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Abstract

The ion-induced sputtering vields from monatomic solids at normal incidence are presented
graphically for lightdion (\H*, 2D*, 3T+, 4He*) bombardment on various target materials as a function
of the incident ion energy. To supplement the experimental data, the sputtering yields are calculated
by the Monte Carlo simulation code ACAT for all possible light ion-target combinations. Each graph
shows the available experimental and ACAT data points, together with the sputtering yield calculated

by the Yamamura and Tawara empirical formula.
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1. Introduction

Sputtering of surfaces is an important parameter in the understanding of the operation feature
in fusion plasma device. Sputtering ejects high atomic number materials into the main plasma,
causing significant contamination and increasing the effective charge of the plasma, and thus results
in inefficient heating of the fusion plasma. From the point of view of plasma-wall interactions,
sputtering is an undesirable process which erodes the surrounding walls and contaminates the
plasma. With our particular interest in fusion related applications, we will restrict our discussions to
sputtering from monatomic materials by light ions ({H*, 2D*, 3T+, 4He*) at energies from a few tens
of eV to several tens of keV that might be most relevant to tokamak plasmas.

The main concern of this paper is the physical sputiering yields due to light-ion bombardment
where the ejection mechanism relates to collisional transfer of kinetic energy and momentum from the
projectile to target atoms. This process is in principle independent of the target temperature. We here
do not consider chemical sputtering as well as radiation enhanced sublimation. The chemical
sputterings are versr well known as one of the erosion of graphites by hydrogen isotopes where the
volatile species such as hyd:ocarboﬁs are formed under some environments.

In 1984 the working group at the Institute of Plasma Physics, Nagoya University, published
the compiled sputtering yield data available up to early 1983 and proposed an empirical formula
which could predict the energy dependence of sputtering yields for any ion-target combination [1].
Since then, a large number of new data have been published. Recently, Yamamura and Tawara [2]
collected new experimental sputtering data published during 1983 - 1994, and proposed a new
empirical formula.

Two years ago, Eckstein et al. [3] reported their survey of experimental sputtering yields
measured at Max-Plank Institut fiir Plasmaphysik (Garching, Germany) in which the data for normal
incidence as a function of ion energy were fitied with a formula derived by Bohdansky [4]. Thomas
et aL.[5] also presented an evaluated data base for light ion sputtering, again employing the

Bohdansky formula [4]. Basically, both groups used the following expression for the sputtering




yield:

reey = ouse| 1-(Gf " -2 @

where E is the projectile energy, s_(€) is the reduced nuclear stopping cross section, and £ is the

reduced energy

e=E M2 4
M1+M3 Z1Z,e2 . 2

Here, Z, and Z, are the atomic numbers, M, and M, are the masses of the projectile and the target

atom, respectively. e is the electron charge, and g; is the Lindhard screening length given as [6]

_]J'2 &
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The values Qg and E,; are used as parameters to fit to the data available.

For the reduced nuclear stopping power in eq. (1), Bohdansky originally used the following

analytical expression based on the Thomas-Fermi potential {1]:

3.441 Yeln (e + 2.718)
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In their recent revision of Bohdansky formula, Eckstein et al. [2] used the following reduced nuclear

stopping power based on the Kr-C potential:

0.51n (1 + 1.2288¢ )

SP{OC(S) = 0.1504
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The best-fit values of Qg and E,, are listed for each ion-target combination in their data book [3].
The purpose of this report is to simulate the light-ion sputtering yields for possible target

materials with the Monte Carlo simulation code ACAT to supplement the experimental data. In this

report we represents in graphs the aggregate data on the ion-induced sputtering yield as a function of

the energy of the incident ion for light-ion sputtering at normal incidence. Every graph also includes



the yield vs energy curves calculated by the Yamamura and Tawara empirical formula [2].

2. Simulations

For light incident ion, sputtering yields have been calculated with the Monte Carlo simulation
code ACAT program [7] in order to supplement the limited experimental data. Especially, since there
is no experimental sputtering yield data at all under a 3T jon bombardment, it is meaningful to get the
sputtering yields for the T ion bombardment on possible target materials. The ACAT program is
based on the binary collision approximation, where the target is assumed to be amorphous, and the
surface is randomly rough in a depth of half a monolayer. The details about the ACAT code is
described in Ref, 7.

As an interatomic potential we used the Kr-C potental [8] with the Firsov screening length ag
for heavy ion (Z; > 3 ) sputtering, where ag, is given as

o

ar = 0.4685 {21 12 4 V)
Some efforts were undertaken to get good agreement with experimental data by adjusting the Firsov
screening length by adjusting o to ag(1+4), because in principle the Thomas-Fermi statistical model
cannot be applied to light ions. The adjusting parameter g is listed in Table 1 for possible target
materials. As it is very difficult to get the adjusting parameters ¢ for *T ions, we estimated them by
interpolating the adjusting parameters for 2D and “He.

