d) cooling to 7= 300 K [49].

electrode surface, which preceded the formation of the bulk
AgCl compound. Experiments were conducted ex situ
(outside the electrochemical reactor), because it was not
possible to provide the high-vacuum conditions required for
LEIS and XPS measurements directly in situ (within the
electrochemical reactor).

Subsequently, room-temperature ionic liquids (RTILs)
[170]— liquids with a melting point no higher than 100°C —
have become one of the primary subjects of ion-scattering
studies of liquid surfaces. These liquids consist of organic
cations and organic or inorganic anions. A distinctive feature
of RTILs, referred to in this review simply as ionic liquids
(ILs), is that they exhibit virtually no evaporation, due to
which they can be studied under high and ultrahigh vacuum
conditions.

Currently, more than 10,000 various ILs have been
synthesized, many of which are now applied in power

generation, biotechnology, ‘green chemistry,” analytical
instrumentation, and space technologies (see, for example,
[171] and references therein). According to modern theoret-
ical and experimental concepts [172], ILs are complex
nanostructured liquids consisting of polar and nonpolar
regions with ordered formations: domains, ion pairs, quasi-
molecular packings, and associates. Of interest is the
elemental composition and structure of the outer layer of
the IL surface. In [173], the LEIS method using He ™ ions was
used to show that the surface of the ionic liquid
[C4mim][Tf,N], the full name of which is 1-butyl-3-methyli-
midazolium bis(trifluoromethylsulfonyl)imide, mainly con-
tains fluorine, while, according to XPS measurements made
in the same study, the surface composition of the IL did not
differ from the bulk composition of the IL.

More detailed studies of ILs were conducted in [174]. A
total of 23 ionic liquids consisting of various cations and
anions were investigated. The studies were carried out using
He ™ ions (Ey = 3 keV, 0 = 145°) in a vacuum of 10-¢ Pa. In
simple chemical terms, the main result is that the probability
of the presence of cations, i.e., positively charged atoms and
atomic complexes, on the surface of ILs is very small, while
anions were present on the surface of all ILs studied. The
existence of the most probable surface orientation of anions
was also discovered, which is important for controlling the
reactivity of ionic liquids.

The results of ion scattering studies of the surface of
various liquid media, including ordinary and ionic liquids,
surface-active solvents, foam films, and biological systems,
are presented in reviews [175, 176]. In addition to the LEIS
method used for the studies, medium- and high-energy ion
scattering (MEIS and RBS, respectively) and the neutral
impact collision ion scattering spectroscopy (NICISS)
method were employed. The authors of reviews [175, 176]
note that state-of-the-art ion scattering methods represent a
powerful analytical tool, often the only option, for determin-
ing the quantitative elemental composition of the outer layer
of liquid surfaces and for measuring the distribution profiles
of element concentrations and structural (orientational)
features in the near-surface region.

In [177], the surface composition of binary silicate glasses
containing modifying oxides of sodium, cesium, and barium
was examined. The experiments were conducted using He ™
ions (Ey =4 keV, 6 = 145°). A significant difference was
found in the elemental composition of the surface of all the
studied glasses before and after their fracture in a vacuum.
The change in the scattering peak of the modifying element Ba
(Fig. 10 [177]) is especially noticeable for BasS glasses with a
bulk composition of 3SiO,-BaO. The ratio of the intensities of
the scattering peaks of silicon and oxygen remained virtually
unchanged. The results obtained allowed drawing conclu-
sions about the processes accompanying the fracture of
glasses and, based on this, improving their strength proper-
ties.

The analytical capabilities of LEIS are not limited to
surface analysis. Researchers and specialists developing new
materials and devices are typically interested not only in the
composition of the topmost surface layer, but also in the
distribution profiles of elements in the near-surface region.
Depth profiling analysis with ion beam sputtering is one of
the most suitable tools for these purposes (see, for example,
[178] and references therein). As early as 1993, a European
patent [179] was issued that, in addition to recording the
scattering spectra of He * ions, proposed sequentially remov-
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Figure 10. Spectra of He™ ions (Ey = 4 keV, 0 = 145°) scattered from
surface of binary silicate glass BasS, measured for initial state (thin line)
and after destruction in vacuum (thick line) [177].
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Figure 11. TOF spectrum of He ™ ions (Ey = 3 keV, 0 = 135°) scattered
from surface of Ga-N film (3.3 monolayers) deposited on Si(111) [187].

ing/sputtering the surface layers of the studied objects with
heavier neon or argon ions, i.e., performing depth profiling
LEIS analysis.

Currently, the Qtac!® system enables depth profiling
analysis using two independent ion beams (LEIS Dual Beam
Depth Profiling) [180]. An example of depth profiling LEIS
analysis using a Qtac!% setup with 6 keV He™ ions for
analysis and 5 keV Ne™ ions for sputtering can be found in
study [181], which investigated Y-type zeolites. The studies
were conducted using not only LEIS, but also laboratory-
scale X-ray photoelectron spectroscopy (with a fixed X-ray
beam energy) and synchrotron radiation, i.e., with variable
probe radiation energy. The results of measurements by all
methods, including depth profiling analysis data from
laboratory XPS with argon ion sputtering of samples,
showed enrichment of the near-surface layers with alumi-
num, the most accurate measurements of the surface con-
centrations of Si and Al being made by the LEIS method.

The composition of a layer formed on the surface of a CdTe
single crystal after etching with bromomethanol was investi-
gated in [182] using dynamic LEIS (D-LEIS) with only 5-keV
Ne ™ ions for both analysis and layer-by-layer sputtering. This
layer was found to be rich in tellurium at the CdTy level; the
tellurium content decreased exponentially into the sample, and
at a depth exceeding 6 nm, the surface layer composition
became stoichiometric. These samples were concurrently
studied using angle-resolved X-ray photoelectron spectro-
scopy (ARXPS) [183] in conjunction with D-LEIS. It was
shown in [182] that D-LEIS provides more detailed informa-
tion on the surface layer composition than ARXPS.

Depth profiling LEIS analysis can also be carried out
using He ™ ions alone. The sputtering yield in this case is
small (~ 0.1 atom/ion [184]), but removal/etching of surface
layers still occurs. By analogy with D-LEIS, this method of
depth profiling analysis can be called static S-LEIS. In [185],
S-LEIS was used to measure the palladium concentration in
Pd-Pt bimetallic clusters deposited on a carbon surface by
laser evaporation of alloys. The experiments were carried
out on an ESCALAB 200R setup (Fisons Instruments, UK)
with He ™ ions (Ey = 4 keV, 0 = 145°) at a sample current of
10 nA. Pd and Pt concentrations were quantitatively
assessed with calibration using single-crystal samples of

Pd(100) and Pt(111). Based on the results of S-LEIS
measurements for clusters with the bulk composition
PdgsPtss, it was found that the cluster surface was rich in
palladium. Similar results were obtained for clusters with
the bulk composition Pd;;Ptg3, and Monte Carlo simula-
tions confirmed the experimental data.

In [186], gold nanoparticles for biomedical applications
were studied. The analysis was carried out using 3-keV He ™
ions, and sputtering was conducted with 500-eV Ar* ions. It
was shown that self-assembled monolayers (SAMs) of Au
nanoparticles functionalized with C;cCOOH acid were
formed at a SAM thickness of about 14 nm.

