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SLOWING DOWN AND SCATTERING OF IONS IN SOLIDS

W. Heiland*, H. Derks and T. Bremer
University of Osnabrick, D-4500 Osnabrick,

W-Germany

Abstract

The interaction of particle beams with so-
lids yields three parts, i.e. reflected partic-
les, penetrating particles and trapped particles.
At very low energies particle reflection is domi-
nant, at very high energies penetration is the
most important effect. Trapped particles are the
result of energy 1loss processes, which on the
other hand cause radiation damage in the solid.
In the energy range discussed here, i.e. above
energies where quantum effects, diffraction etc.
are important and below energies where nuclear
reactions, relativistic effects etc. may occur,
the particle trajectories are classical. The
energy loss process can be treated separately as
nuclear and electronic stopping power. The colli-
sions of the projectiles with target atoms are
hence binary collisions involving a properly cho-
sen screened Coulomb-potential. In single crys-
tals the structural properties enable channeling,
which is a very useful tool in solid state ana-
lysis. The electronic stopping includes contribu-
tions from single collision processes and collec-
tive excitations. Both effects can be described
by a dielectric response function. The range of
applications covers analytical methods, means to
modify solid state properties and also the pro-
duction of thin films.
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Introduction

Swift particles interacting with a solid
lose their kinetic energy to the nuclei by elas-
tic collisions and to the electrons by a multi-
tude of processes, i.e. elastic collisions, ioni-
sation, plasmon excitation etc. The range of pri-
mary kinetic energy considered here excludes nuc-
lear reactions at the high energy side placing
the high energy 1imit to about 1 MeV. By the same
token relativistic effects can be neglected too.
At low energies, the onset of diffraction effects
1imits the energy range under consideration that
is essentially where the de Broglie wavelength of
a particle becomes comparable to a lattice cons-
tant (corresponding to less than 1 eV). In a more
phenomenological consideration, the energy range
can be characterized in terms of reflection and
penetration which are the macroscopic manifesta-
tion of the particle-particle (projectile ion -
target atom) microscopic cross section: The cross
section decreases - for e.g. pure coulombic in-
teraction with E** - with increasing energy such
that the particle reflection coefficient varies
from about 1 at a few eV to about 0 at 1 MeV,
whereas the particle penetration varies from
about 0 to 1 consequently. However, there is an
increase of the penetration depth too, the range
of the particles increases with energy roughly
proportional to E. Another qualitative conse-
quence of the variation of the cross section is
the change of the probability for large energy
transfers in single collisions. At very low ener-
gies each projectile is reflected in a single bi-
nary collision or in a sequence of very few col-
lisions, hence the energy transfer to the lattice
is small. With increasing energy the solid sur-
face becomes 'transparent' and the projectiles
lose their energy within a few atomic layers in a
series of collisions. At higher energies - de-
creasing cross section - violent collisions be-
come less probable, i.e. the nuclear energy Tloss
decreases again, since

dE E
- — =N["AE'do @)
(11 0

with N the target atom density, AE' the energy
loss in one collision with cross section do (Fig.
1, Bohr, 1948, Sigmund, 1975, Sigmund, 1981).
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Schematic dependence of the stopping power on the
particle energy.
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With target and projectile masses M1,2 and atomic
numbers 71,2 and the screening length of the po-
tential a = 0.885 ag (212/3 + 222/3)-1/2 with aq
= 0.529 A.

The basis for the behaviour of the electro-
nic stopping with energy is more complex. Quali-
tatively it can be understood in terms of elec-
tron-hole pair excitation and plasmon excitation
at the Towest energies, with essentially no
threshold for the electron-hole pairs, and thre-
sholds of the order of 10 eV for plasmons. These
loss processes increase approximately Tlinearly
with velocity v (Lindhard and Scharff, 1961,
Lindhard and Winther, 1964). At still higher
energies the coupling to the collective proper-
ties of the solid decreases. The stopping power
is then dominated by ionisation processes: these
decrease with energy too as shown more than fifty
years ago by Bethe and Bloch (Bethe, 1930, Bloch,
1933). It should be noted that with increasing
energy the projectile will be ionized as well,
i.e. the actual charge state of the projectile is
a function of the energy (Betz, 1983, Echenique
et al., 1989). The details of the interactions
are target and projectile dependent. Parameters
are the mass, the atomic number and the Tlattice
structure, plasmon frequency, dielectric function
etc. Phenomena caused by the interactions are
sputtering, damage, emission of radiation and of
electrons.

