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Abstract

A new approach to study the influence of target surface roughness on sputtering is applied for two differently
prepared beryllium surfaces. The topography of the Be surfaces are monitored with a scanning tunnelling microscope
(STM). Mathematical methods are used to determine a distribution of local angles of incidence for a given nominal
angle of incidence; this distribution is taken as input for the Monte Carlo program TRIM.SP for the calculation of the
sputter yield of rough surfaces. Additionally, the redeposited fraction of emitted atoms on the rough surface is taken
into account. The calculated results are compared with the calculation for an atomically smooth surface and experi-
mental sputter yields. Results are given for deuterium and helium, and selfbombardment at 0.3 and 3 keV and several

angles of incidence for rough Be surfaces. © 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

Be is a candidate for a plasma facing material in
ITER [1.,2]. Therefore, it is important to know its be-
haviour under hydrogen or deuterium ion bombard-
ment, in particular, its erosion behaviour [3-5]. The
physical sputter yield depends on the target material, the
projectile species and their energy and incidence angle.
For the angular dependence of the sputter yield an em-
pirical formula is given by Yamamura et al. [6]:

Y(Eg o) eVl—mmslcos aop) 1
Y(Ep,0) cos’ o ’ (1)

where Y (Ey, o) is the yield at ion energy £, and nominal
angle of incidence «. The quantities f* and o, are pa-
rameters to fit the data; op is the nominal incidence
angle at maximum yield. Generally, the yield increases
from perpendicular incidence to a maximum at o = 55°
to 85°, and then decreases due to the strong reflection at
grazing incidence.
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This is the situation for atomically smooth surfaces
for which the TRIM.SP Monte-Carlo program [7,8] is
widely used and produces good results [9]. Measured
sputter yields for rough surfaces differ as much as a
factor of five from measured yields for well polished
surfaces near the maximum [10-12]. The general obser-
vation is that for rough surfaces compared to smooth
surfaces the yield is larger at perpendicular incidence
and smaller in the region of the maximum.

An approach favoured by Ruzic et al. [13-16] used
results of adsorption measurements [17-19] which
showed that the roughness of some surfaces can be de-
scribed by a fractal dimension. This model is in good
agreement with reflection experiments [20] but disagrees
with the sputtering data. One disadvantage is that not all
rough surfaces may be described by a fractal structure.
To overcome this restriction we have proposed a dif-
ferent approach [21].

In the first step the surface topography is measured
with an STM. With this method one gets the height in-
formation at points in equal distances [22-25]. The sec-
ond step is to construct the surface with these pixel files.
Then the surfaces have to be analysed for the distribu-
tion of the local angles of ion incidence and for the
fraction of emitted atoms, which is redeposited on the
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rough surface. This distribution of local incidence angles
replaces the fixed nominal angle of incidence as input for
the Monte-Carlo program TRIM.SP which is then ap-
plied to calculate the yield for a rough surface. The re-
deposition fraction is a global factor for each surface.

2. Sputtering experiment

In this sputtering experiment the irradiations were
performed with a Harwell-type isotope separator [26].
Beryllium fluoride was used as charge material in the ion
source. The sputtering yield was determined by the
weight change method. The loss or gain of target ma-
terial due to the ion irradiation was measured by an
ultramicrobalance (Sartorius S4). Its accuracy is 1 pg.
To adjust ion incidence angle and energy an ion optical
decelaration system [27] was used to retard the high-
energy ion beam from the isotope separator in front of
the sputtering sample. The Be* fluence was determined
by current integration with an accuracy of 1%. Actually
the sputtering yield Y, by this method is the sum of the
sputtering yield and the particle reflection coefficient Ry
[28]:

AmNO
= @

where Am is the target mass change, N is the number of
projectiles, M, the atomic mass of the target atoms, N is
Avogadro’s number. Additionally, previously published
data for D and He sputtering [3,4] are analysed using the
roughness model.

