Energy Dependence of Ton-Induced Sputtering Yields
from Monoatomic Solids at Normal Incidence

Y. Yamamura and H. Tawara

(Received — Mar. 9, 1993)

NIFS-DATA-23

RESEARCH REPORT
- NIFS-DATA Series

This report was prepared as a preprint of compilation of evaluated atomic, molec-
ular, plasma-wall interaction, or nuclear data for fusion research, performed as a collabo-
ration research of the Data and Planning Center, the National Institute for Fusion
Science (NIFS) of Japan. This document is intended for future publication in a journal or
data book after some rearrangements of its contents.

Inquiries about copyright and reproduction should be addressed to the Research
Information Center, National Inst1tute for Fusion Science, Nagoya 464-01, Japan.

- NAGOYA, JAPAN




ENERGY DEPENDENCE OF ION-INDUCED SPUTTERING YIELDS

FROM MONOATOMIC SOLIDS AT NORMAL INCIDENCE

Yasunori Yamamura® and Hiro Tawara

National Institute for Fusion Science, Chigusa-ku

Nagoya 464-01, Japan

Abstract

The yields of the ion-induced sputtering from monoatomic solids at normal incidence for
various ion-target combinations are presented graphically as a function of the incident ion energy. In
order to fill the lack of the experimental data, the sputtering yields are also calculated by the Monte
Carlo simulation code ACAT for some ion-target combinations. Each graph shows available
experimental data points and the ACAT data, together with the sputtering yields calculated by the

present empiricat formula, whose parameters are determined by the best-fit to available data.
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1. Introduction

Sputtering of surfaces is an important parameter in the understanding of fusion energy device
operation. Sputtering ejects high atomic number materials into the plasma causing significant
contamination, increases in the effective charge of the plasma and results in inefficient heating of the
fuel. From the view point of the plasma-wall-interaction, sputtering is an undesired effect which
contaminates the plasma and erodes the surrounding walls. On the other hand, sputtering is also
widely used for many applications. Sputtering allows us a controlled removal of surface layers on a
nearly atomic scale and the submicron spatial resolution if a well-focused ion beam is used. One of
the largest applications of sputtering is the deposition of thin films on a large variety of substrates.
Therefore, it is important to present the empirical, anatytical formula which can easily provide the
spuitering yield for any ion-target combination.

In 1984 the working group at Institute of Plasma Physics, Nagoya University, published the
compiled sputtering yicld data available to the early 1983 and proposed the 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. Therefore, it seems to be time to collect new
experimental sputiering data published during 1983 - 1954 and to revise the previous empirical
formula.

Recently, Eckstein et al.{2] have reported their survey of the experimental sputtering yield data
measured at Max-Plank Institiit fiir Plasmaphysik (Garching) where the data for normal incidence as a
function of ion energy were fitted by a formula derived by Bohdansky [3]. Recently, Thomas et al.[4]
also presented an evaluated data base for light ion sputtering, based on the Bohdansky's formula {3].
Basically, these two groups used the following Bohdansky's formula:
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where E is the projectile energy, s_(#} is the reduced nuclear stopping cross section, and £1s the
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Z, and Z, are the atomic numbers, and M, and M, the masses of the projectile and the target atom,

respectively. e is the electron charge. The Lindhard screening length g, is given as [5]

o, = 0468572 + 7227 4 G3)

The values Q and E,; are used as parameters to fii to the data available.

For the reduced nuclear stopping power in eq. (1) the original Bohdansky formula used the

following analytical expression based on the Thomas-Fermi potential [1]:
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In a recently revised Bohdansky's formula, Eckstein et al. used the following reduced nuclear

stopping power based on the Kr-C potential [2]:
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And the best-fit values of Q and E,; are listed for each ion-target combination in their data book [2].

From the theoretical point of view, the high-energy light-ion sputtering yield is not directly
proportional to the reduced nuclear stopping cross section s_(£) corresponding to the incident
projectile energy, because it is affected strongly by the electronic energy loss. In this sense, it is
difficult for the Bohdansky' s formula to predict the sputtering yield by high-energy light-ions. The
Bohdansky's Q factor includes the effect of the electronic stopping, but the contribution of the
electronic stopping to sputtering depends on the incident energy. From the viewpoint of plasma-wall-
interaction, of which the main interest is the low-energy sputtering yield, it seems that the
Bohdansky' s formula can predict the sputtering yield reasonably well.

