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ABSTRACT

A couprehensive three-dimensional Monte Carlo
computer code, lon Transport in Materials and
Compounds (ITMC), has been developed to study
in detail the surface related phenomena that
affect the amount of sputtered atoms and back-
scattered ions and their angular and energy
dependence. A number of {fmportant CFfactors
that can sgignificantly affect the sputtering
behavior of a surface can be studied in de-
tail, such as having different surface prop-
erties and composition than the bulk and syn-
ergistic effects due to surface segregation of
alloys. These factors can be {iamportant f{n
determining the 1lifetime of fusion reactor
first walls and limiters. The IT™C Code is
based on Monte Carlo methods to track down the
path and the damage produced by charged parti-
cles as they slow down in solid metal surfaces
ot compounds. The major advantages of the
[TMC code are its flexibility and ability to
use and compare all existing wmodels for energy
losses, all known {interatomic potentials, and
to use different materials and couwpounds with
different surface and bulk composition to
allow for dynamic surface composition changes.
There is good agreement between the code and
available experimental results without using
adjusting parameters for the energy losses
mechanisns. The ITC Code 1s highly opti-
mized, very fast to run and easy to use.

I. INTRODUCTION

The hehavior of energetic ifons in solids
has long been studied both theoretically and
experimentally for many years. The theoreti-
cal understanding of atomic—displacement ef-
fects in solids requires a detailed analysis
of the physical processes involved in slowing
down the incident ions. Two major theoretical
methods are used to describe ion transport 1in
a solid, f.e., the analytical approach and the
Monte Carlo simulation process. The analyti-
cal method is based on the transport theory
approach with special simpiifying assumptions

*Work supported by the U.S. Department
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in order to make the problem ezsy to solve.
This approach 1s usually restricted to certain
applications and special cases. The Monte
Carlo method 15 based on computer sfmulation
of the scattering process z2nd the slowing down
of the incident particles in target materials.
Tals technique has been extensively applied tc
the silgulation of ion transport and slowing
down.!”> The increasing popularity and vari-
ety of Monte Carlo calculations in the litera-
ture 18 due to several factors. One of these
factors is the capability to simulate trajec-
tories in complex configurations such as film/
substrate targets with different alloy compo-
gsitions. Another factor is the variety of the
prccesses that can be studied with fine de-
tails such &8 range calculations, sputtering
and backscattering coefficients and thelr en-
ergy and angular distributions. However, an
important factor is the availability of large
digital computers and fast processors that can
actualily conpete with other analytical
methods.

In this paper the evrential features of
the Moute Carlo computer code ITMC are re-
viewed. A more detailed description of the
Code and its capability are given in Ref. 6.
The code can be used to study ilon penetration
and damage produced in solids for various ion-
target combinations with target materials be-
ing single element or alloy. The alloy can
have different surface and bulk compositions
due to possible surface segregation effects.
Ion and energy reflection coefficients as well
as thelr angular and energy dependence can
also be sgtudied. Sputtered atoms, their
energy and angular distribution, and the loca-
tion inside the target from vhich they are
sputtered can be calculated for each aton
gpecies of the target. The individual contri-
bution of primary and secondary knock—-on atoms
to the tota! sgputtering yield can also be
evaluated for each atom species. Alamost all
the known interatomic potentials can be used
to cazlculate the nuclear scattering cross sec-
tions. Switching from one potential to an-
other at certain energies 1is easily done to
study the effect ot the interatomic potential
on range, sputtering, and backscattering cal-
culations. The 1influence of the inelastic




energy loss on various calculations can be
studied by using different models for the
slowing down of particles ia the target.

I1. BASIC ASSUMPTIONS

In the Monte Carlo calculation, physical
quantities such as 1on penetration depth,
backscattering and sputtering yields and their
spatial, energy, and angular distributions are
evaluated from the simulation of the scatter-
fng events occurring in a large number of sim-
ulated 4{on trajectories within the target.
Thus, the accuracy in calculation depends on
the number of trajectories used as well as how
precisely the calculation simulates the actual
complicated trajectories 1in the target, In
the present calculation, like most Monte Carlo
methods, the scattering process %8s slmulated
oa *the following major assumptions:

(1) the atoms are arranged randomly in the
target, 1.e,, a0 lattice directional
properties are considered;

(2) the collision between an incident ion and
any target atom 1is binary with no influ-
ence of neighboring atoms; and

(3) the moving particle loses energy continu~
ously to electroas while travelling be-~
tween successive collisions at which
nuclear losses occur.

I1f. CALCULATION PROCEDURE

A brief summary of sgome of the models
used in the code 1is presented here. The for~
mulatfons wused for nuclear scattering and
energy loss and the electronic stopping power
are given below.