Yo=Y+Ry=1-

3. Topographic measurements

To analyse the surface topography by the distribu-
tion of local angles of incidence and the redeposition
fraction one needs a representative area of the surface
with maximum resolution [29,21]. The representative
part of a surface is defined here as the smallest area in
which the distribution of local angles of incidence does
not depend on the position of investigation.

For analysing the measurement the pixel files are used
to construct the surface with elementary triangular
planes. The size of these triangles depends on the distance
of the points at which the height of the surface is mea-
sured. The triangles should be big enough to neglect edge
effects. As a criterion we define that more than 99% of
target atoms sputtered by incidence ions on the triangle
should leave the target from the same triangle [29,21].
This is the condition for the minimum size for the ele-
mentary triangle of the constructed surface. Smaller tri-
angles do not allow to calculate redeposition because a
significant number of the sputtered atoms cannot be al-
located to the triangle hit by the incident ions.

It is important to select the point distance of the
height measurement due to the resolution of the STM
measurement, because the most important surface
structures which dominate the distribution of local an-
gles of ion incidence are the small ones. This can be
shown by analysing the surface measurements with the
methods of wavelet transforms and height correlation
function [29,21].

Once the size of the representative area of the surface
and the reasonable resolution are known, the surface
topography of Be can be measured by the STM method.
We used a commercial device (Rasterscope/3000, Danish
Micro Engineering A/S) and measured the surfaces in air
for a fast and easy sample change.

In Figs. 1 and 2 the surfaces of two different Be
samples are shown. Fig. 1(a) depicts a highly polished
Be surface before sputtering. The representative target
surface with a size of 7.9 x 7.9 um? is very smooth and
the maximum difference of altitude amounts to 0.5 pm.
After sputtering the surface with 3.0 keV Be ions the
surface roughened and reached a dynamic equilibrium
of sputtering which means same yields in equal time
steps at a constant ion flux. The surface which can be
seen in Fig. 1(b) has the same size as before but the
maximum difference of altitudes now amounts to 1.2
pm.

4. Model

Surface roughness influences the sputtering yield by
two effects, the angular distribution of local ion inci-
dence and the redeposition fraction. These two effects
will be described. A detailed description and analysis of
the measured pixel files is given in Refs. [29,21].

On a rough surface incident ions do not have the
same angle of incidence at any location. Taking a mea-
sured surface and construct it by elementary triangles
from the pixel file one can calculate all local angles of
incidence ¢;; between the normal vectors of the triangles
and the ion beam. These local angles of incidence de-
pend on the nominal angle of incidence, o, of the ion
beam. Filling them into a histogram and normalising it
one gets the distribution of local angles of incidence
play (%), ) = p(@).

For higher incidence angles the yield increases.
Replacing the fixed nominal angle, o, by the distri-
bution p(a) in the simulation code TRIM.SP must
give a higher yield at = 0° for rough surfaces. The
yield should be the higher the rougher the surface is,
because the normalized distribution will broaden. At
high nominal angles the distribution, p(e), contains
contributions from smaller local angles of ion inci-
dence. As a result the maximum yield for a rough
surface should be smaller than the one for a smooth
surface.
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Fig. 1. The topography of polished Be has been measured with
an STM in air. The surface has been monitored before sput-
tering (a) and after sputtering to the dynamic sputtering equi-
librium (b). Ion bombardment roughened the Be surface to a
very coarse topography. The picture size amounts to
7.9 x 7.9 um? and the maximum height difference amounts to
0.5 pm for the polished Be surface (a) and 1.2 um for the
roughened Be surface (b).

Until this point the redeposition of sputtered target
atoms as the second effect is not yet taken into account.
It is assumed that the sputtered atoms leave the ele-
mentary triangles in form of a spherical cosine distri-
bution. The trajectory of the sputtered target atoms is
followed until they finally leave the surface or they hit it
again. At the location where the atoms hit the target
surface again they are assumed to be deposited with no
further processes such as collisions, secondary sputter-
ing, reflection or transmission. The number of sputtered
target atoms per incident ion depends to the local angle
of incidence. The triangles constructing the surface are
assumed to be smooth on an atomic scale, and the local
yield is calculated with the Yamamura formula, Eq. (1).
It is assumed that all sputtered atoms leave the surface at
the centre of the triangles. Geometric conditions of the
surface lead to a cut-off of segments of the cosine sphere
as shown in Fig. 3. The volume of this part of the sphere
which is shadowed by the geometry divided by the whole
sphere is the redeposition fraction Rj;(0;(x),) for the
elementary triangle. The sum over all elementary trian-
gles normalized with the size of the measured surface F
gives the redeposition fraction for the surface:

