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Abstract. The Monte Carlo Program TRIM.SP (sputtering version of TRIM) was used to
determine sputtering yields and energy and angular distributions of sputtered particles in
physical (collisional) sputtering processes. The output is set up to distinguish between the
contributions of primary and secondary knock-on atoms as caused by in- and outgoing
incident ions, in order to get a better understanding of the sputtering mechanisms and to
check on previous theoretical models. The influence of the interatomic potential and the
inelastic energy loss model as well as the surface binding energy on the sputtering yield is
investigated. Further results are sputtering yields versus incident energy and angle as well as
total angular distributions of sputtered particles and energy distributions in specific solid
angles for non-normal incidence. The calculated data are compared with experimental
results as far as possible. From this comparison it turns out that the TRIM.SP is able to
reproduce experimental results even in very special details of angular and energy

distributions.

PACS: 79, 20

Sputtering of target atoms from solid surfaces under
ion bombardment has long been studied for both the
physical understanding of the collisional processes
involved, and for various practical reasons as well, e.g.
sputter surface cleaning or sputter thin film deposition
in large scale technical applications, or as a potent
research tool for high-resolution depth profiling
SIMS [1], or last but not least in plasma-wall
interaction problems (erosion of first wall materials
and plasma contamination) in fusion devices [2]. The
amount of experimental data has been growing at a
steady rate over the past 20 years (see, for example, the
last exhaustive compilation by Andersen and Bay [Ref.
3, Chap. 4]), and numerous publications have ap-
peared since then, on theoretically predicting sputter-
ing yields (see the references in the recent review
articles by Sigmund [Ref. 3, Chap. 2], Robinson [Ref. 3,
Chap. 3], Jackson [4] and Harrison [5].
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Analytical studies based on transport theory [Ref. 3,
Chap. 2] introduce special simplifying assumptions in
order to be analytically tractable, e.g. the use of power
potential approximations [ 6-8] to the real interatom-
ic potential. In analytical theories it is also difficult
to include all collisional processes leading to sputter-
ing, for example, the sputtering theory of Sigmund [8]
considers the cascades caused by the incident ion,
while the recent theory of Littmark [9] concentrates
on the emission of primary recoils by the backscattered
fraction of ions. The last example also indicates that
the fate of the ions has to be pretty well known for
reliable predictions of sputtering yields, which brings
about another problem: If the angle of ion incidence is
not normal, but rather glancing with respect to the
surface, the proximity of the ion trajectory to the
surface may enhance the sputtering, but — on the other
hand — also may lead to increased ion losses through
the free surface and result in a decrease of sputtering,
The delicate balance of these counteracting effects
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creates problems in any present analytic theory. In
view of these difficulties, a straightforward computer
simulation of the collisional processes near a free
surface appeared worthwhile, not only for studying the
various mechanisms and testing the existing theories,
but — even more important — for providing realistic
predictions in practical cases, such as e.g. in fusion
research (plasma-wall interaction, neutral beam injec-
tion), where it is virtually impossible to provide all
necessary data for a complex machine by individual
measurements.

For this purpose, the previously existing TRIM
program [10] was modified in order to follow the
recoil atoms as well as the ion. The TRIM version
TRIM.SP turned out to be sufficiently computer
efficient, so that — in connection with modern high
speed computers — enough ion histories could be
processed for obtaining statistically meaningful re-
sults. Tt turned out that this program could be applied
in fusion rescarch, where extremely low sputtering
yields are encountered, e.g. <0.1forlow energy plasma
particles H, D, T, He [11-20]. The program will be
described in the following chapters, together with some
results, which have been selected either to check on
previously predicted basic properties and depen-
dences, or to illustrate interesting new features, e.g. on
-angular or energy distributions which were previously
not clearly recognized.

1. The TRIM Sputtering Program

1.1. Basic Principles

The TRIM program for the transport of ions in matter
was developed with the main goal of providing a
program which is particularly computer efficient and
still maintains a high degree of accuracy. The details of
the program have already been described in [10], so
that we can limit the present description to the basic
principles and to the newly introduced extensions
which were necessary to follow all particles in 3-
dimensional space, to treat mixed recoil cascades, and
finally to simulate different surfaces, i.e. an “ideally

ference Q/2

Fig. 1. Notations used in the TRIM.SP

2 program. (a) Directions of flight of projectile
(ion or recoil) and of knock-on in 3-dimensional
space. (b) Collision in the center-of-mass system
(schematically drawn for a hard-sphere-collision)

smooth” surface which assumes all surface atoms to be
in a plane, and a “random” surface, where the amor-
phousmaterial reaches up to the surface. Asdescribedin
[10], the TRIM program is based on the assumption of
an amorphous target material. For targets with ran-
domly oriented crystallites we assume that this is a
sufficient approximation, since directional effects will
be assumed to be mostly compensated.

Basically, the incident ions and the recoil atoms are
followed throughout their slowing-down process until
their energy falls below a predetermined energy;
usually 5eV is used for the incident ion, and the surface
binding energy is used for the knock-on atoms. In
order to speed up the computation, a check was built in
to determine whether a recoil atom has moved so far
from the surface or has lost so much energy that it is
unable to reach the surface; if that is the case, it is not -
followed any further as a candidate for sputtering.
The program is arranged to follow the knock-on atom
created by the incident ion. This primary knock-on
atom (PKA) gets the label i=1. In a further collision
this PKA is labeled i+ 1, whereas the information of
the newly created knock-on atom (SKA) is stored
under label i. If the PK A is sputtered or disregarded for
reasons mentioned in the last paragraph, the program
returns to the last recoil atom with label i. Now this
SKA is followed in the same way as the PKA. Finally,
the label is counted down to i =0, which is the ion itself.
Then the ion is moved to the next collision and the
procedure starts again. The complete data set of one
recoil contains the following information: An atom,
created by an inward or outward moving ion, primary
or secondary knock-on, depth of origin, present energy,
present position, and present direction of motion (the
last two in 3-dimensional space).