At high collision energies the electronic energy loss is simulated with the path-length-

dependent non-local model, where we used the ZBL electronic stopping formula [9] for all the ion-

target combinations. The electronic energy loss due to the violent collision between a light ion and a



target atom, however, is estimated by the Oen-Robinson (OR) local model [10]. At low collision
energies it is estimated by the OR local model. This is referred to as "the mixed model” in Ref.7. The
"mixed model " of the present ACAT code is as follows: We use the OR local model if the apsidal
distance at the zero impact parameter is larger than 0.5R,,. Itis well known that the calculated
sputtering yields are dependent on which electronic energy loss model is used, the non-local or the
OR local model. For several targets, namely C, Cu, Ag Tb, Tm and Au (which are marked as an
asterisk in Table 1), we have obtained better results for the energy dependence of the sputtering yield

if we employ the OR local model.

3. The empirical formula
Recently Yamamura and Tawara [2] proposed the following empirical formula which can be

applied to any ion-target combination:

Us 1+ Ikee®? (6)
with the numerical factor in units of A2. The I'" factor has the following form:
r=_W#)
1+ M7y %)

with M, in a.m.u. The best-fit values of the dimensionless parameters W(Z,) and O(Z, ) are listed in
Table 2 with U, ineV, and the power s of the above empirical formula is slightly dependent on the
target material, as is shown in Table 2. The best-fit values of a* are analytically described as a

function of the mass ratio M, /M, in the following manner:



o = 0.249(M2/M1)°6 + 0.0035(MyM )5S Mi<Mp
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Conceming the sputtering threshold in eq. (6), we use the following best-fit functional relation

Us 7V
_1+ST00My
Y ®

which is derived based on Yamamura and Bohdansky's theory [11], where ¥ is the energy transfer

factor in an elastic collision given by

__4MM;

(M1+ MaP (10)
The Lindhard electronic stopping coefficient k_ is given as [12]

ke=0.079 Mt MoP™ 2,202,172
.= 0.
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with M; in a.m.u. The nuclear stopping cross section S_(E) in the present formula is calculated by

8418212, My qm,

Sn(E) =

in units of eVAZ/atom, using the analytic expression of snTF( g) which is given in eq. (4). The explicit

expression for the reduced energy £is

£= 0.03255 ™ MM;J E@E&V)
2122{212/3 + 222/3} 1+M3 . (13)

From the theoretical point of view, the sputtering yield for high-energy light ion is not directly
proportional to the reduced nuclear stopping cross section s_(€), because it is influenced strongly by
the electronic energy loss. In this sense, it is difficult for the Bohdansky formula to predict the

sputtering yield by high-energy light ions. The fitting parameter



Qg of the Bohdansky formula does include the effect of the electronic stopping, but the influence of
the electronic stopping on sputtering depends on the incident energy. Still, from the perspective of
plasma-wall interactions where one is mainly interested in the low-energy sputtering, it seems that the
Bohdansky formula can predict the sputtering yield reasonably well. Until now there is no apparent
tule governing the behavior of the Bohdansky's Qg factor for different ion-target combinations.
Therefore, it is very difficult to predict the sputtering yield for the case that there is no experimental
data, for example, the sputtering yield due to 3T ions bombardment.

The parameters included in the present Yamamura and Tawara formula are given as a function
of the physical guantities of the target material and the mass ratio between the projectile and the target
material. Therefore, even if there are no experimental data of the sputtering yield by 3T ions, we can

predict reasonably its sputtering yield from any monatomic solid.

4. Presentation of data and discussion

The Graphs show available experimental and ACAT data, and the yield vs energy curve
calculated by the Yamamura and Tawara empirical formula for each light ion-target combination. For
plots of experimental and the ACAT data, different symbols are used to indicate different references;
the complete reference citation is given in the References for Graphs. The calculated yield vs energy
curves are shown as solid lines. The light ion-target combinations shown in Graphs are listed in Table
3, where the number in each grid position represents the number of references of experimental works
for that particular combination. If one wishes to estimate the sputtering yield for unlisted ion-target
combinations with the present formula, one should use @ = 1.0, W = 0.35U, and 5 = 2.5, where

U, is the heat of sublimation in eV.