AZ o =1.51m

1
f i

5um

Fig. 2. The picture shows a rough Be surface. It is not polished
and does not change its typical structure under ion bombard-
ment. The size amounts to 7.9 x 7.9 um? with a maximum
height difference of 1.5 pm. This Be target is manufactured in a
different way to the target in Fig. 1.
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Cosine distribution of
sputtered atoms -

Fig. 3. Target atoms sputtered by an incident ion are leaving
the surface at a point P cosine distributed. The size of the cosine
sphere depends on ¢. Some of the sputtered atoms are rede-
posited on the surface. The line between P and the edge cuts off
a segment from the cosine sphere. The volume of these segment
divided by the volume of the sphere gives the redeposition
fraction R(o).

ZR oo 3)

This effect reduces the yield generally and will be more
important the rougher the surface is. R(«) is a number
between 0 and 1. Y'(2) calculated with the modified
TRIM.SP has to be corrected with the redeposition
fraction:

Yin() = Y'(2)(1 — R(2)). 4)

The model assumes a static surface; the surface topog-
raphy structure is not modified by ion bombardment.
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Fig. 4. Distributions of the local angles of incidence p(a(a), o)
are plotted versus the local angle ¢. The distributions are ex-
tracted from the surfaces in Fig. 1 and Fig. 2. For every surface
the distributions of local angles of ion incidence are shown for
the two nominal angles o = 0° and o« = 80°. In (a) and (b) the
distributions for polished Be are shown, in (¢) and (d) for
roughened Be by ion bombardment, and in (e) and (f) for the
rough Be.
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Fig. 5. The redeposition fraction R(x) is plotted versus the
nominal angle of ion incidence, «. Fig. 5(a) shows R(«) for the
polished Be surface and (b) for the roughened Be surface. The
redeposition fraction is negligible for a smooth surface but has
to be taken into account for a roughened surface. In Fig. 5(c)
R(x) is plotted for the rough surface and it can be seen that the
redeposition is important for rough surfaces.

Thus, the method is restricted to surfaces in their dy-
namic sputtering equilibrium which means equal yields
in same time steps by constant ion flux.

5. Results and discussion

The Be surface topographies in Figs. 1 and 2 are
STM pictures of a polished Be surface (Fig. 1(a)) and of

350 F ____TRIM.SP
O Experiment 3.0 keV Be" on polished Be
3.00 - - - - W Calculation for sputtered, polished Be

O Experiment 3.0 kev Be* on rough Be
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Fig. 6. The sputter yield is plotted versus the nominal angle of
ion incidence, o. The calculation for the polished (filled squares)
and the rough Be surface (filled circles) is compared with the
experimental data for these targets (open squares and circles)
and the simulation for an atomically smooth Be surface (solid
line).
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a polished Be target but roughened by ion bombardment
(Fig. 1(b)), whereas in (Fig. 2) the surface topography of
a unpolished surface is shown. The surface topography
in Fig. 1(b) is measured in the dynamic sputtering
equilibrium with 3.0 keV Be™ ions where the sputter
yield does not change with further bombardment. The
representative size of the pictures has been determined to
7.9 x 7.9 um?> with 256> pixels each. The maximum
height difference amounts to 1.5 pm for the rough Be
surface and to 0.5 pum for the polished surface. After
bombarding the surface with 3.0 keV Be™ ions the sur-
face is roughened and the maximum height difference is
1.2 pm. The unpolished surface is very similar to the
surface roughened by the ion beam.