Another procedure, which ensures the most efficient
use of computer memory as the number of data sets
stored equals just the generation number in a collision
cascade, is to always follow the newly created knock-
on atom, say with label i+ 1, and store the inform-
ation of the last particle with label i (i=0 would be
the ion itself). If that atom leaves the surface as a
sputtered particle or is disregarded for the reasons
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mentioned above, the program returns to the previous
atom with label i. If, however, a new recoil was
created, now with label i + 1, this will be treated first (in
the same manner as described before for i).

Spike effects [Ref. 3, Chap. 2] are not taken into account
in this treatment.

1.2. Transport of Ions and Recoils

The motion of the incident ion and of the recoiling
atoms is treated in the same way: Any particle moves
along a mean free path A=N"'7 (N is the atomic
density in the target) before it encounters the next
collision partner with an impact parameter P between
Oand P, =n ‘2N~ This procedure ensures that
the proper atomic density is maintained, i.c. 1 target
atom in a volume A-nP2%, =N"!. The impact para-
meter P and the azimuth angle ¢ are determined by
random numbers. From the projectiles position and
direction and the quantities P and @, the position of the
target atom is determined (Fig.1). The collision will
only occur if the target-atom position is determined to
be within the boundaries of the solid (Fig.3). The
collision is simulated in the TRIM program by the
subroutine MAGIC, which determines the scattering
angle 6 and the transferred energy T with an average
precision of about 1%. From this, the new flight
directions and energies of the incident particle and
knock-on atom are determined. As the subroutine
MAGIC also yields the distance of closest approach ry,
the electronic energy loss can be determined as a
function of r, in the model of Oen and Robinson [21].
In constructing the trajectory of the incident particle,
one has to note that the point of deflection is shifted
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Fig. 2. Curves of constant relative elastic
energy transfer T/7,, in a collision versus the
impact parameter P (or the relative impact
parameter B, A is the Firsov screening length)
and the impact energy E for Ni-Ni collisions.
T,, is the maximum transferable energy. The
Kr-C potential was used as the interaction
potential. Maximum impact parameters P,
(Sect. 2.2) and the surface binding energy Eg
(Sect. 2.3), are indicated. 3 is the recoil angle
0 in the laboratory system

PMAX %13

P,IMPACT PARAMETER (A)

back in the laboratory system by an amount 7, the so-
called “time integral”. This shift becomes significant at
low energies [22], and can be easily calculated in this
case by the hard sphere approximation, ie.
t=P-tanf/2, where 0 is the scattering angle in the
center-of-mass system (Fig. 1b).

At low energies the maximum impact parameter P,,,,
as described above, is too small to account for all
elastic collisions. This is demonstrated in Fig. 2, where
it can be seen that at energies near the surface binding
energy, Eg (Sect. 1.3), about half the maximum transfer-
able energy can be given to another atom at impact
parameters larger than P, [23]. For this reason
additional simultaneous scattering events are taken
into account. Atoms are randomly chosen in ring
cylinders of equal volumes defined by

Jn(P%,,—PY)=N"', n=1,2, ..

P,=Po|/n

maintaining the proper density in the ring cylinders
{n>1). The elastic energy loss and the changes in the
scattering angle due to the additional scattering pro-
cesses are taken into account. The number of ad-
ditional ring cylinders (n>1), which have to be
applied, has to be checked individually. Recoil atoms
created in the cylinder rings (n> 1) are not followed.
(This approximation is justified because it changes the
sputtering yield by less than a few percent for all cases
investigated). In an carlier version of TRIM.SP,
TRSPCRI1, which was used for most calculations
before this paper, only n=1 was used.

To reduce computer time the program calculates the
range of a recoil atom (Z, ~Z,) in the solid. An upper
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limit R of the recoil range is approximated by
R=(>3+0.1)3/Na? with the atomic density N, the
screening length g and the reduced energy «. ¢ is defined
bye=aM,E/Z,Z,e*(M,+ M,), where E is the energy,
Z and M the charge and the mass of the colliding
particles, respectively. The formula was derived by
comparison with experimental and calculated range
data.If a target atom is set in motion at a depth x larger
thanitsrange R, the target atom is not followed further.
This cutoff value R was used in all earlier calculations
with TRIM.SP. But it was found (see also [7]) that the
range ofthecascadecanbelarger byafactor of2thanthe
rangeoftheoriginallystarted targetatom, increasingthe
sputtering yield by as much as 50%. We have therefore
increased the cutoffrange Rbyatleastafactor f = 2inall
calculations for this paper. Computer time needed is
roughly proportional to f.

The TRIM program assumes the validity of the binary
encounter model, ie. the projectiles (incident ion or
recoil atoms) encounter target atoms sequentially, one
by one. This same assumption is also implicitly
inherent in all analytic theories which are based on
linearized Boltzmann equations. Even the simple defi-
nitions of nuclear energy loss and straggling rely on
this assumption. Nevertheless, in the community of
Monte-Carlo users, this assumption secms always to
be a matter of some concerns (see also [Ref. 3, Chap.
3]). Our confidence in the binary encounter model rests
mainly upon two arguments:

(i) At high energies, where the effective potentials are
rather soft (behaving, for example, like r~*--- ~%), all
significant collisions happen with impact parameters
which are small compared to the separations of the
target atoms.

(ii) Atlow energies, the potentials become so hard (e.g.
like a r~2~7 potential), that the close collisions
actually could be well described by hard-sphere-
collisions, occuring at the exactly calculated radius of
closest approach ry(E,P). Simultaneous collisions
with more distant atoms become important and
cannot be neglected. Here again, the ion trajectory
appears as a sequence of binary collisions separated by
very short distances.

1.3. Binding Energies

The surface binding energy Eg has a significant in-
fluence upon the total sputtering yields, and also upon
the energy and angular distributions of the low energy
sputtered atoms. As an input for Eg, we have generally
used the heat of sublimation Hg [24,25] which
amounts to about 4V for fcc metals such as Cu, Ni,
and Au and about 7¢V for bee metals such as Nb and
Mo (the most extreme values are 0.8¢V for Cs, and
8.7¢V for W) [26]. The surface binding energy acts in
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the form of a planar attractive potential upon the
atoms which attempt to leave the surface, and cause a
refraction or even a reflection back into the solid,
depending upon energy and angle of the moving atom.
As a different choice for the surface binding a scalar
potential [§] can also be applied.