The purpose of this report is to propose a new empirical formula which presents the relation



between the ion-induced sputtering yield and the energy of the incident ions for various ion-target
combinations, based on sputtering yield data published before 1994. In this report, some calculated
data by the ACAT code are added to the present data base. The compiled experimental data of
sputtering yields at normal incidence are shown in graphs, which include the energy-yield curve

calculated by our proposed empirical formula.

2. Theoretical background for the empirical formula

The sputtering mechanism cz;n be classified into two categories [6]. When a relativeiy heavy
ion is bombarded on the solid surface, the incoming ion deposits its energy near the surface and the
collision cascade is developed. As a result target atoms are ejected from the surface (mechanism A) .
On the contrary, in the case of a light ion such as H* and D*, the incoming light ion does not produce
the collision cascade near the surface. Instead, when the reflected ion-escapes from the surface layer,
it hits thg surface atoms. As a result, 1_:he recoil atoms is sputtered if their kinetic energies overcome
the surface barrier (mechanism B). When the mass of the incident ion becomes lighter, the sputtering
mechanism shifts the mechanism A to the mechanism B gradually. For intermediate ions such as an
Ar ion, both mechanism A—spumﬁng and mechanism B-sputtering contribute to the total sputtering
yield.

In 1969 Sigmund derived the formula of the sputtering yield [7]

Y(E) = AFp(E) | (6)
solving the linearized Boltzmann equation based on the assumption that the collision cascade is well

developed in the infinite medium, where A is given as

A=-3 1 ___ 00420
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and F,(E) is the deposited energy at the surface which is given as

Fp(E) = o{M3/M)NSH(E) (8)
N and U are the number density and the surface binding energy, respectively. S, (E) is the nuclear
stopping cross section. As the surface bindipg energy we use the heat of sublimation in this report.
C, is the coefficient of nuclear stopping cross section when the power approximation of m = 0 is
used for the interatomic potential.

When the energy of the incident ion becomes smaller, the angular distribution of the recoil
spectrum in the collision cascade becomes anisotropic, and so the sputtering has its threshold. Then,

the original Sigmund formula should be modifted as {8]
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for the low-energy heavy-ion sputtering, where E,; is the spuitering threshold energy.

As another extreme, let us consider the high-energy light-ion sputtering, where the sputtering
yield is proportional to particle reflection coefficient. A single collision approximation says that the
particle reflection coefficient R (E) is proportional to the ratio of nuclear stopping cross section S_(E)

to electronic stopping cross section S (E) [9], ie.,

M, Si(E)

RN(E) =<
ME) = My sdE) (10)

Since the high-energy light-ion sputtering is due to the deposited energy Fi(E*) at the surface by the

reflected particle, its yield can be represented by [10]

¥(E)= 0.042 FDEIRNE) [1 4/ i ]
NU, E . (11)

where E* is the average energy of reflected ions escaping from the surface layer, EthL is the



threshold energy of the Iight-i_on sputtering, and the power s of eq.(11) is equal to 2.8 if the power
approximation of m = 7 is used.

Generally speaking, the real sputtering mechanisms are composed of both mechanisms A and
B. Therefore, the sputtering formula can be expressed by the interpolation between eq. (9) and eq.

(11), ie.,
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where 5,(£) and s (£} are the reduced nuclear stopping power and the reduced electronic stopping
power, respectively. The parameter I means the contribution of the mechanism B-sputtering to the
total sputtering yield. For the low-energy heavy-ion sputtering where s (£} is very small, eq.(12)
becomes equal to eq. (9), meanwhile for high-energy light-ion sputtering where s_(€) is negligibly

small, eq.(12) is reduced to eq. (11).

3. A new empirical formula

The important requests for empirical formulas are the following: The empirical formula should
predict the energy dependence of the sputtering yield as precisely as possible, using as parameters as
few as possible. For example, if we employ the ZBL formula for 5 (£} in eq.(12), we can estimate
more precisely the electronic stopping power for any ion-target combination, but at the same time we
have to prepare a lot of parameters for this purpose.