The time-of-flight version, TOF-LEIS, was used in [187]
to study the growth of ultrathin Ga and Ga-N films on the
surface of a single-crystal silicon substrate Si(111). The
spectrum of 3-keV He™ ions scattered at an angle of
0 = 135° from the surface of a Ga—N film with a thickness
of 3.3 monolayers is shown in Fig. 11 [187]. In this study, a
linear dependence of the He */Ga scattering peak half-width
on the thickness of a gallium surface coating was discovered
in the range of 1-9 monolayers. Monitoring the change in the
He " /Ga and He */Si scattering peak heights made it possible
to conclude that the growth pattern of the gallium layers was
close to the ‘layer plus islet’ regime.

The LEIS method is used to optimize production
processes in state-of-the-art microelectronics (see, for
example, [188, 189] and references therein). Study [188]
showed the potential of this method for controlling the
nucleation, growth, and diffusion of ultrathin HfO, and
TiN films, which play an important role in complementary
metal-oxide—semiconductor (CMOS) technology. Based on
the analysis of scattering spectra, information was obtained
on nucleation and final formation of thin-film gates in field-
effect transistors, and the relationship of these data with the
electrical characteristics and reliability of the transistors
was found. In [189], experimental LEIS studies of ultrathin
bilayer structures Si (1.7 nm, 4.3 nm, 6 nm)/W (20 nm) and
Si (1.6 nm)/Mo (20 nm) were carried out along with
computer modeling of the LEIS spectra. It was found that
this approach makes it possible to obtain information on
hidden interfaces without layer-by-layer sputtering of
samples.
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We now return to the feasibility of conducting chemical
analysis using the LEIS method with the registration of ion
yield oscillations depending on the energy (velocity) of the
primary ions. Table 1 [96] presented in Section 2.2.1 provides
a list of elements for which such oscillations have been
detected (class II). For primary He™ ions, there are only 9
such elements, and all of them have filled d-electron shells. In
[99], it was shown that the chemical state of In atoms affects
the amplitude and shape of the oscillation peaks, i.e., the
probability P* that scattered helium ions preserve their
charge.

Figure 12a [99] shows #5(Ey) graphs plotted for pure
indium and indium contained in various chemical com-
pounds. It is evident that, depending on the chemical
environment of the In atoms, the 5(E;) curves differ,
although not very significantly. The data presented in
Fig. 12a were processed using the fast Fourier transform
(FFT), and the spectral analysis results are presented in
Fig. 12b. The differences among the shapes and amplitudes
of the oscillation peaks became more noticeable. Similar
results using FFT were obtained for the scattering of He*
ions from the surface of nonconducting chemical compounds
of Pb and Bi [101]. In fact, these are all the experimental data
known to us regarding the influence of the chemical
(electronic) state of the surface atoms of elements classified
as class II [96] on the intensity of He ™ scattering peaks from
such atoms.

Can LEIS be used in practice for chemical analysis in this
case? In our opinion, the answer is negative. First, the number
of elements in class II with oscillatory dependences is very
small—only 9 for primary He™ ions. Second, and most
importantly, these are fairly heavy elements (Ga and
heavier) with a relative mass of o > 1. For such elements,
the mass resolution in He * ion scattering is very low, i.e., the
overlap (interference) of scattering peaks from elements with
similar masses is quite significant, which can lead to distortion

of oscillatory dependences when analyzing chemical com-
pounds. Table 1 [96] indicates that ion yield oscillations were
also found for Ne ™ ions scattered from gallium atoms, which
improves the situation with mass spectral resolution. How-
ever, one of the authors of the review (A.B. Tolstoguzov) used
the energy-mass analysis mode to show that, when Ne™ is
scattered from pure Ga and In samples in the energy range
Ey=04-22keV [109] and from A"™BY semiconductor
compounds (GaP, GaAs, InP, and InAs) in the energy range
Ey=0.6—1.6 ¢V [110] at a scattering angle 0 = 120°, ion
yield oscillations were not observed. It is worth noting that
only energy-mass analysis can provide reliable results for
heavy primary ions, the interaction of which with the surface
of the samples under study is accompanied by noticeable
sputtering.

Thus, studies of the oscillatory dependence of ion yield on
primary ion energy are of interest in fundamental research for
a deeper understanding of neutralization processes in ion
scattering. For practice, the dependence of ion yield on the
chemical environment, i.e., the influence of matrix effects, is
undesirable, as it may distort the results of quantitative
analysis using the LEIS method. As an example, we can cite
the results of studies of He* ion scattering (Ey = 1-3.5 keV)
from the surface of various graphite samples [104], which
showed that, due to the influence of matrix effects, a
quantitative assessment of the carbon concentration is only
possible provided additional information on the chemical
state of its atoms is available.

We conclude this section with a brief review of publications
on the application of LEIS in the USSR and Russia. As
mentioned earlier, most of the basic studies of ion scattering
were carried out at universities and academic research centers
(Moscow State University, Moscow Aviation Institute,
Moscow Engineering Physics Institute, Leningrad Polytech-
nic Institute, Ioffe Institute, Research Nuclear Physics
Institute of Moscow State University, etc.) and were aimed at
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Figure 12. (a) Experimental oscillation dependences 1(Ey) for He™ ions (Ey = 0.2—2.5 keV, 6 = 90°) scattered from surface of pure indium and its
chemical compounds. (b) Plots of spectral density of yield, obtained after processing experimental oscillation dependences using FFT method [99].
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Figure 13. Energy spectrum of positive ions emitted during bombardment of surface of (a) pure Ge and (b) Si;_Ge, (x = 5.8%) solid solution with Ar*
ions with energy Ey = 4 keV: SS is single scattering peak, DS is double scattering peak, and MS is multiple scattering peak of Ar* /Ge. Background was
subtracted from spectra according to inverse-square dependence on energy of emitted ions [196].

research, theoretical studies, and computer modeling of
neutralization processes, multiple scattering, determining
interaction potentials, and the influence of the structure of
single-crystal surfaces on the energy and angular distributions
of scattered ions (see, for example, [43—45, 60-64, 119, 124] and
references therein). Among the applied studies, those carried
out in the 1980s and early 1990s at NITI (Ryazan, USSR) can
be noted. Studies of thermionic emitters [47-49] and metallic
alloys [50] have been mentioned above. Also noteworthy are
the studies of ATTBY semiconductor compounds, including the
analysis of the surface structure of InP(100) single-crystal
samples by ion scattering and recoil atom methods [190] and
the study of the elemental composition and surface stoichio-
metry of GaAs epitaxial layers, undoped and doped with an
isovalent Sb impurity [191]. A recently published review [192]
summarizes the results of the studies conducted at NITI in the
1980s and early 1990s that examined the surface of various
thermionic emitters, including oxide, scandate, thoriated
tungsten, and carbide cathodes, using ion and electron
spectroscopy, including low-energy ion scattering.