4. Nuclear Scattering

The universal differentfal _scattering
cross—section glven by LSS theory is

1/2
do = ma? £e/2) de

o 4t )
where
t1/2 =« ¢ sinu{e/2) , (2
My a
¢ = reduced energy = —————— ————E , (3)

(M, + Mp) 2,2,e2

and 8 is the scattering angle {n the ceanter of
mass system. M; and Z, are the atomic mass
and number respectively for incident ion; sub-
script 2 {8 for target atom.

The screening parameter, a, can be given
by:

Lindhard’

a = 0.8853 ao(zfls + 2213]-1/2 , (4)
Firgov®
a = 0.8853 ao(ziIZ + Z;/Z)-2/3 , (s

where a, = 0.5298 1s the Bohr radius.

The universal scattering function £{t!/2)
can be written as 9

£(e1/2) = At1/2“ﬂ[; + (zaclﬂjq]-uq ., 16)

where the coefficient A, m, and q are fitting
parameters adjusted for different {interatomic
potentials as shown in Table I. Although the
extrapolation of this acattering function may
not be accurate at low values of energy, the
cross sectiona are only used on a relative
basis. At low energles where the screening
effect becomes more effective, the Born-Mayver
(BM) potential 1is used. The scattering func~
tion for this potential is given as

£(e1/2) = 24 £1/2 (72)

The energy below which this potential can be
used is estimated to be

{1y + Mp)

E, = 2.23 lezez--j§;-- a2 , (7b)

A combination of any of the potentials
shown in Table I and BM poiential can be used
in calculating the nuclear-scattering cross

section, The total scattering croas sec—
tion 9 is then given by
el/2
!' max
op = /j do , (8)
1/2
tmin
where
1/2 o .
t./Z = e 8in 7 =€ (9
1/2 anin
tais =€ sin 7 . (10)

The minimum angle of scattering 8,1 can
be deterained from Eq. (8) assuming that

NT

o= 2 N2/, an
3



TABLE I

The Coefficlents of the Urlversal
Scattering Fuaction4,l1

Potential A n q
i. Thomas—Fermi- 1.7 0.311 0.588
Sommerfeld (TFS)
2. Bohr (B) 2.37 0.103 | 0.570
3. Lenz-Jense (LJ) 2.92 0.191 { 0.512
4, Moliera (MOL) 3.07 0.216 { 0.530

i 5. Thomas—-Fermi (TF) | 1.309 0.333 0.667
io. wilson (W) 3.35 0.2328| 0.4445

7. Kalbitzer and 2.54 0.25 0.475
Oetzmana (KO)

where Nj 1s the atom density of type ] and NT
is the total number of species in a polyatomic
target. The scattering angle 64 after colli-
sion (1) 1is determined from a uniform random
number Ry (0 < R; < 1), where

R, = a(cl/z)/a_r . (12)

The numerical methods used in determining
both 8gin and 84 are highly optimized and very
accurate and are described 1in detail in Ref.
heo The azimuthal scattering angle ¢: 1is
determined from another uniform random number
R, where

oy = 2m R (0<Rp 1) (13)
The nuclear energy loss at each collision
can then be calculated as

aMyM, 8,
8E, = ——— E sin? 7 - (14)
(M + Mp)

B, Electronic Energy Loss

Four different models for the electronic-
stopping cross sections can be used to calcu-
late the inelastic energy loss during particle
slowing down. These models are Lindhard-stop-
pirg fermula, Bethe-Block equation, Brice
semi-empirical correlation, and 2iegler-fitt-
ing coefficients. The Lindhard formula 1is
usually used in the low erergy regimz and the
stvopping power per unit length is given by

s, = K, glf2 (15)

where

fo /2,112 3/2_|
10'0793 z)/2z; [Al + Az)

K; = zi/6 — . (16
L 1 23 273379 4372 ,1,2
i_[z1 + 22/3)7% a3/2 41 J

The Bethe equation 1s used for incident
ion velocities v > v02§/3, where v, 1s Bohr
velocity. The stopping power is given by

8= Z% et
SB -——[T—ln EB (17)
o'B
and
o
e E
EB 4 H—l'z—zl—o N (18)

where (2210) is the mean excitation energy and
m, 1s the electron mass. The mean fonizatfon
potential, I, 1s given by12

12 + 7 231 ev Z, < 13
I = (19)
9.76 + 58.5 Z33-19 ev 2z, >13 .

The Brice!3 formula which contains three
fitting parameters for each lon-target combi-
natien for a wide range of energy can also be
used to calculate the electronic stopping.
For 1light 1ons the Zleglerlb fitting coeffi-
clents can alsoc be used to calculate the elec~
tronic losses for a wide range of energy.