The program provides for subtracting a binding en-
ergy Egy, whenever a new recoil is created. Since, for
each new recoil, a vacancy will be left behind, E; might
be set equal to the vacancy formation energy, EX,, i. e.
about 1 eV for fcc metals and about 3 eV for bee metals.
However, binding energies of this magnitude are of
little influence on the sputtering results, since Eg is
usually small compared to the transferred en-
ergy T at high energy bombardment. In addition, at
all energies most sputtered atoms originate in the
surface layer — not in the bulk — where the subtraction
of EY; is not applicable.

Another model [27] states that the bulk binding
energy Eg should be of the same magnitude as the
surface binding energy Eg for all atoms in the solid
deeper than the surface layer. Still another model used
in computer simulation [Ref 3, Chap.3] uses the
relation that the sum of bulk and surface binding energy
is equal to the heat of sublimation Hg. This relation is
used in MARLOWE, where a nonzero value,
Ex~02¢V, is applied only to account for realistic
lengths of collision sequences [28]. A close comparison
of MARLOWE results with results from classical
dynamical calculations determined the choice of Ep.
Thisisconsistent with E =0 eV forarandomized target
asusedin TRIM.SP— All three models can be applied in
TRIM.SP.

1.4. Potentials and Nuclear Stopping

In TRIM.SP the Moliére potential [29] or the Kr-C
potential [ 30] can be used. The Kr-C potential with the
Firsov screening length [31] describes the interaction
especially at low e-values more realistically than the
Moliére potential. The Kr-C potential was not only
found to be a good average of a large series of
individually calculated potentials [30] but it is also
supported by low energy precision experiments, e.g.
recent range measurements [32] or scattering experi-
ments [33] which can be well interpreted by using the
Kr-C potential [34].

At the much higher e-values of the incident light ions
considered here (mainly H*, D", He*), the differences
between Moliére and Kr-C potentials vanish; besides,
if H* and D* are considered to move as mere point
charges through the solid, not carrying electrons along,
they would probe only the electro-static potential
inside the target atoms which is sufficiently well
described by the Moliére function. For low energy
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heavy ions, e.g. Ar*, Kr ™, impinging on medium heavy
targets, however, the corresponding e-values are rather
small and the use of the proper potential becomes
essential. For example, at ¢=1072 nuclear stopping
power becomes about 30% lower for realistic poten-
tials than for the Moliére potential, and yields accord-
ingly lower sputtering yields (Sect. 2.1).

1.5. Inelastic Energy Losses

The electronic energy loss AE, can be chosen in the
TRIM.SP program from three options: 1) steady
slowing-down using either an E?, p~1/2, stopping
power (for ¢ <20), or using the well known interpola-
tion scheme between the above Lindhard-Scharff and
the Bethe-Bloch stopping powers [35-37] which is
valid up to relativistic energies. For the hydrogen and
helium isotopes H, D, T, *He, “He which are frequently
considered here as projectiles, the stopping power
parameters of [37] are used as input into this interpo-
lation scheme. For other, heavier ions, the Lindhard

and Scharff [3§] k]/E is used for the low energy part
(with an appropriate correction factor, if known from
experiments), and for the high energy part, the Bethe-
Bloch formula is applied with the Sternheimer mean
ionization energy, as given in [10].

In the second possible choice 2), an individual energy
loss, 4E (ry) [21], which depends on the interpenet-
ration of shells (r, being the distance of closest
approach in the collision), and which introduces an
electronic energy loss straggling of about the same
magnitude as predicted by Lindhard and Scharff [38],
is subtracted at each collision. The quantity AE(r,)
contains the same parameters k and p as used in the
steady slowing down.

The third possibility 3) consists of mixing the previ-
ous steady (nonlocal) and collision-dependent (local)
electronic stoppings, e.g. in a 50% —50% modus. It
should be noted that for low energies, good theoretical
understanding is still lacking, and experimental data
on electronic stopping are scarce and difficult to obtain
for low velocity projectiles.

1.6. Treatment of the Surface

The TRIM program has been developed for rando-
mized targets [ 10] thus avoiding the lengthy procedure
for determining the position of the next collision partner
which is necessary for a crystal structure. Instead,
subsequent collisions are assumed to happen after
travelling a given mean free flight path A with the target
atom in a random lateral position within a “disk” of
radius P, (Fig. 3). In order to account for the surface,
the targetatom position is checked as to whether itisin
the bulk, i.e. deeper than 2P, (there is no target atom
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Fig. 3. Surface treatment in the TRIM.SP program (“atomically
rough” surfaces): Target atoms (@) exist only at depths x>2 P, ..
If the target atom’s position is found at depth x<2 P, this
target atom will be disregarded (open circles denoted by “1” or
“27). In the figure a target atom is only found for n=3. Note that
after the first collision the trajectory is out of plane. Also target
atoms are located outside the plane. H is the height above the
target atoms, in which a nonlocal inelastic energy loss can be
applied

between x=0 and x=2P,,,). If that condition is not
fullfilled, 1.€. Xrarge; < 2P,y (Fig. 3), additional tries are
madeinringcylinders,asdescribedin Sect. 1.2. Ifthereis
againnotargetatomfoundatadepthx >2P, ., thenthe
projectile moves on straight ahead. The notation
“projectile” is used here for the ion or any recoil atom
moving in the solid. For the examples of this paper,
shown in Sect. 2, we have exclusively used this surface
model, which we consider to be more realistic than a
planar surface.

In the earlier TRIM.SP version, TRSPCR1, a different
surface treatment was applied. The region in which no
target atom can be found is P,,,, instead of 2P, .. If the
first attempt to find a target atom fails, only a second try
finding a target atom between P, ,, and 2P, is made.
This model underestimates the scattering at the surface
resulting in minor deviations in the angular [39] and
energy [40] distributions. This treatment was used in
[18-20, 39, 40].