Applied research was also conducted by Kurnaev’s group
at MEPhI. Described in [193] is a setup based on an ion
monochromator for studying the interaction of plasma with
the surface of plasma device materials using the LEIS
method; results of an analysis of the composition of stainless
steel and graphite using primary He* and Ar* ions with
energies of Ey = 2—8 keV are presented. In studies of water
vapor adsorption on a W surface [194], a method for
monitoring the thickness of the adsorbed layer was devel-
oped and the elemental composition of the surface layers was
determined, while Ref. [195] describes a simple method for
estimating the survival probability of He * ions reflected from
the surface of various metals using binary collision codes.

We now focus on study [196], in which the double
scattering effect was used to determine the Ge cluster content
in an Si;_,Ge, solid solution with a low Ge content
(x = 5.8%). To avoid the significant background associated
with single Ar */Si scattering, an experimental geometry with
an emitted ion detection angle of 129 degree relative to the
primary beam incidence direction was chosen.

Figure 13a shows the reference energy spectrum of
positive ions emitted from pure Ge upon bombardment of a
sample with an Ar™ ion beam with an energy E, = 3 keV.
The spectrum exhibits distinct peaks of double (DS) and

single (SS) scattering of Ar* ions by Ge atoms. To the right of
the double scattering peak, a background (denoted by MS)
associated with multiple collisions is observed.

Figure 13b shows the energy spectrum of positive ions
measured by bombarding an Si;_Ge, sample (x=5.8%)
with Ar™ ions with an energy E; =4 keV. The intensity
ratio of the double to single scattering peaks Ifg/Ids
for the Si_.Ge, solid solution and pure Ge,
{I3s /145 (Sii—vGey) } /{I}s /15 (Ge)} = 0.19 £0.02,  allows
one to estimate the number of Ge atoms present in the solid
solution as clusters. The proposed technique using double
scattering of argon ions offers unique sensitivity for determin-
ing the fraction of clusters in solid solutions.

4.2 Analytical capabilities of fast recoil spectroscopy
Returning to Fig. 2, we see that, during an elementary
scattering event, the target atom M acquires kinetic energy
E» as a result of an elastic collision, the value of which can be
calculated using Eqn (2). Under certain experimental condi-
tions (relative mass o, incidence angles f3, and departure angles
), the mass of this atom, called the fast recoil atom, can be
determined from the measured energy spectra, provided that it
leaves the target surface in an ionized state and has not lost
part of its kinetic energy due to elastic and inelastic collisions
with other target atoms and the electron gas.

By analogy with Eqn (5), we obtain [197]

M= M0(2y2 —1dypy/y2 - 1) ,
where y = \/Ey/E; cos .

It should be immediately noted that calculations using
Eqn (16) involve ambiguity in determining the recoil atom
mass: the same peak with energy E; can belong to either a
surface atom with mass M < M, or M > M. To unambigu-
ously determine the recoil atom mass, it is necessary to use
heavy primary ions. Another option is to use two types of
primary ions with different masses, for example, Net and
Ar™, either concurrently or sequentially.

We now briefly discuss the options for using fast recoil
atoms for surface analysis. The method underlying such
studies is called Direct Recoil Spectrometry (DRS) [198],
and, in combination with LEIS, Scatterings And Recoiling
Spectrometry (SARS) [199]. In Russian-language scientific
publications, the abbreviation DRS is used, although

(16)
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attempts have been made to call this method RAS (recoil
atom spectrometry) (spektroskopiya atomov otdachi, SAO)
[197,200]. The DRS method is similar to SIMS, mentioned in
Section 1 of this review. However, while slow sputtered ions,
which provide information in SIMS, undergo multiple
collisions with atoms in the near-surface layer before leaving
the target surface and ‘forget’ their initial position and charge
state, recoil atoms emerge from virtually the same position
they occupied at the moment of collision with the primary
ion. Therefore, by analyzing their energy and angular
distributions, it is possible to determine the surface structure
with high accuracy [201, 202] and examine the adsorption of
various gases, including hydrogen and its isotopes [203, 204].
It must be taken into account that recoil atoms can leave the
target surface both in the ionized state and as neutral particles
(in the ground or excited state). Assuming that the charge
state of recoil atoms does not alter during knockout by the
primary ion and upon departure from the target surface, by
measuring their energy spectra, including those of neutral
particles, we can obtain information about the charge state of
adsorbed atoms.

We now consider the use of the terms ‘spectroscopy’ and
‘spectrometry’ in the names of diagnostic methods. Why, for
example, is there the term low-energy ion scattering spectro-
scopy but recoil atom spectrometry, or X-ray photoelectron
spectroscopy but secondary ion mass spectrometry? The
authors failed to find a clear explanation for these differences
in either the Russian or English-language scientific literature.
For example, [205] explains that “spectroscopy studies the
interaction of electromagnetic radiation with matter, while
spectrometry deals with the measurement of specific spectra.”
The TUPAC Compendium of Chemical Terminology [206]
asserts that the terms spectroscopy and spectrometry are often
used interchangeably, but there are subtle differences between
them. Specifically, spectroscopy is the study of physical
systems using the electromagnetic radiation with which they
interact or which they produce, while spectrometry is the
measurement of such radiation as a means of obtaining
information about the systems and their components.

4.3 Determining particle—surface interaction potential

In [207], by modeling the energy spectra of hydrogen atoms
backscattered from a gold surface at various emission angles
f, measured in [208], data on the particle—surface interaction
potential for the H-Au system were obtained. By varying the
parameters of the interaction potential, good agreement with
experiment was achieved, and the result was independent of
the analytical form of the potential used.

As can be seen from Fig. 14, the obtained values of the
potential for the particle—surface case differ significantly from
the DFT (density functional theory) potential for the gas
phase [75]. The screening constant is increased by 10-15%. In
[209], a formula was proposed that takes into account the
change in screening due to the presence of electrons in the
metal, which agrees well with experiment:
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where Z; and Z, are the nuclear charges of the colliding
atoms, N, is the number of bound electrons of the lattice ion,
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Figure 14. Comparison of interaction potential U(R) obtained by simula-
tion of backscattering (symbols) for initial energies of 5 and 8 keV with
DFT potential obtained for gas phase [75]. Dashed line is calculation using
Eqn (17).

Rp is the Debye screening length [210] (for gold
Rp = 1.358 au), 4; and B; are the expansion coefficients in
the Moli¢re potential [76], and «a is the screening constant
(a = 0.8853ap Z; 2N, ag = 0.529 A).

The formulas obtained are recommended for use in the
analysis of ion scattering on metal targets.

4.4 Determining surface structure and characteristics

4.4.1 Surface structure analysis. Low-energy ion backscatter-
ing has been successfully used to analyze surface crystalline
structures. A detailed description can be found in mono-
graphs [4, 8, 39, 40, 43-45, 57-59] and the aforementioned
articles and reviews [42, 60—64, 191, 201, 202].

Note that low-energy electron diffraction, a method often
used for surface structure analysis, fails to determine the
elements to which the atoms being studied belong. This
requires the use of an additional method, such as Auger or
photoelectron spectroscopy.

We now present several examples of structural analysis
using the LEIS method, which, as noted above, exhibits
elemental sensitivity to the uppermost (visible) surface
layer.