In order to propose as simple an empirical formula as possible, we use the power

approximation for s,(£) [5] and the Lindhard electronic stopping power for s,(¢) [12], ie.,
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se(€) =k €9 : (14)
where A_| is the calculable constant if m is given, and k, is the Lindhard electronic stopping
coefficient. In the previous empirical formula published in 1985 we used m = 0.5 for 5, (£). In the
new empirical formula we use m = 0.3 for 5_(¢).

Since (M, M ;) of eq. (12) has the Z,-dependencef1], we factorize it as ofM, M) =

Q(Z,)o(M, M,). Then, finally the new empirical formula is given in the form

v (5) - 0,042 QEIE MM _S:®) [ [Ey P
Us 1+ Ike%3 E

. (15)
where the I factor has the following expression:
o W(Z2)
1+ M7y . (16)

The factor I corresponds to 0.35U in the previous empirical formula and the best-fit values of
W(Z,) and Q(Z,) are listed in Table 1. The power s of the previous empirical formula was fixed to be
2.8 for all target materials. On the contrary, the s of the new empirical formula is slightly dependent
on the target material, as is shown in Table 1. The best-fit values of o* are described as a function of
mass ratio M,/M in the following manner:

o = 0.249(M2/M1)°°¢ + 0.0035(MaiM 1)’ Mj=M>
= 0.088(MIM1y*F + 0.165(Ma/M1)  M7<M3 an

Concerning the sputtering threshold in eq.(15), we use the following best-fit functional relation

En_ 67 M > M
s Y

_ 1+5.7(M;iM3) M <M>
Y (18)




which is derived based on Yamamura and Bohdansky's theory [13], where ¥is the energy transfer

factor at an elastic collision and is given as

- MMy .
(M1+ MY | (19)

The Lindhard electronic stopping coefficient &, is given as

kg = 0079(M1 + M2)3 2 212822”2
M2y, (Z/23 + 2,73 )3!4 . (20)

The nuclear stopping cross section §_(E) in the present formula is calculated by

ZiZy M;

Sn(E) = 84.78 SaE(€)

; 2D

where we use an analytic expression of snTF( &) which is given in eq. (4). The explicit expression of

the reduced energy ¢is
M
e=—003255 M2 pey
ZiZyZ 23 + 2,22y M1+ My . 22)

The procedures of obtaining the best-fit values of parameters from available experimental data
are the same as in the previous compilation work done in 1984. The pilysical meaning of the Z,
dependence of Q(Z,) is that though Sigmund used the nuclear stopping power of m = 0 for all target
materials in the calculation of A in eqg. (7), the stopping power of sputtering particles depends on the
Z number of the target material and the energy of the escaping particles which are of the order of the
surface binding energy. The best-fit values of a* are shown in Fig. 1 as a function of mass ratio
M,/M,, where the solid line represents eq. (17). The best-fit vatues of relative threshold energies
E, /U are shown in Fig. 2 as a function of mass ratio M,/M, , where the solid line represents eq.

(18). The Z, dependence of W(Z,) may reflect that of electronic stopping power. The most important




advantage of our new empirical formula over Bohdansky's empirical formula is that eq. (15) can be

applied to all the possible ion-target combinations over any incident ion energy.

4. Simulations

For several ion-target combinations, especially for light-ion sputtering, sputtering yield data
have been calculated with the ACAT program [14], in order to fill the lack of the experimental data.
The ACAT program is based on the binary collision approximation, the target is assumed to be
amorphous, and the surface is randomly rough in a depth of half a monolayer.

As an interatomic potential we used the Xr-C potential [15] with the Firsov screening length

agfor heavy ion (Z, > 3 ) sputtering, where ay, is given as

ap = 04685 (2% + 2,277 4

For light-ion sputtering such as H*, D* and He*ions some efforts were undertaken to get good
agreement with experimental data by adjusting the Firsov screening length, i.e., ag(1+g), because in
principle the Thomas-Fermi statistical model cannot be applied to light ions. The adjusting values g
are listed in Table 2 for possible target materials. For heavier projectiles (Z, > 2) we used the original
Firsov screening length for ali ion-target combinations.