Agreement between the solid curve and data points is much improved as compared with the
early work [1]. Since the simttering data for the hydrogen isotope on the C target include the chemical
sputtering yield, the significant deviation of the empirical curve and the ACAT data from the
experimental data is observed. The observed sputtering data for the C target are often scattered,
because the sputtering yield data for different kinds of graphite materials are plotted in one figure. For
the Al target data we also observe the deviation of the empirical curve and the ACAT data from the
experimental data. Since the light-ion sputtering yield is very low ( < 0.1 atomsfion), the speed of the
oxide formation at the surface may be larger than that of the sputtering, and the surface is covered
with the aluminum oxide whose surface binding energy is much larger than that of the aluminum

metal.

5. Conclusion

We have presented the incident energy dependence of the sputtering yields for tH*, 2D*, 3T*,
and “He* ions which are bombarded on possible target materials for plasma device. Concerning the
sputtering yield by a T ion, the yields are estimated by the ACAT simulation and the Yamamura and
Tawara empirical formula, and so they might be within the accuracies of the present-day experimental
data source.

In the Yamamura and Tawara empirical formula, there is no ambiguity about the projectile,
because the parameters included in the empirical formula are functions of the physical quantities of the
target material and the mass ratio between the projectile and the target material, This means that if the
accuracy of the sputtering yield due to 'H*, 2D* and *He* ions is much more improved

experimentally, the sputtering yield by 3T ions may be reasonably estimated by the Yamamura and



Tawara empirical formula.
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Appendix Sample calculation of the sputtering yield
As an example, we calculate the sputtering yield for D on Ni at the incident energy of 1 keV,

using the Yamamura and Tawara empirical formula eq. (6). First calculate £ using eq. (13):

0.03255 58.69 1000 = 203255869 1 h00-0.3516

1x28x{123+282/3)}/2 2.014+58.69 89.52%60.70

E=

Next we obtain snTF(E) using eq. (4), i.e.,

sIF(e) = 3.441xY¥0.35161n3.070 _ 2988 — 0.4084

1+6.355xV0.3516+0.3516(6.882xV0.3516-1.708) 4-768+0.8342

Calculate k (£) using eq. (11):

kfe) = 0,070 2014+58.60P2  13Px2812 _ 37.36x5.292
 2.014%258.691/2 (123128274 21.83x5.716

=1.584

Then calculate the nuclear stopping cross section S, (E) from eq. (12):

ix28 < 2.014 <0.4084 = 84.78x23.03 ~ 10.06

Sa(E) =84.78
(12f3+282!3)1/2 2.014+58.69 3.197x60.70 VAZ/atom .

From Table 2, we read off Q = 0.94, U s =444eV, W =133, and s = 2.5, and we obtain I'=1.30

from eq. (7). Next, calculate o* using eq. (8), where MM, =29.14:

o* = 0.249x(29.14)%-56+0.0035%(29.14)19 = 1.646+0.5506 = 2.197

Since the energy transfer factor ¥is given by eq. (10) as ¥ = 4x2.014x58.69/(2.014+58.69)% =

0.1283, we get E; = 41.37 eV from eq. (9). Finally, the sputtering yield of 1 keV D -» Ni is, from

eq. (6),

Y = 0.042 0.94x2.197x10.06 [1- 4137 2 _ 0.8726, 5664= 0.0444

4.44x(1+1.30x1.584x0.3516%3) 1000 11.12

— 10—




Explanation of Graphs

The graphs are ordered by target group in increasing target atomic number and then within

each group, by increasing projectile atomic number.

Ordinate
Abscissa

Heading

Symbols

Legend

Solid line

Caption

Sputtering yield (atoms/incident ion) at normal incidence.

Kinetic energy of incident ion in eV.

Ion-target combination

He — Cu means He ion on Cu target.

Experimental and ACAT simulation data points.

Reference key for the symbols. The first author and the publication year for
each experimental reference are given, the ACAT data are denoted by
YAMAMURA, Y.(ACAT). For the complete citation, see References for
Graphs.

Energy dependence of the sputtering yield calculated using the Yamamura and
Tawara empirical formula eq.(6).

The figure caption lists the mass ratio A = M,/M,, and the parameters

QZ,), U(Z,), s(Z,), and W(Z,). The latter is expressed in terms of a factor

multiplying U_..