Figure 15 [211, 212] shows the change in the intensity of
the scattered signal of 2-keV Ne™ ions when scanning the
surface of a Pt[110] crystal along the azimuthal angle 6. The
minimum intensity corresponds to signal blocking during
scattering along closely packed crystalline directions, which
allows reconstructing the crystal surface structure. Interpre-
tation of these spectra using computer modeling provides
comprehensive information on the crystallographic structure
of the surface. It should be noted that the recorded signal is
associated exclusively with ion scattering on the surface
monolayer. This allows the study of surface relaxation and
surface restructuring during coating application.

Figure 16 [211, 213] presents the results of scanning the
surfaces of silicon monohydride and dihydride crystals with
2-keV Ne™ ions at the azimuthal angle 6. As can be seen
from Fig. 16, the technique allows one to analyze the
structure and position of hydrogen atoms with varying
target composition.

In many cases, the neutral component is dominant in ion
scattering, and the use of the time-of-flight technique enables
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Figure 16. Signal intensity of hydrogen recoil atoms knocked out from surface of Si{100} crystal as function of azimuthal angle ¢ for phases:
(a) monohydride (2 x 1)—H, (b) dihydride (1 x 1)—H. Intensity minima in figures are identified in accordance with layer structure of figures given above,

in which hydrogen atoms are designated by small dark dots [211, 213].

recording the energy spectra of scattered neutral atoms. TOF
spectra are more easily modeled using computer codes such as
MARLOWE [133]and SARIC[136]. An example of using the
SARIC program to model the scattering spectra of argon and
recoil atoms during bombardment of a clean and oxygen-
coated Ni(111) surface can be found in [214], and the results of
computer modeling and experimental data on helium scatter-
ing from an Ni(110) surface are presented in [215-217].
Agreement between the computer simulation results and the
experimental data was very good.

Measurement of the ion fraction of scattered ions as a
function of the scanning angle was also used to study the
surface structure [218]. Depending on the coverage of the
cadmium sulfide crystal surface with Cd or S atoms, the
observed pattern altered significantly.

We note study [190], which examined the angular
distributions of scattered ions and ionized recoil atoms
during irradiation of the surface of an InP(100) crystalline
target with 3-keV Ne ™ ions. It was found that indium atoms
are predominantly located in the upper layer of the target, and



January 2026

Surface analysis by low-energy ion scattering spectroscopy

63

these atoms can shift from positions corresponding to the
(1x 1) structure to positions more consistent with the (4 x2)
structure predicted in [219].

A method using scattering from two target atoms at an
angle close to 180° was proposed for studying the surface
structure in [220, 221]. This method is called Impact Collision
Ton and Neutral Scattering Spectroscopy (ICISS/NICISS).
The use of time-of-flight techniques made it possible to study
the shadowing effect of a surface atom on the scattering of an
underlying atom.

The ICISS/NICISS method allows one to determine the
position of each surface atom and conduct a quantitative
analysis of the surface composition and structure. It analyzes
not only the outer surface layer but also the subsurface atomic
layers and the dynamic processes occurring on the surface and
within these layers.

To summarize this section, we note that the use of low-
energy ion scattering and fast recoil atoms in combination
with computer modeling is an effective way to obtain
information about the crystallographic structure of a
surface.

4.4.2 Using rainbow scattering to determine surface para-
meters. Rainbow scattering of ions/atoms is a process in
which particles scattered from a target surface deviate from
a straight trajectory at various angles, forming a ‘rainbow’ of
scattered particles (see, e.g., [222] and references therein). It
should be noted that, as early as 1967, V.E. Yurasova and
colleagues [45, 223] observed the ‘rainbow’ effect for the
trajectories of ions captured in the channeling mode with
transition to adjacent channels.

In [224], the scattering of argon atoms from the surface of
Al and Ag crystals was studied at grazing angles of incidence
along the crystal axes. A structure related to the focusing of
beam atoms on the atoms of the surface half-channel was
observed in the dependences of the intensity of scattered
particles on the azimuthal angle ¢. In this case, multiple
scattering of atoms occurs at grazing angles of incidence, and
the central peak obtained in [224] was associated with
scattering along the central axis of the channel at ¢ = 0. For
two parallel rows of aluminum atoms forming a surface half-
channel, the impact parameter p is the same, i.e., the
scattering angle is not a monotonic function of the impact

parameter. A maximum appears on the ¢(p) dependence,
leading to a rainbow scattering effect at angle ¢, .

Computer modeling of particle trajectories taking into
account multiple scattering predicts the presence of sharp
peaks at angles @,. Thermal motion of target atoms broadens
these peaks, making it possible to determine the oscillation
amplitude of the surface atoms, which turn out to be
0.010 £ 0.002 nm for Ar-Ag and 0.0123 £+ 0.0007 nm for
Ar-Al.

Modeling the dependence of the position of the angle ¢,
on the collision energy E, enabled determining the para-
meters of the interaction potential for the cases under
consideration. As can be seen from Fig. 17, a significant
difference is observed between the obtained potential and
conventional models of potentials for collisions in the gas
phase. In [226], this difference is explained by the induction of
the incident particle imaging potential in the metal.

The rainbow scattering effect of K ions on a W(110)
surface was observed in [227] at incident ion energies below
50 eV. In [228], 3D modeling of the scattered particle
trajectories was carried out, and the potential parameters
were determined. The modeling also took into account the
induced imaging potential of the incident ion—metal surface
system.

5. Scattering of inert gas ions
in hyperthermal energy range

As noted in Section 1, the primary Ej ion energy in the LEIS
method is typically limited from below by a value of
approximately 300-500 eV. This limitation is due to a
decrease in the yield of scattered ions (see Fig. 8) and the
difficulty of obtaining a primary ion current sufficient for an
acceptable level of analytical sensitivity. A fundamental issue
is the cutoff energy of primary ions, below which the spectra
of scattered ions can no longer be interpreted in the binary
elastic collision (BEC) model.

Study [229] found that, for the scattering of He * and Ne ™
ions from a copper surface, the BEC cutoff energy is 40 and
20 eV, respectively. It should be noted that such energies,
commonly referred to as hyperthermal, span a range from a
few to hundreds of eV. The authors of [229] used a sector
magnetic mass spectrometer with a Nir ionization source
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[230] to calibrate the energy/mass of the detected ions. This
simplified version of energy-mass analysis made it possible to
separate the peaks of scattered, secondary sputtered, and
desorbed ions, which is especially important in the hyperther-
mal energy range. Later, in [231, 232], when studying the
scattering of He* and Ne* ions at an angle of § = 135° from
the surfaces of Au, Bi, Pb, and InAs, it was shown that the
BEC model ‘is operative’ up to energies of 1.5-2 eV. Note
that, in these studies, only an energy analysis of the detected
ions was used.

The applicability of the binary elastic collision model for
the scattering of Ne* and Ar™ ions at an angle of 8 = 90°
from the surfaces of various materials was more thoroughly
tested in [233]. Primary ions were generated in an inductively
coupled plasma (ICP) source with subsequent mass filtration
by a 60° sector magnetic separator, and the scattered ions
were detected in the energy-mass analysis mode using a 90°
electrostatic deflector and a quadrupole mass filter.