Still another possible surface treatment of the
TRIM.SP program is indicated: The uppermost layer
of the target atoms (or of some adsorbed other atoms)
is assumed to form a perfect plane at x=P,_,, with
random locations in y and z. In this case of an
“atomically smooth” surface, a projectile which has
moved into the surface region (from the inside or
outside), will find its collision partner only in the
intersection of this atomic plane and the “target disk”.
This requires just one random number for the lateral
displacement of the target atom between —P,,, and
+P,... For applying the program, for example, to an
adsorbed surface layer, it is casy to assign specific
values Z,, M, to these surface atoms, different from the
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Fig. 4. The four possible sputtering events which are
distinguished in the TRIM output. From left to right: (1)
Secondary knock-ons (SKA) and (2) primary knock-on (PKA)
caused by the incident ion, and (3) SKA and (4) PKA from the
backscattered ion. All four contributions have their significance
depending on angle, energy and mass of the incident ion

target atoms in the bulk. This surface model has often
been applied in previous publications [11-17].

If a recoil has moved into a position x<0, it is
considered a candidate for sputtering. After reducing
its energy component normal to the surface by the
action of the planar surface potential which represents
the surface binding energy, it will either be reflected
back into the solid (and followed through further
collisions), or it will leave the surface with the reduced
energy and refracted emission angle as a sputtered
particle.

2. Results and Discussion

The TRIM.SP program was applied to a series of cases
which were selected for the purpose of illustrating the
typical features of sputtering. Most emphasis is laid,
however, on light ion sputtering, not only because of its
relevance to fusion devices, but also for its more
interesting variety of processes. While heavy ions of
multi-keV energics were found to sputter mainly
through collision cascades caused by the incident ion,
the light ions were seen to sputter via primary and
secondary knock-ons of the backscattered ions [41], as
well as of the incident ions, their relative contributions
changing drastically with energy and angle of in-
cidence. The importance of the various processes was
not intensively investigated previously [42], and the
low energy light ion sputtering was studied by an
appropriate analytical theory only in a few cases [9,
437,
In the present paper we performed studies using the
TRIM.SP program with the following output:

(i) total sputtering yields, subdivided into sputtering
by incident and reflected ions, primary and secondary
knock-ons (Fig. 4)
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(i) ion reflection (backscattering),

(iii) sputtered particle distributions in energy, in depth
of origin, »

(iv) two-dimensional distributions in polar and azi-
muthal angles, and angle-energy correlations.

The cases which will be presented in this paper, range
from lightions, H*,D*, He ™" to heavy ones, Ne*, Ar*,
Xe™, impinging on carbon, nickel, and molybdenum
within the energy range from 30eV to 200keV. The
results will be discussed with respect to other theories,
and will be compared with experimental data. We will
also comment on the influence of different potentials,
inelastic energy loss models and binding energies on
the sputtering yield, and find out about the relative
importance of the different processes of sputtering
(Fig.4). Finally, some special features in the angular
and energy distributions of sputtered particles will be
predicted.

2.1. The Choice of Input Parameters

As an example we will discuss the sputtering yield of Ni
by Ne bombardment.

The influence of the chosen interaction potential (ion-
atom and atom-atom potentials) on the sputtering
yield Yis shown in Fig. 5a. The Moliére potential (with
Firsov screening length) gives sputtering yields which
arc about 30% higher than values calculated with the
Kr-C potential (with Firsov screening length). Yields
calculated with the Moliére potential but with a
reduced screening length [28] (80% of Firsov screen-
ing length) are very close to those calculated using the
Kr-C potential. The Kr-C potential is applied for all
following results in this paper.

The two inelastic energy loss models, the nonlocal LS
model and the local OR formula, give sputtering
yields which are about 15% different as long as no
inelastic nonlocal energy loss outside the target atoms
(in the region x < 2P, ,,) is taken into account (Fig. Sb).
An additional nonlocal inelastic energy loss in the
region x<2P,, for a distance H=d/2 (d: lattice
distance) due to the electron selvage at the surface
decreases the sputtering yield about 25% and will
change somewhat the angular distribution for grazing
exit angles. It is easily demonstrated analyticaily that
this additional inelastic nonlocal energy loss outside
the target acts as an increase in the actual surface
binding energy [44]. The nonlocal inelastic energy loss
[38] was derived only for the bulk. Therefore we
applied nonlocal inelastic energy loss only inside the
target (x>2P,.,, H=0), whereas a local inelastic
energy loss is taken into account whenever a collision
occurs. For all the following data we used a 50% to
50% modus of local and nonlocal losses for the heavy
particles and the data of [37] for the inelastic losses of
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Fig. 5a—c. Sputtering yield Y versus the incident energy E, for the
bombardment of Ni with Ne at normal incidence, x=0°: (a)
Dependence of the yield on the interaction potential: 0 Moliére
potential (Firsov screening length, ar). m Molicre potential (80%
of Firsov screening length). ® Ki—C potential (Firsov screening
length). (b) Dependence of the yield on the inelastic energy loss: (I)
No nonlocal loss for x<2P,,, (H=0). v Local loss (Oen-
Robinson formula). ¥ Nonlocal loss (Lindhard-Scharff model).
(II) Nonlocal loss outside the target for a x>d/2 (H=1.76 A),
where d is the Ni lattice constant. (¢) Dependence of the yield on
the binding energies: ® Bulk binding energy, Ez=0¢V. € Bulk
binding energy Eg equal to the surface binding energy Eg for
layers deeper than the surface layer. 0 Experimental data. a
Eg=0, use of inner cylinder only (n=1, Sect. 2.2). + Ez=0,
calculated data with the earlier TRIM.SP version, TRSPCRI.
Lines drawn to guide the eye

Egp.BULK BINDING ENERGY (eV)

Fig. 6. Sputtering yield Y versus the bulk binding energy Ep for
1 keV Ne bombardment of Ni at normal incidence. The surface
binding energy Eg is also varied according to the formula Eg+ Eg
=Hg=4.46 eV, where Hy is the heat of sublimation. The error
bars give a statistical error of 1o (66% confidence)

H and He. In the earlier TRIM.SP version TRSPCR1
an inelastic energy loss in the surface region
(0<x£P,,,) was always taken into account.