The motion of the ficident particle be-
tween collisions 1s simulated as free flights
of certain length, §, where the particle loses
energy due to electroms. The step length be-
tween collisions can be assumed either con-
stant or proportional to the mean free path,
i.e.,

NT
o= jz N}l/S (20)

or the step length can he calculated from a
uniform random numbzr Ry as

6=~ K713 gn Ry

3 (0 <Rr3 <1) . (21)

~t~i3

Then the electronic energy loss 8E, 1s simply

NT
8E, -jz stjs , (22)

where §3 1Is the stopping power for atom
gpecles }.



In a fixed frame of reference, the direc-
tion cosines of the particle velocity vector
must be calculated after each collision. 1Let
{a1,81,vi) be the direction cosine of the par-
ticle after the i-th collision. It can be
easily shown that

it ®1-1 .
8 = | 8,1 | o8 8
Yy L Ti-1 ]

-8 *
i-1 gin 6, cos @1

% ,__i__z__
1 -x

L O n i-1

— - «

-1 T1-1 | sin 8, sin ¢,
* |-a,_, 8 _—,

i-1 “i-1 T =2
1-vZ, Yi-1

(23)

where Bf is the scattering angle 1in the
laboratory system, and is given by

M) + M, cos B

= e 0
2

cos 01 + Hj)

*
cos 8i -
2
(H! + MM

The position of the particle at the point
of collision, 1, is then given by

X o= xi-l + ai_lé

+8, .6 (25)

Yi T T P

Zg =2yt vyl

1V. SIMULATION OF KNOCK-ON CASCADE AND
SURFACE EFFECTS

For polyatomic targets prior to each col~
lision, a random number is generated to decide
the type of atom to be collided with. The
probability of collision cam be calculated
assuming different cross-section models. It
is assumed in this calculation that the proba-
bility of collision is proportional to the
atomic density of the species. If any target
atom (J) receives an energy EJ = AE_ >
(displacement energy of atom j) and also EJ
E} (binding energy of atom }), this atom will
be set in motion with an energy = AEq - E
and undergo similar scattering events as the
incident particle and a cascade 1is gener-
ated. The recoiled atom in a cascade con-
tinues to wmove, losing 1t3 kinetic energy
through both elastic and inelastic scattering,
until its energy falls below a cut-off energy

Bg {usually nssumed equal to the surface bind-
ing energy E.) or it leaves the gurface as a
gputtered atom, For an atom to leave the sur-
face it has to overcome a surface barrier U.
Two different models can be used to cslculate
U, The spherical model in which - Ei, and
the planar model which is used in this cal-
colation, in which UJ = E—;/cos2 84, where 63
is the ejection angle of the sputtered atom
J. 1In the ITMC code it is assumed that atoms
trying unsuccessfully to 1leave the surface
with energy Bl < ud buc wich enough energy oA

> Eé will be reflected back into the target as
1f they were reborn again at the surface with
incident energy equal to Ed and incident angle
8. These atows will be followed until their
energy falls below E, or successfully leave
the surface. However, 1f < ul and < ’
these atoms are assumed to be buried in tﬁe
surface layer.

V. RESULTS AND DISCUSS.On

A. General Applications

Several examples demcnstrating the valid-
ity of the code for various calculations using
different ion-target combinations and compared
with available experimental data and other
known codes are given in Ref. 6. 1In this pap-
er we examine some of the factors that can
affect the sputtering yield due to surface and
other related phenomena. One factor 1is the
choice of potential to calculate the nuclear
scattering cross section. There are several
potentials developed during the past to de-
scribe the atomic {interaction as shown in
Table I. However, it 1is difficult to find an
interatomic potential that describes such =2an
interaction of any ion-target combination in
all energy ranges. Por example, it 1is known
that TF potential overestimates the screening
effect of the outer electrons especially at
low energy, leading to a shorter range in tar-
get wmaterials. Therefore, in these calcula-
tions the TP potential 1s used at higher ener-
gles and below certain energy, E, [(Eq. (7b)],
the BM potential is used. The effect of the
choice of potential on the sputtering yield of
silicon target bombarded by argon ions with
different energies 13 shown in Fig. 1. The
choice of argon-silicon combination 1s made
because of the many available experimental
data to compare with. The coambination of
TF + BM potentials yield the best sputtering
result compared with two experimental sets of
data, i.e., Rang et al.l5 and Southern et al.l6
At low ion energy of 1 keV the silicon sput-
tering yield predicted by MOL, LJ, and OK
potentials is about factor of two to three
lower than that given by TF + BX or the exper-
imental data. Although therc are no signifi-
cant differences in the elsctronic and nuclear
energy losses and the average nuaber of pri-
mary recoil cascade among these potentials,
the large difference in the sputtering yield
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Fig. 1. Silicon sputtering yleld as a

function of argon ion ezergy for
different interatomic potentials.

is mainly attributed to the fact that these
cascades are generated near the surface in the
case of TF + BM potential, The ion range
predicted by LJ potential is about 40% higher
(at 10 keV¥) than TF potential with or without
BM combination and is about a factor of two
higher at lower energy f{at 1 keV). The MOL
and KO potentials yield a slightly higher
tange of 15 to 20%Z than the TF potential.