The generalized results of the studies in the form of the
dependence of the kinematic factor K; (see Eqn (1)) on the
relative mass o= M/M, for primary ion energies
Eyp =50—1000 eV, i.e., including the hyperthermal energy
range, has shown that, for almost all the targets studied, from
aluminum to lead, fairly good agreement was observed
between the calculated and experimental values of the
kinematic factor K. This indicates the validity of the binary
elastic collision model up to an energy of 50 eV. The authors
of [233] noted that, for primary ion/surface atom combina-
tions with coefficient o close to 1 (Ne*/Al and Ne™/Si),
inelastic energy losses were observed; therefore, the upper
limit of Ej for these targets was limited to 500 eV, and the
experimental values of K; turned out to be somewhat lower
than the calculated ones.

The number of publications devoted to the scattering of
inert-gas ions in the hyperthermal energy range is fairly
small due to the complexity of conducting experiments at
such energies. A detailed review of these activities for the
period up to 2001 can be found in [234]. Of the more recent
ones, one can note the already mentioned publication by
M.J. Gordon et al. [233] and other studies conducted in his
group, which examined inelastic energy losses of Ne™
during scattering from the surface of various metals [235,
236]. The hyperthermal energy range is also of interest in
studying the scattering of molecular ions [237] and alkali
metals, including computer modeling (see, for example,
[238] and references therein).

In general, it can be concluded that the correctness of the
BEC approximation for describing the scattering processes of
inert gas ions in the hyperthermal energy range, at least up to
energies of 30-50 eV, is proven. At the same time, some
studies, for example [239, 240], have shown that the scattering
peak shifted toward energies higher than those predicted by
Eqn (1). The authors of these studies, a detailed analysis of
which can be found in [234], considered such a shift to be a
manifestation of the nonbinary (multiparticle or collective)
nature of the interaction of primary ions with the surface.
According to this concept, surface atoms in collisions with the
primary ion are considered to be bound to each other, and, for
a correct mathematical description of the scattering event, it
was proposed to introduce an effective mass into Eqn (1), i.e.,
the mass of a hypothetical surface formation M.y = nM,
where 7 is the total number of surface atoms with mass M
involved in the scattering process. This approach was initially
proposed by Veksler [241] to describe the scattering of alkali

metal ions (K", Rb*, and Cs™) with energies Ey = 100—
300 eV from the surface of refractory metals W and Mo, and
was subsequently applied by many researchers (see, e.g., [13]).
In [242], based on an analysis of published data and
computer modeling, it was concluded that, at energies
below 30 eV, the scattering of atomic particles, including
noble gas ions, occurs from a complex of surface atoms with
an effective mass M.

From a theoretical point of view, a deviation from the
binary nature of collisions should be observed when the time
of interaction of the incident particle with a surface atom
becomes comparable to the oscillation period of this atom,
and the energy of the colliding particles is close to the binding
energy of the atoms on the surface, i.e., is several eV [8, 243].
These conditions are satisfied for o < 1, i.e., when the mass of
the incident particle M, is much greater than that of the
surface atom M, and for a scattering angle exceeding
Omax = arcsin « (see Eqn (6)).

A question arises as to the existence of a boundary energy
of incident particles, above which backscattering processes
can be interpreted in the binary elastic collision model, and
below which only as a collective (multiparticle) interaction;
otherwise, can both approximations ‘be operative’ concur-
rently in a certain energy range? If this is true, then two peaks
may be observed concurrently in the spectrum of scattered
ions, the energy position of one of which being described by
the BEC model, and that of the second, by a collective
interaction involving the effective mass of surface atoms.

Two such peaks were first experimentally observed in
study [225], which was already referenced in this review. The
energy of the second peak, called the focal peak, was close to
the energy of the primary Ej ions, and it was hypothesized
that its appearance is the “reflection of incident ions from
close-packed atomic chains, the direction of which coincides
with (or is close to) the recoil momentum from which the ion
is reflected” [231]. The effective mass was not mentioned in
this study, but the proposed explanation is essentially close to
this concept.

In [234], the spectra of 2’Ne™* ions scattered from the
surface of polycrystalline Au and Pt samples were measured
in the energy-mass analysis mode, which is presented in detail
in Section 6.1. The measurements were carried out with
primary ion energies Ey = 40—1000 eV at scattering angle
0 = 120° and incidence angle f = 60°. The dynamics of
changes in the 2Ne*/Au scattering spectra as a function of
Ey can be traced in Fig. 18 [234], in which intensity is
presented on a logarithmic scale normalized to the maximum
intensity of the peaks. Up to an energy of 100 eV, the spectra
only contain two peaks, designated as the SP peak of neon
ions implanted in the sample and then sputtered, and the BEC
peak of binary elastic collisions of 2?Ne */Au. With a further
decrease in Ej, a third peak appears, which is designated in
Fig. 18 as HE, a high-energy peak. The position of the
maximum of this peak is close to the energy of the primary
ions, and its relative intensity increases with decreasing E.

Measurements of the dependence of the kinematic factor
K, on the energy of primary ions Ej for the BEC and HE
peaks showed in [234] that, for the BEC peak, the experi-
mental values of K virtually coincided with the calculated
ones up to energies Ey = 70-80 eV, while, for the HE peak,
they were close to 1. It is worth noting that the HE peak was
observed in the spectra only after prolonged bombardment of
the sample surface with Ne™ ions (1 keV/1 pA, 60 min, dose
of about 10'® cm~2).
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Figure 18. Normalized spectra of 22Ne * ions scattered from surface of Au
sample, measured at Ey = 40— 1000 eV and scattering angle 6§ = 120° and
incidence angle f = 60°: SP is peak of sputtered neon ions, BEC is peak of
binary elastic collisions, and HE is high-energy peak [234].

Also in [234], an attempt was made to detect the HE peak
for primary He ¥, Ne *, and Ar ' ions in scattering from other
targets, including polycrystalline samples of Cu, Ag, Pt, and
Ta metals and single-crystal samples of Si and GaP semi-
conductors. In addition to the 2°Ne */Au combination, peaks
with energies close to Ey, but with low intensity, were only
observed for *He */Au and 2*Ne * /Pt at energies below 50 eV.
To clarify the nature of the HE peak, various instrumental
factors and physical processes that could have caused the
appearance of such a peak were considered and analyzed (a
detailed review can be found in [234]). It was ultimately
concluded that, when a gold sample’s surface is irradiated
with neon ions, some of the primary ions are scattered as a
result of binary elastic collisions (the BEC peak), while the

other portion interacts with a group of atoms, for example,
with a surface cluster consisting of n gold atoms (the HE
peak). Using Eqn (5) with effective mass M.y of the
interacting surface atoms yields an n value of about 10-15
for 2Ne */Au. It is known in [244] that gold atoms can form
planar (n < 10) and tetrahedral (10 < n < 20) clusters, many
of which are highly stable. The authors of [245], who were the
first to observe the existence of two peaks in the spectrum of
scattered ions, also ultimately arrived at a cluster model for
the interaction of hyperthermal energy ions with the surface.