These measurements of surface topography have to
be analysed for the distribution of local angles of ion
incidence and the redeposition fraction. In Fig. 4 the
distributions for the three surfaces at the nominal ion
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incidence angle of « =0° and o = 80° are shown. A
polished Be target with its smooth surface, see Fig. 1(a),
has a distribution of local angles of incidence distribu-
tion which peaks sharply around the nominal angle of
incidence (Fig. 4(a) and (b)). Its centre is at 13° for
perpendicular ion incidence and 63° for o = 80°. The
unpolished Be surface (Fig. 4(e) and (f)) and the Be
surface roughened by ion bombardment (Fig. 4(c) and
(d)) show broad distributions and the centres of the
distributions are shifted to higher angles for o =0°
(roughened: 30°; unpolished: 38°) and to smaller angles
for o = 80° (roughened: 49°; unpolished: 44°). The dis-
tributions for the two surfaces look as similar as the
corresponding topographies but there are significant
differences in their higher moments.

The redeposition fraction R(x) for the three surfaces
is shown in Fig. 5 for different nominal angles of ion
incidence. It can be seen that the redeposition fraction
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Fig. 7. In Fig. 7(a)—(d) the sputter yield is plotted versus the nominal angle of ion incidence, o. In (a) and (b) the experimental data and
calculations for bombardment with D* at 300 eV (a) and 3.0 keV (b) are shown. (¢) and (d) show the results for bombardment with
He" of the same energies. The filled circles represent the experimental data and the smooth lines show the results for atomically smooth
surfaces. The open squares represent the results for the calculations for rough Be surfaces. They are connected with a dashed line to

guide the eye.
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for a polished Be surface is negligible (Fig. 5(a)) but it is
an important correction for the unpolished surfaces.
About 25% of the sputtered target atoms of the rough
Be surface are redeposited (Fig. 5(c)), only at glancing
ion incidence the redeposition decreases because only
the ridges of the topographic structures are hit by the ion
beam where the redeposition is low. The redeposition is
also important for the roughened Be surface (Fig. 5(b)).
It amounts to 10%, and the decrease at glancing angle of
ion incidence is less pronounced. With Eq. (3) we get the
theoretical yield Y,(x) as the product of Y’'(x) and
1 — R(a). The results for the roughened and the unpol-
ished Be surfaces are plotted in Fig. 6. These results are
compared with the TRIM data for an atomically smooth
surface (solid line), the sputtering data for the Be surface
in a dynamic sputtering equilibrium and the sputtering
data for the unpolished surface. The experimental data
are in good agreement with the calculations for the un-
polished and the roughened surface. On the other hand
the calculation for an atomically smooth surface dis-
agrees with the experimental data. The significant dif-
ference between the roughened and the unpolished
surface in calculation and experiment seems to be mainly
due to a larger redeposited fraction for the unpolished
surface. The origin of this difference may be due to
different manufacturing.

To validate the model the calculated yields of a
roughened Be surface for the projectiles He™ and D*
with the energies 0.3 and 3.0 keV are compared with the
sputtering data and the calculations for atomically
smooth surfaces. Fig. 7 shows the results. In every case
the calculation for the unpolished Be surface is in much
better agreement with the sputtering data than
TRIM.SP calculations for smooth surfaces.

6. Conclusions

A new method to analyse the influence of surface
roughness on the angular dependence of the sputter
yield is applied to the sputtering of rough Be targets. In
a first step the representative size of the surface has to be
determined. The surface topography is monitored with
an STM in air which allows a very simple and fast
change of the sample.

The distribution of the local angles of ion incidence
is determined and used as input to the Monte-Carlo
program TRIM.SP to calculate the sputter yield for
the rough surface. This result is corrected with the
redeposition fraction. The yields calculated along these
lines are compared with measured sputter yields for
D*, He", and Be* bombardment at several angles of
incidence.

While TRIM.SP calculations for smooth surfaces in
all cases show an pronounced increase with angle of
incidence, the implementation of the distribution of

local angles of incidence into the code leads to a much
better agreement with experimental data. The redepo-
sition is more important for originally unpolished sur-
faces and must be taken into account for best
agreement.
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