The dependence of the sputtering yield on different
binding energies is shown in Fig.5c. The model
applying a bulk binding energy Eg=F for recoil
atoms generated at deeper layers (x > 2P, + 4) results
in sputtering yields about 25% lower than the model
taking Ep=0¢eV. The latter model is a special case of
the model, where Ez+ Eg=Hg (Hg; heat of subli-
mation). Changing Eg and Eq according to this relation
does not alter the sputtering yield as demonstrated in
Fig. 6. Experimental results do not give a limit for a
preference of any of the different models, see Fig. 5Sc.
We decided to use the model with Ez=0¢eV for the
calculations of the following results. The reasons for
that decision are:

1) Comparisons of results calculated with the Monte
Carlo program MARLOWE with results from dynam-
ical calculations give no hint for a bulk binding energy
([44] and [Ref. 3, Chap. 37) (except for linear collision
sequences [28]),

2) it is not known, what the actual value for Egz in a
randomised target and for different materials should
be,

3) the use of a bulk binding energy, E;z+0¢eV, does
not change the sputtering yield, if Ep+ Eg= Hy is full-
filled,
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4) the results in Fig. 5¢ show only a difference of about
25% in the yield and nearly no change in the energy
and angular distributions (shown later in the paper),

5) from the results in Fig. 5 one cannot expect that the
absolute accuracy is better than about 30% which
include the results of all models.

In Fig. 5c it is also demonstrated that, taking no
additional ring cylinders (only n=1) into account, the
yield data coincide with the data gained with the older
TRIM.SP version, TRSPCR1, which are about 30%
higher than the new data. For the light ions this
difference between old and new yield results is smaller,
Jess than 5% for H bombardment of Ni.

2.2. Contribution of Various Mechanisms

The first investigation is concerned with total sputter-
ing yields as a function of energy, and the analysis of
mechanisms in terms of primary or secondary

knock-on atoms, caused by incident or backscattered
ions, as indicated in Fig. 4. In [42, 15] 8 instead of 4
different mechanisms have been mentioned. However,
we find it difficult to distinguish between atoms
sputtered from the surface or the bulk when assuming
an amorphous solid, particularly since every ejected
atom will undergo additional collisions upon leaving
the material.

As target material, nickel is considered with a surface
binding energy (=heat of sublimation) of 4.46¢eV, and
the bulk binding energy assumed to be zero. The first
results are shown for light ions, H™, “He* at normal
incidence. The upper parts (a) of Figs. 7 and 8 show the
total sputtering yields and, for comparison, the particle
reflection. This should be compared to the lower parts
(b), where the sputtering yield is split up into the four
mentioned processes. As well known [45], for all light
ions 'H...*He at energies below 100 ¢V, the reflection
rises to above 40% and the sputtering is mainly due to
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Fig.8aand b. *He bombardment of Niat normal incidence, o« =0°.
Description the same as for Fig.7

primary knock-on atoms (PKA) created by reflected
ions. This is a special case which has been discussed by
Behrisch et al. [42], and has been treated by Littmark
and Fedder in an analytical theory [9].

At slightly higher energies, between 0.2 and SkeV for
the considered light ions, secondary knock-on atoms
(SKA) of both reflected and incident ions are seen to
contribute significantly, and above 5keV the SKA’s of
the incident ions alone become dominant. This is the
energy regime, where the collision cascade theory [§]
should be applicable, if a surface correction is not
important.

For heavier incident ions, Ne*, Ar™, Xe™, the contri-
butions of PKA’s and SKA’s of reflected ions naturally
diminish, and the SKA’s of the incident ions dominate
the sputtering, as illustrated in Figs. 9-12. For Xe* on
nickel similar features are observed in Fig. 12a and b,
except that due to the heavier ion mass no backscatter-
ing of Xe occurs from Ni. This leaves only the

R,. PARTICLE REFLECTION COEFFICIENT
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contribution of SKA’s (~90%) and PKA’s (210%)
from the incident ions over the entire energy range
from 70eV to 100keV. The break-up into relative
fractions of the individual contributions (in part b of
the figures) is not very sensitive to the choice of the
potential.

In Fig. 9c the relative fractions of sputtered energy
carried with the sputtered particles due to the four
processes are shown. The contribution of PKA to the
sputtered energy is larger than 35% over the whole
energy range investigated. A comparison with Fig. 9b
tells that the mean energy of PKA is larger than the
mean energy of SKA. This is demonstrated in Fig. 10.
The PKA created by an ion out have the highest mean
energy (they are the elephants between the mice [27]).
The mean energy of all sputtered particles show a weak
dependence on the incident energy.

With the presently studied heavy ions, e.g. Ar™, at
1...100keV incident energy, we are in the domain of
applicability of the Sigmund theory [8]. For the
potentials used in the TRIM program, the correspond-
ing nuclear stopping powers S,(E), are also precisely
known [30]. It is therefore possible to compare a
rigorous treatment of collision cascades with the
analytical treatment in transport theory approxima-
tions (e.g. in the differential cross-sections, neglect of
etc.) and simplifying assumptions (neglect of the free
surface in ion motion etc.). In the comparison we have
applied Sigmund’s formalism [8], with a damage
energy at the surface Fp(E,x=0)=0-S,(E). We use
=03 and S,(E) as given analytically in [30] for
Moliére and Kr-C potentials. The results are depicted
as thin solid lines in Fig. 11a. Some deviations occur,
particularly at the low and high energy ends of the
curves. One has to say that the analytical formula of
Sigmund[8]isnotapplicableforenergies below 500 V.
On the high energy end of the curve the analytical curve
overshoots the TRIM results, connected with a shift of
the maximum towards higher energies.

Figures 13-15 show the yield and the contributions of
the four processes versus the angle of incidence, in
respect to the surface normal. For the light particles the
PKA’s (ion in) become important at grazing incidence
as one would expect. Also the number of SKA’s (ion in)
is increased with increasing angle of incidence until the
maximum yield is reached, but beyond this point their
contribution decreases again. The contribution of the
PKA’s (in out) is decreasing with angle of incidence.
For the heavier ions the SKA’s (ion in) always remain
the most important part despite their decrease with
increasing angle of incidence.

Summarizing the results of this section, we may state
the following: For light ions 3 processes (SKA of
incident ions, SK A and PK A of reflected ions) each do-
minate in their respective energy range and contribute
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in the keV-range in about equal parts to sputtering.
For heavyions of energies above 2 keV the SKA’s of the
incident ions dominate the sputtering effect, and hence
the model of collision cascades should apply well.
Littmark’s and Fedder’s model [9] should be appli-
cable for light ions below 0.2keV according to the
present findings.