Nuclear stopping power

The elastic collision of two particles is
described by the differential cross section de-
fined essentially by the impact parameter b:

2
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where f(©) = sin2 ©/2, where © is the scattering
angle in the center of mass system (c.o.m.). © is
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known from the classical scattering integral

4 ) fm b/r2 d 3
D =1 — — r )
"min (1 - b%r* = V(r)/E )

r is the relative coordinate between the partic-
les with masses M] and M2, rpin is the distance
of closest approach, V(r) the interactomic poten-
tial, Ey the kinetic energy.

Obviously, the interatomic potential is a
key quantity of the whole field (Torrens, 1972).
Presently, screened potentials of the Thomas-Fer-
mi-type (Moliere, 1947, Ziegler et al. 1984) and
power potentials V(r) « r-l/m (Lindhard et al.,
1968, Sigmund, 1981) are in use, where m = 1 at
high energies and m = 0 at low energies.

The screened potentials in question are

given by

7 2
Z,Z,e R ”
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with a = ap 0.88534 (Z;1/2 + Z,1/2)" 2/3 and ¢y =
0.35 exp(- 0.3x) + 0.55 exp(- 1l.2x) + 0.1 exp(-
6x) and x = R/a for the Moliere case (Moliere,
1947), and ¢zp, = 0.1818 exp(- 3.2x) + 0.5099 exp
(- 0.9423x) + 0.2802 exp(- 0.4029x) + 0.02817 exp
(- 0.2016x) with a = ap 0.88534(Z,0.23 + 7,0.23)7 1
for the ZBL case (Ziegler et al. 1984). Since the
interaction potential is essentially an empirical
quantity, there exists a rich number of different
estimates, detailed calculations and averaging
methods to obtain useful solutions of the problem
(0'Connor and Biersack, 1986).

In order to calculate properties like stop-
ping power and ranges the power potential is a
particularly useful approximation, since analyti-
cal expressions can be obtained. For the power
potential the nuclear stopping cross section Sp =
| AEdo(E,T) becomes

V(R)=

1 ’
S (E) = C Yl mHl -2m 5)
n 1—m m
with y = 4 MIM] (M1+M2)2 which connects the maxi-
mal kinetic energy transfer Tp with the primary
energy, i.e. Tm = yE, and
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where a = 0.885 ap (Z12/3 + 722/3)-1/2 with ap =
0.529 A (Bohr's radius) and Ap a dimensionless
function varying slowly with m. Sp shows the
energy dependence as in Fig. 1 when m is varied
from 0 to 1.

From the nuclear stopping cross section the
path length is calculated, neglecting electronic
stopping:

R (B)= ~ i cuul @)
n=t E

“min S” (")

Since the energy of a monoenergetic primary beam
will form an energy distribution with increasing
penetration into the solid, there will be a range
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distribution. In case of implantation, i.e. modi-
fication of materials by depositing energetic
particles into a solid, the range distribution is

called implantation profile, or, if probed by
some experimental technique, it is called depth
profile.

The damage profile precedes the range pro-
file. It can be calculated by the same formalism
as the ranges (Brice, 1975, Winterbon, 1975).

An important aspect of the nuclear stopping
is "sputtering" which is discussed in detail by
Lam (1990) in these proceedings.

Electronic stopping power

The electronic stopping cross section Se(E)
is defined in analogy to the nuclear term. How-
ever, the actual form of Se(E) depends in a very
complex way on the velocity of the particle, its
charge and the properties of the solid (Echenique
et al., 1986, Echenique et al., 1989).

For high projectile velocities (v >> 712/3
e2/#) Bethe (1930) has derived

2

4n (}4Z1Z‘)
Se: > /,(U,Zzl, (8)
mt‘u
where me is the mass of the electron.In the

Bethe-Bloch case L = Tog 2m82/1, where I 1is an
average ionization potential. For an isotropic
Fermi-Gas, Lindhard and Winther (1964) have shown
that L can be approximated by

i = dk

L=—=: [
2 ok
nw
o

fk?”(l/g(k,w) -1) wdw 9)
with wg = V4ue2NZy/m (plasma frequency), el is
the 1longitudinal dielectric function depent on
momentum and frequency. (For details see Eche-
nique et al., 1986, Echenique et al., 1989.)

For low particle energies, i.e. v << 7,2/3
e?/f, an approximate formula for the electronic
stopping was proposed by Lindhard and M. Scharff
(1961). In agreement with experience the electro-
nic stopping power is proportional to the par-
ticle velocity. An extension of the theory has to
include the charge state of the moving particle
which is a function of the velocity too (Brandt
1982). Hence, more recent theories of the stop-
ping power of low energy particles include neces-
sarily the evaluation of the actual charge state
of the moving particle (Echenique et al., 1986,
Echenique et al., 1989).