The effective mass does not fully explain the nature of the
HE peak, especially since only the ion fraction of the reflected
particles is measured. It is possible that the ion scattering
kinematics remain unaltered for all primary ion/surface atom
combinations studied in [234], including those for which the
HE peak was not detected, but the decrease in the ion-survival
probability P* of scattered ions with decreasing primary ion
energy prevented this peak from being detected.

Concluding this section, it should be noted that studying
the patterns of ion scattering in the hyperthermal energy
range is not only of theoretical interest but also of great
practical importance for understanding the processes of
plasma interaction with the wall of a fusion reactor, the
development of ion-beam deposition technology for thin
films, reactive etching, precision polishing of semiconductor
wafers with a cluster ion beam, etc.

6. Some promising areas
for development of LEIS method

6.1 Energy-mass analysis

Backscattering is far from the only or primary process
occurring during the interaction of noble gas ions in the 0.5—
5-keV energy range with solid surfaces. Even for light He*
ions, in addition to scattering, sputtering (erosion) of the
surface under the action of the ion beam is observed, although
the sputtering efficiency is insignificant, kg, ~ 0.1 atom/ion
[184]. This is one of the reasons why the vast majority of
LEIS studies have been and continue to be carried out
using helium ions. However, as shown earlier in Section
2.1, the mass spectral resolution of the LEIS method, i.e., the
separation of He™ ion scattering peaks from surface atoms
with similar masses in the range above 30 amu, becomes
problematic and requires the use of heavier primary ions,
such as neon and argon. In this case, surface sputtering
becomes more significant (ky, ~ 1 atom/ion) [184], and the
contribution of sputtered secondary ions to the observed
energy spectra can no longer be ruled out by simply
subtracting the exponentially decaying background, as was
done, for example, in [56, 246].

Figure 19 displays the energy spectra of scattered Ne * ions
and sputtered secondary Al ions obtained by A.B. Tolstogu-
zov during bombardment of the surface of a polycrystalline
aluminum target with 3-keV Ne™ ions. The figure shows that
the spectrum of Ne* ions is almost completely covered by the
spectrum of Al " ions. Therefore, the use of heavy primary ions
in LEIS, especially when analyzing the surface of samples
containing atoms with M masses close to those of the primary
M ions, requires additional mass separation of the recorded
particles. Time-of-flight mass spectrometers (TOF-MSs) fail
to separate scattered and sputtered secondary ions, as they
assume that all analyzed particles have either the same mass or
the same energy.
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Figure 19. Energy spectra of scattered 2’Ne* ions and sputtered secondary
27Al* ions obtained by bombarding polycrystalline aluminum target with
Ne " ions (Ey = 3 keV, 0 = 120°, B = 60°).

The first experiments on energy-mass analysis of scattered
ions were carried out as early as the 1970s [247, 248]. In [247],
a 90° prism electrostatic energy analyzer and a quadrupole
mass filter tuned to the primary ion mass were used to this
end, while in [248], a sector magnetic mass spectrometer was
employed as the mass analyzer. It is important to note that
study [247] was the first to demonstrate the advantages of
combining LEIS and SIMS. Previously, as indeed now,
especially in the studies conducted by Brongersma’s group,
the basic element of LEIS spectrometers was and remains the
energy analyzer, and surface sputtering and the resulting
secondary ions are considered artifacts (errors) that must be
suppressed. This approach remains dominant in LEIS,
although attempts have been made to combine a sector
electrostatic energy analyzer with a time-of-flight mass
spectrometer [249]. Pulse modulation of the primary Ar*
beam was used, and the scattering angle was chosen equal to
47°, which made it possible to analyze not only scattered and
secondary sputtered ions, but also fast recoil atoms.

Wittmaack, a recognized authority in the field of ion
sputtering and secondary ion emission (see, for example,
[178]), returned to the idea of energy-mass analysis of
scattered ions. He proposed using the abbreviation MARISS
(Mass Resolved Ton Scattering Spectrometry) as the name for
this method [89]; in the Russian version, it is called mass-
separated ion scattering [244]. The experiments were carried
out on the DORAMIS setup [89], equipped with a plasma
source of primary ions, an electrostatic energy filter, and a
quadrupole mass spectrometer.

In this study, the energy spectra of scattered Kr* isotope
ions and sputtered secondary *>Nb* ions were measured in the
MARISS mode by bombarding a polycrystalline niobium
target with Krt ions (Ey = 10 keV, 6 = 135°, f = 90°). The
intensity of sputtered niobium ions was shown to significantly
exceed that of scattered krypton ions, the energy spectra of
which could not be recorded without mass separation. A peak
of krypton ions with an energy close to zero was also observed.
These krypton ions were initially implanted in the target under
study and then sputtered by the primary ion beam.

In the same study, the inelastic energy losses Q were
measured for the Ar*/Ti and Kr*/Nb combinations and
found to be 90 and 250 eV, respectively, while for doubly

charged Ne?* ions formed by scattering of singly charged
Ne™ ions from a silicon target, the value Q = 120 + 15 eV
was obtained (see also Section 2.4). Using the multi-isotope
method for the determination of surface concentration, the
neutralization constant value v, = 1.5 x 10* m s~! was also
determined for krypton ions scattered from a niobium
surface. Compared to the dual-isotope determination
method initially proposed in [88], where the surface of the
sample under study was sequentially bombarded with
isotopic helium ions (see Section 2.2.1), in the MARISS
method, all isotopic ions simultaneously irradiated the sur-
face, which enhanced the measurement accuracy.

Wittmaak applied the MARISS method together with
SIMS in a depth profiling analysis of a silicon target
consisting of isotopically pure 28Si and Si layers [251] and
in studies of the surface of SiO, samples cleaned by ion
sputtering and Si samples oxidized in an oxygen stream
[252]. In the aforementioned studies, the main advantages of
the energy-mass analysis of scattered ions (MARISS method)
were formulated and experimentally confirmed. Compared to
the energy analysis alone (LEIS method), they are:
(1) elimination of the interference between scattered and
secondary sputtered ions, (2) suppression of the background
from doubly and multiply charged scattered ions, (3) use of a
primary ion beam consisting of different types of ions,
including isotopic ones. We discuss below these advantages
in more detail, including those related to depth profiling
analysis with ion beam sputtering of the surface and
concurrent detection of signals from scattered and secondary
sputtered ions.

While in his studies [89, 251, 252] Wittmaak continued
and developed the hardware approach proposed in [247] in
the configuration including an electrostatic energy analyzer
and quadrupole mass spectrometer, in [253], the idea was
revived to use a modified Cameca IMS-3f sector magnetic
mass spectrometer for energy-mass analysis of scattered ions,
similar to what was done in [248].

In this instrument, the potential of the sample U; was
varied (scanned) during recording of the energy distributions
of scattered and secondary sputtered ions, and the energy of
the scattered ions E; was calculated as

E} = Epass — eUs, (18)
where Epqs is the fixed transmission energy of the energy
analyzer, equal to 4.5 keV.