2.3. Dependence of the Sputtering Yield on the Surface
Binding Energy

In the transport theory [8] the sputtering yield is
inversely proportional to the surface binding energy
E.. This is checked for Ne bombardment of Ni at

o
w

o °© «© L
- I w ~

o

J. P. Biersack and W. Eckstein
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Fig. 9a—c. Ne bombardment of Ni at normal incidence,
a=0°. (a) Sputtering yield Y and particle reflection
coefficient Ry versus the incident energy E,. (b) Relative
contributions of primary knock-on atoms, PKA (ion in and
ion out), and secondary knock-on atoms (ion in and ion
out), to the total sputtering yield Y versus the incident
energy E,. (c) Relative contributions of the energy carried
by PKA’s (ion in and ion out) and SKA'’s (ion in and ion
out) to the total sputtered energy versus the incident energy
E,. Lines drawn to guide the eye

normal incidence in Fig. 16. Three incident energies are
chosen: one near the threshold, one left of the
maximum and another at an energy above the max-
imum yield. Atlow energies the dependence of the yield
on the surface binding energy is much stronger
whereas at the highest energies investigated the de-
pendence is  weaker than the  inverse
proportionality.

2.4. Sputtering Yield as a Function of Ion Energy

In Fig. 17 the sputtering yield versus the incident
energy E, is given for H, D, He, Ne, Ar, and Xe
bombardment of Ni. An energy range of nearly four
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Fig. 10. Ne bombardment of Ni at normal incidence, « =0. Mean
energy of PKA’s (ion in and ion out), SKA’s (ion in and ion out)
and of all sputtered particles versus the incident energy E,. Lines
drawn to guide the eye

orders of magnitude (30eV to 200keV) was covered.
For comparison experimental data for the light ions
[25,46,47] and heavy ions [Ref. 3, Chap. 4, 24, 25, 46,
48-53]areincluded in the figure. The overall agreement
between our prediction and the experimental data is
excellent if one remembers that no adjustment has been
made. The surface binding energy, E¢=4.46 eV, for Ni
was taken from a table [26]. Another comparison with
experimental data for Mo bombarded with H, D, and
“He is shown in [20].

2.5. Sputtering Yield as a Function
of the Angle of Incidence

The dependence of the sputtering yield on the angle of
incidence is shown in Fig,. 18 for H on Ni. It can be seen
that at low energies there exists only a weak maximum
of the sputtering yield vs. angle. It develops above
200¢V incident energy and shifts to larger angles of
incidence with increasing energy. The ratio of the
maximum value to the yield at normal incidence
increases with incident energy. The agreement with
experimental data is reasonably good. It seems that at
angles « < 50° the calculated values are somewhat too
low, but the reproducibility of experimental values is
sometimes not better than 50%. There is always the
question of the influence of surface roughness. Other
comparisons of TRIM results with experimental data
for Fe, Ni, Mo, Au bombarded with H, D, T, “He are
given in [16, 17, 201.
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Fig. 11a and b. Ar bombardment of Ni at normal incidence, & = 0°.
(a) Sputtering yield Y and particle reflection coefficient Ry versus
incident energy E,. In addition, the sputtering yield is shown as
calculated from Sigmund’s theory, using Fp(x=0)=a-S,(E,) for
both the Moliére and the Kr—C potential. (b) Relative
contributions of primary knock-ons, PK A (ion in and ion out), and
secondary knock-ons, SKA (ion in and ion out) to the total
sputtering yield Y versus incident energy E,. Lines drawn to guide
the eye

2.6. Angular Distributions of Sputtered Particles

For normal incidence the angular distributions are
usually expected to be not far from cosine [Ref. 3,
Chap. 2,13,15]. Thisischecked for Ne-bombardment of
Ni at several incident energies and at a fixed energy for
several different incident projectiles.

Figure 19 shows the angular distributions of sputtered
particles in a graph for easy comparison with a cosine

R PARTICLE REFLECTION COEFFICIENT



84
€ ,REDUCED ENERGY
10-¢ 10-3 102 10!
8 AP ettt
L Xe —» Ni i
a=0° ././u
91 ST ././ n
w
g %
5| o i
o
z o
= N
4
2 /./ 4
A .
> 2h e -
- a o/ 9
o
-
0 L1 igid .’, Lt Lo o1yl N N
10 102 10° 104 10°

Eq.INCIDENT ENERGY (eV)

10 LN S A~
~Om0——0 o_o_o_o_o.o_o—o-o—o—ozz%g

09

Xe —»=Ni
08 a = 0° N
0.7f 4
08+ N
o5} e IONin, PKA -
o IONin, SKA
0.4 A [ION out, SKA 4

03 —l
o.zk 4

RATIO OF PKA AND SKA TO ALL SPUTT. PART

o b _
.,._o—"_‘—_':"""—.-‘-‘—0—0-—0—0——1-

0 1 1 L.l lgét A n A Nalamd L1 1111
10 102 10° 10¢ 10°

E,.INCIDENT ENERGY (eV)

Fig. 12a and b. Xe bombardment of Ni at normal incidence,
a=0°. (a) Sputtering yield Y versus the incident energy E,. (b)
Relative contributions of primary knock-ons, PKA (ion in and
ion out), and secondary knock-ons, SK A (ion in and ion out) to
the total sputtering yield Y versus incident energy E,. Lines
drawn to guide the eye

distribution (straight line). At low projectile energy the
distribution is undercosine (less sputtered particlesin a
direction normal to the target surface), at incident
energies around 200-300¢V it is about cosine, and the
distribution is overcosine for higher energies with no
change in the distributions between 5 and 100keV.
This applied for Ne bombardment of Ni. For several
incident projectiles the angular distributions at 1keV
are similar and somewhat overcosine. The figure also
shows that for a bulk binding energy Ep=Eg the
angular distribution is the same as for Egz=0¢V.
Newer experimental results [54, 55] seem to confirme
the trend in TRIM.SP results exhibiting a slight
overcosine distribution for not too low energies.
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Fig. 13a and b. H bombardment of Ni at an incident energy
Eo=1keV: (a) Sputtering yield Y and particle reflection
coefficient Ry versus the angle of incidence o. (b) Relative
contributions of primary knock-ons, PKA (ion in and ion out),
and secondary knock-ons, SK A (ion in and ion out), to the total
sputtering yield Y versus the angle of incidence «. Lines drawn to
guide the eye )

For non-normal incidence the azimuthal symmetry,
which is valid for normal incidence (and an amorphous
target), is gone. This fact is clearly demonstrated in
Fig. 20, where the azimuthal distribution (integrated
over the polar angle) of the sputtered particles is shown
for Ni bombarded with 1keVH at an angle of
incidence oo = 80°. The highest intensity does not change
from the forward direction (¢ =0) to about ¢ = +30°,
giving thedistribution abutterfly-like shape. The PK A’s
make an appreciable contribution.