Owing to the practical importance of the
electronic stopping, an immense experimental and
computational effort has been made to evaluate
electronic energy losses for all possible projec-
tile-target combinations. The results have been
compiled in the tablework of Andersen (1977),
Andersen and Ziegler (1977) and Littmark and
Ziegler (1980). These data are the basis for suc-
cessful implantations and analysis of thin films.

Analysis by ion scattering

The energy of a particle M] reflected from a
surface atom M2 has the kinetic energy

E =K@) E, (10)
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Fig. 2:

Schematic angular resolved energy spectra of ions
backscattered from a solid crystal at low energy
(top) and high energy (middle, bottom). The
middle spectrum is for a random orientation of
the crystal. The aligned case (bottom) is
achieved by orienting the crystal relative to the
beam such that channeling occurs.

where the kinematic factor is given by

K@) = (M /[(M,+M)) (cos® + (MM )’ - sin®0)'"*). (1)

Here ©® is the scattering angle in the laboratory
system. At low energies (1 keV) backscattered
rare gas ions follow eq. 9 with high accuracy
(Taglauer and Heiland, 1976, Heiland and Tag-
lauer, 1983). This simple behaviour is partly due
to a neutralisation effect which causes particles
following multiple scattering trajectories to be
neutralised (Jackson et al., 1981). Angular re-
solved energy analysis affords therefore a very
simple tool for the study of the chemical compo-
sition of surfaces (Smith, 1967, Taglauer and
Heiland, 1976).

With increasing energy, the neutralisation
probability for all backscattered particles de-
creases, such that eventually all reflected par-
ticles contribute to the ion spectrum (Fig. 2).




However, for 1ight ions the situation is again
relatively simple, since the backscattered par-
ticles follow a straight trajectory into the tar-
get losing energy by electronic stopping only.
Eventually, the projectile makes a large angle in
a single collision and leaves the target again on
a straight trajectory. The energy spectrum (see
e.g. Feldman, 1983) is hence related to the depth
t by the yield Y(t)

Y(z)At:(ZlZ‘}pz/Mz‘l)z NQ AQ Al 12)

where Q is the number of primary particles, AQ
the solid angle of the detector and

El:la'—l(dh'/dx)E (13)

the energy of the projectile at the depth t. For
an angle of scattering ® = 180° it is

=1 (14)

dt=dE K((dff}/dx)h, + (dE (dx )E )
and '
Et = (El + AE)/(K+A)
with A depending on (dE/dX)g/(dE/dX)E¢. For K = 1
and (dE/dx)E = (dE/dx)g{ the energy spectrum is

then
N(E )« .. (15)
(IH—I«,‘])“
The spectrum 1is schematically shown in Fig. 2

(middle).
In the case of single crystalline samples,
channeling effects are observed (Robinson and

Oen, 1963, Morgan, 1973, Chu et al., 1978, Feld-
man, 1983). Under "alignment conditions" (Fig. 2
bottom), a surface peak is observed, the inten-

sity of which represents the backscattering from
1 to 2 atoms per row. It is obvious that these
effects can be exploited for the analysis of near
surface structure.

Surface Channeling

Compared to bulk channeling, relatively few
surface channeling experiments have been reported
(Sizmann and Varelas 1976, Schiffner et al.,
1977). One reason is the competition of other
techniques which are very successful to probe
surface structures, i.e. LEED (Low Energy Elec-
tron Diffraction) and STM (Scanning Tunneling Mi-
croscope) (Davisson and Germer, 1927, Binnig and
Rohrer, 1983, Ertl and Kippers, 1985).

Fig. 3 shows as an example a low energy ion
scattering result from Au(110) (Derks, 1989). The
Au(110) surface forms at room temperature after
annealing at about 800K a so-called "missing row"
structure which is labelled (1x2) in the usual
LEED nomenclature. When heated, a two-dimensional
phase transition occurs (Campuzzano et al., 1985)
and the LEED patterns shows a (1x1) structure.
The phase transition is an order-disorder transi-
tion (2D Ising type). In the surface channeling
experiment (Fig. 3), the change of the perio-
dicity is manifested by the disappearence of the
[114] channel at an azimuthal angle of 74°,
whereas the other channels become somewhat flat-

(E, ®)

+

N
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o 3L0K
. 0 50 100
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Fig. 3:

Low energy ion backscattering from Au(110) at 340
K and at 700 K. At 650 K Au(110) undergoes a
(1x2) < (1x1) phase transition. The two different
surface structure are seen here in "surface chan-
neling" patterns.

ter only. The narrowing of the [110] channels
from the (1x2) to (1x1) structure can be read
from the real space pattern of Fig. 3. The dis-
order of the surface has to be estimated from the
minimum yield of the channeling minima. This is
quantitatively yet to be done, the problem is the
influence of the thermal vibrations of the sur-
face atoms. There are indications that the ther-
mal motion of the surface atoms becomes anhar-
monic with increasing temperature, i.e. the sur-
face Debye temperature becomes temperature depen-
dent (Derks et al., 1988).