It should be noted that the energy of the argon ions
emitted by the ion source was E; = 12.5 keV, but, since the
sample potential U, varied during the recording of spectra,
the energy of these ions E upon interaction with the surface is

Ey=E —eUs. (19)

Furthermore, the scattering angle 0, which was 42.4° at a
fixed sample potential of Us = 4.5 keV, also changed with the
sample potential. The position of the primary ion beam on the
sample surface also changed A6 (formulas describing such
changes can be found in [253]). Given the above, it is
understandable why the use of magnetic mass spectrometers
for the energy-mass analysis of scattered ions has not
undergone further development. To our knowledge, the
authors of [253] published only one other article [254], where
they presented the results of studies of the scattering of alkali
metal ions 33Cs* and ¥ K * from the surfaces of metal targets
Ta, Au, and Cu.
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The MARISS method in combination with SIMS was
used in studies by one of the authors of this review
(A.B. Tolstoguzov) during his work at the CNR-IENI
research center (Padua, Italy) from 1998 to 2003. The main
element of the experimental setup was a modified EQS 1000
mass-energy analyzer, developed by Hiden (UK) [255] for
studying plasma processes. A detailed description of the EQS
1000 operation in MARISS mode can be found in [256, 257].

Located at the input of the instrument are an extractor with
asingle lens and an ionizer with an electron source designed for
residual gas analysis (RGA) and neutral particle ionization
operating in secondary neutral mass spectrometry (SNMS)
mode. The design of the extractor and the grounded shielding
electrode was modified, since the EQS was originally intended
only for plasma analysis, and in MARISS/SIMS mode with a
fixed sample potential, the efficiency of ion collection and
transmission by the extractor significantly decreased. To this
end, the electric fields and trajectories of scattered and
sputtered ions were numerically modeled in the energy range
from 0 to 1000 eV using the SIMION 3D program.

Energy analysis of scattered and sputtered ions was
carried out using a 45° cylindrical deflector with a system of
quadrupole electrostatic lenses, and a quadrupole filter was
employed for mass spectral analysis. lons were detected using
a channel electron multiplier offset from the analyzer axis.
The energy analyzer operated in constant transmission mode
across the entire energy range of the analyzed ions, and at a
transmission energy of Ep.i = 80 eV, its energy resolution
did not exceed AE, = 3 eV (FMHW). The mass resolution of
the quadrupole filter was AM = 0.75 amu (FWHM) in the
analyzed mass range of 0.5-250 amu. An IQE 12/38 ion gun
[143] was used as a source of primary inert gas ions (He™,
Ne™, Ar™), and the scattering angle in MARISS mode was
0 =120 £ 2°.

The mass-energy analyzer was controlled and the experi-
mental results were processed using the EQS MASsoft
program [255, 256], which provided flexible control of the
instrument by selecting various operating modes (MARISS,
SIMS, RGA). The potentials on the main functional units
were optimized using autotuning to obtain the maximum
intensity of the recorded signals, and the graphical interface
facilitated scanning and measuring various experimental
parameters, such as energy, mass, and sample current. Up to
300 scans and various measurements could be conducted in a
single cycle.

Figure 20 [257] displays the spectra of Ar™ ions with an
energy of Ey = 2 keV scattered at angle 0 = 120° from the
surface of a polycrystalline La sample. In Figure 20a, the
spectrum was obtained in the energy analysis mode (LEIS)
with a linear intensity scale, while in Fig. 20b, it was measured
in the energy-mass analysis mode (MARISS) with a logarith-
mic intensity scale.

In Figure 20a, only two peaks are visible: a low-energy one
associated with sputtering of the lanthanum surface by argon
ions, and the elastic single scattering peak of Ar*/La. The
data presented in Fig. 20b are much more informative. It
turns out that the low-energy peak includes three peaks of
secondary sputtered atomic and molecular ions, namely
OLa+, 10+, 35(La0)*, and a peak of “Ar* ions
implanted from the primary ion beam into the lanthanum
sample and then sputtered. Regarding the scattered ions,
Fig. 20b shows the **Ar*/La spectrum with a peak of elastic
single scattering from La atoms on the surface and an intense
background of re-ionized argon ions scattered from lantha-
num atoms in the near-surface layers of the sample and
having undergone inelastic energy losses. Also observed is a
peak of elastic scattering of doubly ionized *°Ar*/La ions,
which is completely ‘covered’ by the spectrum of re-ionized
scattered argon ions.

As noted in Section 2.4, the MARISS method was used in
study [123] to measure inelastic energy losses Q during
scattering of isotopic ions 2Ne* and 2*Ne™* from aluminum
and silicon targets and also to obtain Q values for doubly
charged neon ions formed during scattering of singly charged
neon ions from the surface of these targets. In [90], using the
method of two-isotope determination with the concurrent use
of primary ions *Ne* and *Ne* (ion current ratio
221y/°1y = 0.102), the values of the neutralization constant v,
for neon ions in the energy range of 0.5-1.5 keV were obtained
during scattering from the surface of polycrystalline samples of
Cu, Ag, Au, and Pt. They turned out to be 2.05 x 10° m s~ !
(Cu), 2.15x10° m s ! (Ag), 1.90 x 10° m s~! (Au), and
1.67 x 10°> m s~! (Pt). It should be noted that, for the copper
subgroup metals, the v, values were approximately the same
and larger in magnitude than those of platinum, the mass of
whose atoms differed slightly from that of gold atoms, but with
different electron filling of the d-band.

The results of MARISS measurements of the spectra of
20Ne* ions in the energy range of 0.4-1.96 keV scattered from
the surface of single-crystal GaP (100) samples [250] can also
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Figure 20. Spectrum of scattered and sputtered ions obtained by bombarding lanthanum sample with 2-keV Ar* ions: (a) energy analysis mode (LEIS),

(b) energy-mass analysis mode (MARISS) [257].
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be noted. It was found that these spectra contain not only the
Ne ™/P and Ne */Ga scattering peaks along with the peak of
sputtered neon ions, but also a broad peak (‘bump’), the
energy position of which weakly depends on the energy of the
primary Ej ions. This peak became noticeably pronounced at
Ep > 1 keV, and the main contribution to its intensity was
made by re-ionized neon ions that had undergone multiple
collisions with gallium and phosphorus atoms on the surface
and in deeper layers of the sample.

Medieval Venetian dinars from the era of Doge Dandolo
were studied in [258] using the LEIS method in the energy-
mass analysis mode (MARISS). Detailed information on
these studies can be found in monograph [259]. The aim of
the study was to determine the quantitative composition of
the surface and near-surface region of the silver billon alloy
from which the dinars were made. The coins have great
cultural value, so the research method could not damage
their surface. Measurements were carried out on an experi-
mental setup with an EQS 1000 mass energy analyzer. For the
analysis in the MARISS mode and concurrent layer-by-layer
sputtering, 2Ne* ions (Ey = 1 keV, 0 = 145°) were used with
a sample current of 1 pA. Preliminary quantitative calibra-
tion was carried out using pure samples of copper, silver, and
gold, of which the billon alloy consists.

The spectra of neon scattering from the calibration
samples are presented in Fig. 21a, and Fig. 21b displays
typical concentration profiles of Ag, Cu, and Au obtained by
depth profiling analysis of the near-surface region of the
dinars. Figure 21b shows that the surface is enriched in silver
(up to 80 at.%), the concentration of which decreased deeper
into the samples. The copper concentration increased, while
the gold content remained virtually constant (at 5 at.%)
throughout the entire studied dinar depth.