The electronic energy loss is simulated with the path-length-dependent non-local model,
where we used the ZBL electronic stopping formulaf11] for all the ion-target combinations. For
light-ion sputtering, the electronic energy loss due to the violent collision is estimated by the Oen-

Robinson (OS) model [16]. The bulk binding energy is set to be zero for all ion-target combinations.



It is well known that the calculaxed sputtering yields are dependent on which electronic stopping loss
model is used, the non-local or the local model. For several targets such as C, Cu, Ag Tb, Tm and
Au which have the star marks in Table 2, we have obtained better energy dependence of sputiering
yields if we employ the OS local model for possible projectile-target combinations. For heavier
projectile (Z, > 2) the electronic energy losses at low collision energies are estimated by the OS local

model.

5. Presentation of data and discussions

Each graph shows experimental data, the ACAT data and the yield-energy curve calculated
by the present empirical formula, eq.(15), for each ion-target combination. For plots of experimental
data and ACAT data, different symbols are used for different references. The calculated yield-energy
curves are shown with solid lines. The ion-target combinations shown in graphs are listed in Table 3,
where the number in each column represents the number of references of experimental works. If one
estimate the preliminary sputtering yield for unlisted target materials by the present formula, one
shoulduse 0 = 1.0, W=0.35 U,s= 2.5, where U_ isthe heat of sublimation.

Agreement between the solid-curve and data points is much more improved as compared with
the previous work [1], especially for light-ion sputtering. The sputtering data near the threshoid
energy region for some ion-target combinations cannot be described by the present empirical formula,
and the deviation of measured data from the solid curve can not be systematically explained. This may
be due to the fact that the sputiering yield is strongly dependent on the surface conditions and the

vacuum conditions.

—10—



6. Explanation of graphs

The graphs are ordered first by increasing projectile atomic number, and then by increasing

target atomic number.
Ordinate Sputtering yield (atoms/incident ion) at normal incidence.
Abscissa Kinetic ion energy of incidence ineV.
Heading Ton-target combination

He — Cu means He ion on Cu target.
Sb; — Pt (molecule) means a trimer of Sb on Pt target, but the yield is reduced
to that per a monoatomic ion.

Symbols Experimental data and ACAT simulation data.
The first author and the year published for each reference are listed and the
ACAT data are denoted by YAMAMURA (ACAT).

Solid line Energy dependence of the sputtering yield calculated by the newly proposed

empirical formula.

7. A sample calculation of the sputtering yield

If one estimate preliminary sputtering yield for the unlisted target materials by the present
formula, one should use @ = 1.0, W= 035U, s = 2.5, where U is the heat of sublimation. As an
example we calculate the sputtering yield of He on Au at an incident energy of 1 keV according to the

present new formula (15). First calculate € using eq. (22).

032 1
£= 0.03255 1950 000 = 2932351 1 000-0.0451
2%79 22/3 +792/3)1/2 4002+165.1 706.5%199.1

Then we can obtain

—11 —



snTF(e) using eq. (4), ic.,

STF(e) = 3.441xV0.04511n2.763 07427

- =0318
1+6.355xY0.0451 +0.0451(6.882xY0.0451-1.708) 2.350-0.01112

Calculate £ (&) using eq. (20).

k() = 0,079, 3002+195.1¥% _ 2P579"% _ 221.9x14.11
40027219517 (325, 76254 111.8x9.455

=296

Then calculate the nuclear stopping cross section S (E) from eq. (21):

S.(E) =8478— 270 4002 53,8 SATERULL _ o,

(2284 7025y "4.002+195.1 4.471x199.]