The application of ion beams for
material modification

The Tliterature on ion implantation into so-
1ids s abundant (e.g. Brice, 1975,Mayer and
Gyulai, 1983). More recently the technique has
also been applied to change the refractive index
of materials of interest for integrated optical
devices, e.g. LiNbO3 or KNbO3 (Destefanis et al.,
1978, Bremer et al., 1988a, Bremer, 1989).

In Fig. 4, we compare the ordinary re-
fractive index profiles of Het implanted LiNbO3
for different ion energies with the corresponding
range distributions calculated by the Monte Carlo
computer program TRIM (Biersack and Haggmarck,
1980). The refractive index profiles have been
measured by mode spectroscopy and reconstructed
with an improved inverse WKB (Wentzel, Kramers,

Brillouin) method (Schiff, 1955, Hertel and Menz-
ler, 1987, Bremer et al., 1988b). The decrease of
the refractive index is caused by nuclear damage
leading to amorphization of the crystal.
index profiles

Thus,

the refractive directly monitor
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Fig. 4:

Depth distributions of He implanted into LiNbO3
(top) and refractive index profiles caused by the
implant (bottom). The refractive index profiles
are obtained by measuring the eigenmodes of the
planar waveguides formed by the implant and sub-
sequent inverse WKB evaluation.

the damage distribution. Below the calculated
minimum, the index again increases to the value
of the undamaged material, however, this region
cannot be explored by an inverse WKB algorithm.
Since the damage peak is buried at a depth of a
few microns, an optical waveguide is formed bet-
ween the surface and the region of lowered re-
fractive index. As can be seen from fig. 4, the
damage distribution is found at a depth similar
to that of the ion distribution, but a small
shift towards the surface becomes visible, espe-
cially for higher energies.

Besides the nuclear damage distribution, the
evaluation of the refractive index profiles also
yields information about other effects of ion
implantation. This includes electronic damage as
well as changes of composition by implanted ions,
or ion induced sputtering. In the region of elec-
tronic damage between the surface and the amor-
phized region, the ordinary index 1is lowered,
whereas the extraordinary is raised. These index
alterations increase with dose and decrease with
ion energy, but are always well below the nuclear
damage alterations. Moreover, the electronic da-
mage can be removed almost completely by annea-
1ing procedures at moderate temperatures. After
such treatments, the remaining alterations near
the surface are due to composition changes (alte-
rations in the Li sublattice) which only affect
the extraordinary index.

Alternatively to He implantation, refractive
index increase can be acieved by implantation of
transition metal ions and epitaxial regrowth.
Fig. 5 shows an example of Ti implanted LiNbO3
which was produced under the following condi-
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Depth distribution of implanted Ti (200 KeV) in
LiNbO3 measured by SIMS (dots) and refractive in-
dex profile (1ine) of the planar wave guide
formed by the implant. The refractive index pro-
file is evaluated from the measured eigenmodes
and an inverse WKB method.

tions: 200 keV Ti+ irradiation at a dose of
2.5-1017/cm2, subsequently regrown for 8 h at
1000°C in a wet oxygen containing atmosphere. We
compare the extraordinary refractive index pro-
file with the Ti concentration profile obtained
by SIMS (Secondary Ion Mass Spectrometry). In
contrast with the usual diffusion technique, im-
plantation yields shallower profiles and higher
local Ti concentrations. In other words, the va-
riety of profiles is not limited by the Taws of
diffusion and chemical solubility. Also, ion beam
mixing of evaporated Ti layers offers a promising
attempt for waveguide fabrication (Bremer et al.,
1989), However, this technique has not yet been
investigated in detail. By ion beam mixing, the
Ti is incorporated in the crystal by recoil ef-
fects. The proper choice of the irradiation para-
meters of the incoming Ti beam allows a high
mixing efficiency at moderate doses, thus produ-
cing less damage to be annealed.

In conclusion, ion beams offer a great
tential for the fabrication of waveguides and
vices for integrated optics. Using suitable
nealing procedures, unwanted side effects of im-
plantation can be removed to a large extent. The
optical quality of ion implanted waveguides is
comparable to those produced by the classical
diffusion technique.
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