Because of the azimuthal asymmetry it is not reason-
able to show total polar angle distributions (integrated
over the azimuthal angle) of sputtered particles. The
polar angle distribution has been investigated ex-
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Fig. 14a and b. Ne bombardment of Ni at an incident energy
E,=1keV: Description the same as for Fig.13

perimentally for the incident plane (¢=0) [15].
Figure 21 gives calculated polar angle distributions in
the incident plane, where the intensity has been
integrated over an azimuthal angle between 0° and 15°.
The dependence on the angle of incidence at a fixed
incident energy, as shown in Fig.21a, demonstrates
that the maximum of the distribution is moving from
about f=40°at a=85°to f = 55°at o= 75° and for an
even larger incident angle «= 70° the distribution is
much broader with a less pronounced maximum at
B =33° The dependence on the incident energy at a
fixed incident angle, shown in Fig. 21b, is even stronger
than for the incident angle, The maximum of the
distribution at 0.40keV is at = 62° moving to some-
what less than f=30° at energies above 4keV. For
higher energies the dependence is much weaker.
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Fig. 15a and b. Xe bombardment of Ni at an incident energy
E,=1keV: Description the same as for Fig. 13

Figure 21c gives an example how these angular distri-
butions change for different ion target combinations
for the same incident energy and angle. A comparison
with experimental distributions is not performed,
because the angular resolution in the experiments was
not sufficient. Nevertheless the experimental data
show some similarity with those shown in Fig. 21.
Distributions calculated with an analytical theory [56]
are usually broader than the distributions determined
by TRIM [15].

A complete angular distribution of sputtered particles
is shown in Fig. 22a for Ni bombarded with 4 keV D at
o= 380°. The form chosen here is a contour plot, where
lines of equal intensity in a fixed solid angle are plotted
versus the polar and azimuthal angle. The intensity
step between adjacent contour lines is given by ¢ in
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arbitrary units. For normal incidence a cosine distri-
bution would give lines parallel to the azimuthal axis
with a maximum intensity for a polar angle §=45°.
But for the example picked in Fig.22a a ridge of high
intensity starting at (=0, f~24°) extends up to
(¢ =70°, p=90°). The existence of such a ridge has been
verified experimentally [39]. This experimental distri-
bution, shown in Fig. 22b, clearly shows the ridge at the
same angular positions but it is not as well defined as in
the calculated distribution because of the limited
experimental angular resolution.

The existence of the ridge is a consequence of the large
contribution of PKA to the sputtering yield. This is
demonstrated in Fig.22c and d. Figure 22¢ shows the
complete angular distribution created only by PKA,
whereas Fig.22d gives the distribution for the SKA
only. The SKA are nearly homogeneously distributed
and show no indication of a ridge. This ridge is only
created by PKA, The sum of both distributions in
Fig.22c and d gives the distribution in 22a.

Polar angle distributions as shown in Fig. 21 are a cut
through the contour plot in Fig.22a at ¢ =0. The
maximum in the distributions in Fig.21 give the
starting point of the ridge. As long as a pronounced
maximum in Fig 21 exists there will be always a
pronounced ridge in the contour plot of the complete
angular distribution. As the starting point of the ridge
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Fig. 21. (a) Angular distributions in the
incident plane of the sputtered particles
(azimuthal angular range 0° < ¢ < 15°) for
1keV H bombardment of Ni at several
angles of incidence. The distributions are
normalized to give the same maximum
value. (b) Angular distributions of sputtered
particles in the incident plane (azimuthal
angular range 0°< @< 15°) for H
bombardment of Ni at an angle of incidence,
2==80°, and for several incident energies E,.
The distributions are normalized to give the
same maximum value. (¢) Angular
distributions of sputtered particles in the
incident plane (azimuthal angular range
0° < @< 15°) for three ion-target
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Fig. 23a and b. Contour plots (lines of equal intensity:
sputtered atoms per solid angle) of the angular
distribution of sputtered particles for 350eV D
bombardment of C at an incident angle, o« =80°. (a)
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scalar potential (without refraction), surface binding
energy, Es=74¢V

(at ¢=0) moves up to larger polar angles f with
increasing incident energy or decreasing incident
angle, the ridge becomes less pronounced and more
compressed in the azimuthal angle ¢. If the distri-
bution in the incident plane becomes broader as for
example the distribution for a= 70° in Fig.21a, the
ridge in the correspondent contour plot disappears.
For heavier ions, as for example Ni bombarded with
1keV Ar at = 60°, the ridge is only weakly developed.
More examples are shown in [57]. The formation and
the position of the ridge can be understood by
sputtering due to binary collisions [58, 57]. The possi-
bility of sputtering by binary collisions at glancing
angle conditions was first pointed out by Henschke
[591.