Pick up the values of Q, U_, W and s from Table 2, and we have Q = 1.08, U =38, W=164,
and s = 2.8. Then, we have I'= .38 from eq. (16). Next, calculate or* using eq. (17), where M /M,
=48.75:

o* = 0.249%(48.75)°25+0.0035x(48.75)> = 2.190+1.184 = 3.37
The threshold energy of this combination is calculated by eq. (18). Since the energy transfer factor ¥
is calculated using eq. (19), i.e., ¥=4x4.003x197/(4.003+197)% = 0.07878,

we have

Eg = {33.7/48.75 3 81 = 54,0
0.07878

Now the sputtering yield of 1 keV He — Auis

8
Y = 0040 1OPSITISI5 [1- WEZX] ]2 =2.932,0 4769~ 0.140
3.8Ix(1+1.38x2.96x0.0451%7) 1000 9952

which is found to be in good agreement with the yield shown in Fig. 307.
Acknowledgement

The present authors would like to express their sincere thanks to a number of students of

—12—




Okayama University of Science for their continuous supports of picking up experimental data from

many published articles.

References

(1] N.Matsunami,Y.Yamamura,YItikawa,N.Ttoh,Y.Kazumata,S. Miyagawa,K Morita,R Shimizu

and H.Tawara, At. Data Nucl. Data Tables 31, 1 (1984).

[2] W. Eckstein, C. Garcia-Rosales, J. Roth and W. Ottenberger, IPP 9/82 (1993).

[3] J. Bohdansky, Nucl. Instr. Meth. B2, 587 (1984)

[4] E.-W. Thomas, R.K. Janev, J. Botero, J.J. Smith and Yanghni Qiu, INDC(NDS)-287 (1993).

[5] J.Lindhard, V.Nielson and M.Scharff, Mat. Fys. Medd. Dan. Vid. Selsk., 36 no.10 (1968).

[6] R. Weissmann and R. Behrisch, Rad. Eff, 19, 69 (1973).

[7] P.Sigmund, Phys. Rev., 184 383 (1969).

{8] Y.Yamamura, Radiat.Eff., 55, 49 (1981).

[9] J. Vukanic and P. Sigmund, Appl. Phys. 11, 265 (1976).

[10] Y. Yamamura, N. Matsunami and N. Itoh, Rad. Eff. 71, 65 (1983).

[11] H.H.Andersen and J.F Zicgler, Hydrogen Stopping and Ranges in All Elements
(Pergamon, New York, 1985).

[12} I.Lindhard and M.Scharff, Phys. Rev., 124 128 (1961).

[13] Y. Yamamura and J.Bohdansky, Vacuum 35 561 (1985).

[14] Y. Yamamura and Y. Mizuno, IPPJ-AM-40. Inst. Plasma Physics. Nagoya University (1985).

[151 W.D. Wilson, L.G. Haggmark and J. Biersack, Phys. Rev. B15 (1977) 2458.

[16] O.S. Oen and M.T. Robinson, Nucl. Instr. Meth. 132 (1976) 647.

-13—



Table 1 The surface binding energies U, and best-fit values of Q(Z,), W(Z,) and s(Z,)

target Z U, (eV) Q w )
Re 4 3.32 1.66 2.32 25
5.77 2.62 439 2.5
o 6 7.37 1.70 1.84 2.5
Al 13 3.39 1.0 2.17 2.5
si 14 4.63 0.66 2.32 25
Ti 22 4.85 0.54 2.57 25
v 23 5.31 0.72 2.39 25
cr 24 4.10 0.93 1.44 2.5
Mn 25 2.92 0.95 0.88 2.5
Fe 26 428 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 0.59 2.08 2.5
Zr 40 6.25 0.54 2.50 2.8
Nb 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
Tb 65 405 0.90 1.42 25
Tm 69 242 0.65 0.85 2.5
HE 72 6.44 0.65 2.25 2.5
Ta 73 8.1 0.56 2.84 2.8
W 74 3.9 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 0.96 243 2.5
Pt 78 5.84 1.03 3.21 2.5
Au 79 3.81 1.08 1.64 2.8
Th 90 6.2 0.63 2.79 2.5
U 93 5.55 0.66 278 2.5
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Table 2 Values of the adjusting parameter g