The silicon sputtering yleld as a func-
tion of angle of incidence is shown in Fig. 2
for two different argon energies. The agree-
ment 1is again very good between the code pre-
diction using TF + BM potential and the ex-
perimental data.
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Fig. 2. Silicon sputtering yileld as a
function of argon ifons angle
of incidence.

The walues of the displacement energy,
binding energy, and surface energy can signi-
ficantly affect the sputtering yleld calcula-
tion. These values aot only are scarcely
known. but also change with continuous ifon bom-
bardment as a result of damaged target struc-
ture. This fact should be considered in esti-
mating the lifetime of a limiter or first wall
of a fusion veactor especially when etosion
and redeposition of target material are
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Fig. 3. Variations of sputtering yleld with
surface and displacement energies.

expected to occur. As an example, Fig. 3
shows the variation of the sputtering yield as
a function of the surface and displace-
ment energy for a fixed binding energy. The
yleld can easily vary by 30 to 40% with a
slight variation in these energies. In ITMC
code values, thegse energies need to be sup—~
plied and are not neglected as in other codes;
no other adjusting parameters are used for the
energy losses just to yield comparable results
with the experiments. The values used for
these energies are given in Ref. 6.

B. Surface Effects Due to Alloy Segration

A seif-gustaining low-Z coatings for fu-
sion applications involves the use of alloys
in which thermal and radiation-related segre-
gation that resl’lts in surface overlayers have
been proposed.l Thegse overlayers entirely
consist of the low-Z component. Several al-
loys for candidate fusion reactor materials
have been demonstrated as capable of producing
such overlayers (e.g., Cu-Li, W-Be, and Va-
Al). These low-Z layers act as a plasma
shield from the high-Z component of the alloy
that could seriously affect plasma perform—
ance. One of these alloys 1is the vanadium-
aluninum alloy (90% V-10Z Al at.%Z bulk compo-
sition) 1in which the aluminum segregates and
forms monolayers of pure aluminum on the sur-
face. Figure 4 shows the vanadium self-
gputtering yleld for pure vanadium target and
for vanadium-aluminum alloy with one and three
monolayers of aluminum on the surface. The
vanadium self-sputtering yleld with one mono—
layer of aluminum on the gurface is reduced by
about a factor of two than that of pure vana-
dium. With Chree monolayers the self-sputter-
ing is reduced by a factor of four at the low
energy and by 2 factor of three at the high



energy shown in Fig. 4 and the self-sputtering
yleld does not exceed unity for energies up tc
5 keV. The energy spectrum of the sputtered
vanadium and aluminun atoms without and with
aluminum on the surface for 1 keV incident
vanadiun ions are shown in Figs. 5 and 6, res-
pectively. If there 18 no aluminum surface
layer, the sputtering yield of aluminum is
only about 14%Z of the total yield (the total
yleld is roughly equal to that of pure vana-
dium). On the other hand, when three mono-
layers of alumlaum exist oan the gurface, the
aluminum sputtering yield is about 75% of the
total yield while the vanadium self-sputtering

T T 1
v* - v.al Aoy b

(90% V-10% Al) at. % 4

T

1 Monolayes of Al

3 Monolayers of Al

I

Vanadium Sputtering Yield (Atoms/lon)

lon Energy (keV)

Fig. 4. Vanadium sputtering yleld due to
aluminum segration at the surface.
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Fig. 5. Sputtered atom energy spectra
with no aluminum on the surface.
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Fig. 6. Sputtered atoms energy spectra
with three monolayers of alumi-
num on surface.

is only 25% of the total yield. In both cases
the energy spectrum of the total sputtering
atoms obeys the theotetical E™2 predictlons
fairly well.

VI. SUMMARY AND CONCLUSIONS

A comprehensive three-dimensional Monte
Catlo computer code (IT™MC) has been developed
to study lon penetration and its related phe-
nomena in single elements or alloys with dif=-
ferent multilayers of polyatomic materials
having different surface and bulk composition.
The code includes a varlety of models to cal-
culate the elastic and inelastic energy losses
during loa slowing down 1in target materlals.,
The code 1s highly optimized, fast to run, and
eagsy to use. The agreemeat between the code
and available experimental data is very good.
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