In Fig. 23a and b a comparison is made of the complete
angular distributions caiculated with a planar poten-
tial and with a scalar potential (without refraction). The
example chosen is C bombarded with 350eV D at
o= 80°. Both distributions look somewhat similar but
there are differences: The ridge starts at nearly f=40°
for the planar potential whereas the starting point of
the ridge for the scalar potential is at about §=25°. An
experiment should easily distinguish between both
surface potential models. Other differences are that the
ridge is more compressed in ¢ for the planar potential
and that there is less intensity for large polar angles in
the case of the scalar potential. The density of the



Sputtering Studies with the Monte Carlo Program TRIM.SP

91

035keVy D—C, a =80° 0°<¢ <15° c=40
T T
/‘/—> )
w [
|
g 72 <B<75 ‘
<
ot >=
< @ -
o) &
£ g
o [ S .
o] 40 80 120 160
1 ENERGY (eV)
0 40 80 120 160 200 Fig. 25a

ENERGY OF SPUTTERED PARTICLES [eV]

0.35keV D—C, a =80°

30° <y <45° c=40

90. T T T T T T . T T T T T T T T T T T
w
—J
[©)
e 4
<
@
< 4
_J
o
o
- A
: . . . - D S - Fig. 25b
0 40 80 120 160 200
ENERGY OF SPUTTERED PARTICLES [eV]
0.35keV D—C, a =80°% 60°<¢@<75% c=40
T y T T T T L T T T T
w Fig. 25a—c. Contour plot (lines of equal intensity:
% 4 sputtered atoms per solid angle) of the energy-
< polar angle distribution of sputtered particles in
24 | three azimuthal angular regions, 4¢, for 350 eV
< bombardment of C with D at an angle of
g incidence, @ =80°. (a) 0 < ¢ < 15°, the insert gives
= . the energy distribution in the polar angular
region 72°< f<75°. (b) 30° < 9 <45°. (¢)
1 L L 1 L 1 . i S| 60° é o< 75°
80 120 160 200

ENERGY OF SPUTTERED PARTICLES [eV]

contour lines also shows that the sputtering yield for
the scalar potential is higher than for the planar
potential [8]. Both calculations were performed with
the same number of incident particles.

2.7. Energy Distributions of Sputtered Particles

Energy distributions of Ni atoms sputtered by Ne at
three incident energies are shown in Fig. 24. All three
energy distributions exhibit a maximum at about haif

the surface binding energy in agreement with an earlier
prediction by Thompson [60]. For the highest incident
energy the distribution decreases proportional to E™"
with n~5/3 over three orders of magnitude in the
energy of the sputtered particles. This value of n is
somewhat smaller than the value n=2 in [60]. Com-
paring the analytical formula in [Ref. 3, Chap. 2] and
[8] with the calculated distribution in Fig. 24 gives a
value m=1/6 for the exponent in the power potentials
usedin[Ref. 3,Chap. 2]and [8] and shifts themaximum
of the distribution to 0.6 Eq. The value m=1/6 also
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implies a sputtering yield Y proportional to Eg %/ in the

analytical theory which is in good agreement with the
dependence for the high incident energy bombardment
in Fig. 16. At intermediate incident energies the slope is
about the same until the distributions come close to the
maximum transferrable energyinabinary collision. For
incidentenergiesnear the threshold the distributionsfall
off much steeper due to the low cut-off energy. — Energy
distributions of sputtered particles calculated earlier
with TRIM.SP have already compared to theoretical
and experimental distributionsin[13, 15].—Itshould be
mentioned here that the above discussed total energy
distributions need not coincide with energy
distributions at a specific polar angle f.

For non-normal incidence the energy spectra of sput-
tered particles depend on the polar angle  as well as on
the azimuthal angle ¢. One example is shown in Fig. 25
for C bombarded with 0.35keVD at a=80°. Here
again a contour plot shows lines of equal intensity in a
fixed solid angle versus the polar angle f and the
energy of the sputtered particles for three azimuthal
intervals. Energy distributions at a specific polar angle
B are horizontal cuts parallel to the energy axes. In the
forward direction (0° < ¢ <15°) energy distributions

for polar angles, i >40° show a second maximum at
higher energies as indicated by the insert in Fig.25a.
The maximum at low energies (in the eV range) is more
pronounced at small polar angles f§ than at large f. In
the azimuthal angular range 30° < ¢ <45° the second
maximum in the energy distribution is nearly gone as
seen in Fig. 25b. A further increase in the azimuthal
angle reduces the intensity and gives the typical energy
distributions with a maximum at some eV for all polar
angles f (Fig. 25¢). First experimental evidence for a
high energy peak in the energy distribution of sput-
tered particles is found in [61] and more clearly
recently in [63]. This high energy peak for grazing
incidence can easily be understood partly by sputtering
in binary collisions [57,63]. In the total energy
distribution as summed over the half space, no second
maximum can be detected.

Results calculated with a scalar potential for the same
example as in Fig.25 show no maximum in the eV
range but otherwise a similar contour plot as in Fig. 25
with the main difference that all contour lines are
shifted to smaller polar angles 8. Many calculated
results mentioned here are shown in a more exhaustive
compilation [57].
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2.8. Escape Depth of Sputtered Particles

The depth of origin of the sputtered particles is usually
very small [8]. Most sputtered particles are kicked out
of the target from the first two layers, nearly independ-
ent of energy or angle of incidence (Fig. 26) where the
examples chosen were Ni bombarded with H, “He, and
Xe. Larger depths can contribute depending on the
energy and kind of the incident particle. The particles
from larger depths are always an insignificant fraction
of all sputtered particles. This means that the depth of
origin of sputtered particles is nearly independent on
the incident energy, in agreement with earlier results
[8,62].

3. Summary and Concluding Remarks

This paper has shown that the Monte Carlo program
TRIM.SP is well suited to reproduce experimental
sputtering data, not only total yields, but also, more
detailed information on angular and energy
distributions of sputtered particles. Furthermore, the
relative contributions of the different processes (PKA,
SK A fromin-or outward movingion)tosputteringhave
been determined. This provides guidance for
determining which one of the analytical theories is
applicable. Some discrepancies with standard cascade
theories were observed. The use of different inter-atomic
potentials wasfound toinfluence the sputtering yieldsin
the expected way. The choice of the inelastic energy loss
model way also shown to affect the total sputtering. The
effect of the surface binding energy on the sputtering
yield hasbeeninvestigated with theresult that the yieldis
notexactlyinversely proportional to thesurface binding
energy. Finally, predictions have been made of the
energy and angular distributions for non-normal
incidence oflightions, which could,in part, be verified by
experimental findings [39, 40].

The interesting features of the sputtering of two
component targets will be dealt with in a separate,
forthcoming paper.
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