~11-



Table 1 Values of the adjusting parameter ¢ used in the ACAT simulation

target Z 1 D 3T 4He
Be 4 -0.1 -0.1 0.0 0.0
B 5 -0.1 -0.1 0.0 0.0
C* 6 0.0 0.0 0.0 0.1
Al i3 -0.1 -0.1 -0.1 -0.1
Si 14 -0.25 -0.25 -0.3 -0.4
Ti 22 -0.35 ~-0.35 -0.35 -0.35
v 23 -0.3 -0.3 -0.3 -0.25
Cr 24 -0.1 -0.1 -0.1 ~0.1
Mn 25 0.0 0.0 0.0 6.0
Fe 26 -0.25 -0.25 -0.25 -0.2
Co 27 -0.2 -0.2 -6.2 -0.2
Ni 28 -0.2 -0.2 -0.2 -0.15
Cu* 29 0.0 -0.1 -0.1 -0.1
Ge 32 -0.2 -0.2 -0.2 -0.2
Zr 40 -0.25 -0.25 -0.25 -0.25
Nb 41 -0.05 -0.05 0.0 0.0
Mo 42 -0.2 -0.2 -0.2 -0.2
Ru 44 0.0 0.0 0.0 0.0
Rh 45 -0.1 -0.1 -0.1 -0.2
Pd 46 0.0 0.0 0.0 0.0
ag* 47 -0.1 0.0 0.0 0.0
Sn 50 0.0 0.0 0.0 0.0
Th* 65 -0.1 ¢.0 0.0 0.0
Tm* 69 0.0 0.0 0.0 0.0
Hf 72 -0.2 -0.2 -0.2 -0.2
Ta 73 -0.4 ~0.5 -0.4 -0.3
W 74 -0.35 -0.4 -0.3 -0.2
Re 75 0.0 -0.1 -0.1 -0.2
Os 76 -0.2 -0.2 -0.2 -0.2
Ir 77 -0.2 -0.2 -0.2 -0.2
Pt 78 -0.2 -0.2 ~-0.2 -0.2
Au* T2 0.0 -0.1 -0.1 -0.2
Th 90 -0.2 -0.1 -0.2 -0.2
U 92 -0.2 -0.2 -0.2 ~g.2

* The OR local model of the electronic ¢nergy loss is used for all projectile-target combinations.

—12—




Table 2 The surface binding energies U, and best-fit values of Q(Z,), W(Z,) and s(Z,)

target  Z, U, Q W s
Be 4 3.32 1.66 2.32 2.5
5 5.77 2.62 4.39 2.5
C 6 71.37 1.70 1.84 2.5
al 13 3.39 1.0 2.17 2.5
si 14 4.63 0.66 2.32 2.5
Ti 22 4.85 0.54 2.57 2.5
v 23 5.31 0.72 2.39 2.5
Cr 24 4.10 0.93 1.44 2.5
Mn 25 2.92 0.95 0.88 2.5
Fe 26 4.28 0.75 1.20 2.5
Co 27 4.39 1.02 1.54 2.5
Ni 28 4.44 0.94 1.33 2.5
Cu 29 3.49 1.0 0.73 2.5
Ge 32 3.85 0.5% 2.08 2.5
Zr 40 6.25 0.54 2.50 2.8
Nbo 41 7.57 0.93 2.65 2.8
Mo 42 6.82 0.85 2.39 2.8
Ru 44 6.74 1.31 2.36 2.5
Rh 45 5.75 1.14 2.59 2.5
Pd 46 3.89 0.85 1.36 2.5
Ag 47 2.95 1.08 1.03 2.8
Sn 50 3.14 0.47 0.88 2.5
Th 65 4.05 0.90 1.42 2.5
T™Tm 69 2.42 0.65 0.85 2.5
HEf 72 6.44 0.65 2.25 2.5
Ta 73 8.1 0.56 2.84 2.8
W 74 8.9 0.72 2.14 2.8
Re 75 8.03 1.03 2.81 2.5
Os 76 8.17 1.11 2.86 2.5
Ir 77 6.94 0.96 2.43 2.5
Pt 78 5.84 1.03 3.21 2.5
Au 79 3.81 1.08 1.64 2.8
Th 80 6.2 0.63 2.79 2.5
U 92 5.55 0.66 2.78 2.5

— 13 -




Table 3 lon-target combinations and the number of experimental references represented in each graphical
display

Ion 1n 2p ‘He
Target 1 1 2
Be 4 3 3 5
B 5 1 1 2
C 6 8 5 7
Al 13 2 3 4
Si 14 1 1 3
Ti 22 2 4 8
v 23 1 1 6
Cr 24 1
Mn 25
Fe 26 3 3 3
Co 27 1
Ni 28 5 1 6
Cu 29 4 4 6
Ge 32 1
Zr 40 1 1 3
Nb 41 2 3 3
Mo 47 7 3 10
Ru 44
Rh 45 1
Pd 46 1
Ag 47 4 3 4
Sn 50
Tb 65
Tm 69
Hf 72 1
Ta 73 3 3 5
W 74 3 3 5
Re 75
Os 76 1
Ir 77 1
Pt 78 1
Au 79 4 3 4
Th 90 1
U 92 1

—14—
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