target VA H D He
Be 4 -0.1 -0.1 0
B -0.1 -0.1 0
C* 6 0.0 0.0 0.1
Al i3 -0.1 -0.1 -0.1
Si 14 -0.25 -0.25 -0.4
Ti 22 -0.35 -0.35 -0.35
v - 23 -0.3 -0.3 -0.25
Cr 24 -0.1 -0.1 -0.1
Mn 25 ¢.0 0.0 0.0
Fe 26 -0.25 -0.25 -0.2
Co 27 -0.2 -0.2 -0.2
Ni 28 -0.2 -0.2 -0.15
Cu* 29 0.0 -0.1 ~-0.1
Ge 32 -0.2 -0.2 -0.2
Zr 40 -0.25 -0.25 -0.25
Mo 42 -0.2 -0.2 -0.2
Ru 44 0.0 0.0 0.0
Rh 45 -0.1 -0.1 -0.2
pd 46 0.0 0.0 0.0
Ag*x 47 -0.1 0.0 0.0
Sn 50 0.0 0.0 c.0
Th* 65 -0.1 0.0 6.0
Tm* 69 0.0 0.0 0.0
HEf 72 -0.2 -0.2 -0.2
Ta 73 -0.4 -0.5 -0.3
W 74 -0.35 -0.4 -0.2
Os 76 -0.2 -0.2 -0.2
ir 77 -0.2 -G.2 -0.2
Pt 78 -0.2 -0.2 -0.2
Au* 79 0.0 -0.1 -0.2
Th 80 -0.2 -0.1 -0.2
U 92 -0.2 -0.2 -0.2

fn. The OR local model of the electronic energy loss is used for the target material with the star mark.
—~ 15—
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Fig. 1 Plots of the best-fit values of a* as a function of mass ratio M2/M1
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FIG. 288 ENERGY DEPENDENCE OF THE
SPUTTERING TIELD OF IR HITH KR*
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FIG. 293 ENEAGY DEPENDENCE OF THE
SPUTTERING TIELD OF PT WITH HE™.

A= 48.71,0= 1.03,Us= 5.84ew 5= 2- 50,
W= 0.55Us.
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FIG. 297 ENERGY DEPENDENCE OF THE

SJPUTTERING YIELD OF PT WITH SB*
A= 1.60.0= 1.03,Us= 5. B4ev, 5= 2.50,
W= 0. 55Us.
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IS OBSERVED DUE TO MOLECULAR IONS.
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FIG. 306 ENEAGY DEFENDENCE OF THE
SPUTTERING TIELD OF AU WITH JHE*.
A= 65.28,0= 1-08, Us= 3-8Blev,s-
W= 0. 43Us.

2- 80.




T (ATAOMS/TON]

T (ATOMS/I10N)

10

[}
ID 3 1 { 1 "'[ 1] l T 1 I"":-
. He— Au ]
10°t E
X ]
3 ]
10'F
ldzr
gk A AOSENBERG.D. (1962 -
4 B EERRISSE.E.P. 119781 ]
1 C AOTH, J. 11979l _
L O BAT.H.L. 11977
+ YAMANURA. Y (ACAT)
)
ID TS T | PR TEPE | S TP | ratnl N P
1g 10° 10° 10° 10°
ENERGY (EV)
FIG. 307 ENERGY DEPENDENCE OF THE
SPUTTERING YIELD OF AU WITH HE*
A= 48.19,0= 1.08.Us= 3.Blev.s= 2.80
W= 0-43Us.
2
1[] L i 1 i 1 i ¥ l 1
1 Ne—~ Au 1
1
10'F >
19"
10+
A ALMEN, 0. (1951AF
-2 B LAESHAEID, N {1961F
1[] - T COLLIGOM.J. S. 11870 -
§ ANDERSEN.H. H. {1875t 3
L E EERANISSE.E.P. (14781 ]
F HEI1JSENFELD, C. H. (12671 ]
G OLIYA-FLOAID. A- (1387
10" RV N Y PENITE PR BT Pevs: RPN P
1o 10° i0° 10 10

ENERGT (EV)

FIG. 308 ENERGY DEPENDENCE OF THE
SPUTTERING YIELD OF AU WITH NE*.
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FIG- 313 ENERGY DEPENDENCE OF THE
SPUTTERING YIELD OF AU HITH KR*.
A= 2.35,8= 1.08,Us= 3.81ev.s= 2. 80.
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