Depth profiling analysis in MARISS mode can be carried
out with a ‘mixed’ ion beam consisting of helium and neon or
argon ions. This approach makes it possible to virtually
simultaneously record “He™* scattering peaks from light
elements such as carbon, nitrogen, and oxygen and from
heavier elements such as °Ne* or “°Ar™ ions, which also
effectively sputter the surface and provide higher mass
resolution than helium ions. Furthermore, in MARISS
mode, with the necessary software available, it is also
possible to observe secondary ion mass peaks, i.e., combine
ion scattering (MARISS) with secondary ion mass spectro-

metry (SIMS). Examples of combined MARISS-SIMS depth
profiling analysis are contained in [260, 261].

6.2 Ion microscopy

In this section, we briefly consider the use of backscattered
ion methods and instrumentation in state-of-the-art ion
microscopes. We discuss the Zeiss ORION NanoFab ion
microscope [262], equipped with a strongly focused gas field
ion source (GFIS) of helium ions (GFIS [263]). The external
appearance of the ion microscope is displayed in Fig. 22a,
while Fig. 22b schematically depicts the vacuum chamber
with the ion source, a sample, and a silicon drift ion detector
[264, 265].

Secondary electrons generated by the interaction of He *
ions with the sample allow obtaining a high-contrast topo-
graphic image of the surface with a lateral resolution at the
nanometer level. For elemental analysis, it was proposed to
use helium ions and neutral atoms scattered from atoms in the
near-surface layers of the sample [264—-266]. It is worth noting
that the energy of helium ions in ion microscopes is
Ey = 10—40 keV, which is higher than the energy range of
primary ions in LEIS, but lower than in MEIS instruments
(see Section 1). In addition, the ion beam is focused to a
minimum diameter of 0.25 nm. Under these conditions, the
primary ions penetrate the sample deeper than the surface
layer, losing part of their energy E, to the excitation of
electrons before the event of elastic scattering on the sample
atoms. Scattered ions also deposit part of their energy E| as
they move toward the sample surface. Taking into account
the above, a SPECTRA cooled silicon drift detector [267]
with an energy resolution of about 4.5 keV and a detection
threshold energy of 10 keV was used in [264, 265] to detect
scattered ions.

To enhance the energy resolution when detecting scat-
tered ions, a time-of-flight method with pulse modulation of
the primary ion beam was used [266]. Figure 23 [266] shows
the spectrum of 30-keV He * scattered from the surface of a
2-nm-thick HfO, layer on a silicon substrate. The time
resolution was 17.3 ns with a total detected charge of 1.9 nC.
The time scale was calibrated using the ion-photon emission
peak, also shown in Fig. 23 [266].

In the ion scattering mode, a lateral resolution of 54 nm
was achieved using the TOF method. Further studies aim at
implementing a correlation microscopy mode with concur-
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profiles of Cu, Ag, and Au obtained by depth profiling analysis of near-surface region of dinars [258].
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Figure 23. Time-of-flight spectrum of scattered ions measured by irradiat-
ing a 2-nm-thick HfO; layer on surface of silicon substrate with 30-keV
He ™ ions.

rent recording of secondary electron, scattered, and second-
ary sputtered ion images, which will enable obtainment of
information about the elemental composition and topogra-
phy of the studied objects at the nanoscale.

Concluding the microscopy section, we dwell on study
[268], which examined the surface reconstruction of single-
crystal magnetic Fe4N samples using low-energy backscat-
tered ions and fast ionized recoil atoms and scanning
tunneling microscopy (STM) [53]. The measurements were
carried out on an experimental STM setup equipped with a
pulsed Ar* ion source and a time-of-flight detector for
recording the spectra of scattered ions and fast ionized recoil
atoms. The time resolution of the TOF detector was 200 ns,
and the scattering angle was 0 = 54° at an incidence angle of
p = 12°. Recording such spectra improved the quality of
STM image interpretation due to more accurate determina-
tion of the positions of atoms on the sample surface by
comparing the measured and simulated angular distribu-
tions of scattered ions and ionized recoil atoms.

7. Conclusions

The authors of this review, based on their experience in
experimental and theoretical research in the development of
analytical instrumentation for ion beam surface analysis and
ion-surface interactions, have sought to provide a compre-
hensive analysis of the basic and applied aspects of low-
energy ion scattering. Section 4 focuses on studies of liquid
surfaces, nanoparticles, and clusters and modern materials
and devices for micro- and nanoelectronics. Computer

programs for modeling ion/atom interactions with surfaces,
crystallographic structure studies, determination of the
particle—surface interaction potential, and rainbow scatter-
ing studies are also considered. The application of ion
scattering in state-of-the-art ion microscopes is discussed.
Particular attention is given to the scattering of heavy ions
(neon and argon) in the low- and hyperthermal-energy ranges
and the energy-mass analysis of scattered and secondary
sputtered ions as promising methods for developing surface
diagnostics.

In practical terms, the future of the LEIS method is seen in
applications to the analysis of liquid surfaces, including ionic
liquids, polymeric and organic materials, static and dynamic
depth profiling analysis of ultrathin films and various coat-
ings, the creation of effective catalysts and corrosion
inhibitors, elemental and structural analysis of clusters, and
the development of fusion reactors. The use of ion scattering
in ion microscopes for elemental analysis with high spatial
resolution is very promising. In terms of basic research, the
hyperthermal energy range below 100 eV is of great interest,
as two models operate simultaneously: binary elastic colli-
sions and collective (multiparticle) interactions. Worthy of
attention is the study of the dependence of the ion yield on the
energy of primary ions, which can provide information on the
electronic state (chemical composition) of the uppermost
surface layer. Studies of the energy and angular distributions
of recoil atoms in the ionized and neutral states will allow the
position of these atoms on the surface to be determined with
high accuracy.

It is worth emphasizing once again that the LEIS method
features unique sensitivity to the elemental composition and
structural features of the uppermost surface layer, allowing
quantitative interpretation of the results. Many LEIS studies
have been conducted in conjunction with electron and X-ray
photoelectron spectroscopy. In the opinion of the authors of
the review, the combination of LEIS with secondary ion mass
spectrometry (SIMS) in the form of energy-mass analysis
appears to be a promising direction for the development of
this method. From a basic-research perspective, the under-
lying duality of the ion scattering method is noteworthy.

On the one hand, the elementary scattering event and the
energy position of the scattering peaks are considered in the
binary elastic collision model and classical mechanics, while
the processes of charge preservation by the scattered ion, i.e.,
the intensity of the signal from scattered ions, are primarily
interpreted in quantum mechanical models of interactions
with electrons in solids.

Progress in the development of the LEIS method is based
not only on the results of basic research and computer
modeling, in which Soviet and Russian researchers remain
leaders, but also on the hardware employed in this technique.

In the final stages of review preparation, the authors
became aware of recent publications by Russian scientists
from MEPhHI, in which the LEIS method was successfully
applied to the analysis of materials of interest for fusion
research [269-271]. The authors believe that it is essential to
deploy production of state-of-the-art surface diagnostic
equipment, including LEIS, in Russia. This factor is crucial
for the successful development of micro- and nanoelectronics
and ion-beam-based methods of material modification in
Russia.
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