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Abstract
The angular dependence of sputtering yields of light-ion sputtering
and heavy-ion sputtering has been investigated in detail , and the

following empirical formula is proposed:

Y(8) £
= t exp [ -z (t-11 ,
Y (0)
where 6 is the angle of incidence measured from the surface normal,

and t = 1/cos 6 . The parameters f and I are adjustable parameters
which are determined by the least-square method so as to fit the present
empirical formula to available experimental data.
The best-fit parameters and their average values are listed in
is

tables, where the value of eo is listed in place of X. Here, ©

pt opt
the angle of incidence at the maximum yield and the relation between
eopt and I is simple, i.e.,
L = f cos eopt._

The present empirical formula has been compared with available

experimental data of various ion-target combinations, and it is found

that the agreement is satisfactory in a wide range of the angle of

incidence.



1. Introduction

Current needs for sputtering yield at normal incidence and at
oblique incidence have accelerated the experimental measurements of
sputtering yields, particularly by light ions. The extensive uses of
sputtering data for the design of the fusion reactors required the

comparison of experimental data with empirical formula and

the reliable empirical formulae at normal and oblique incidences.

The empirical formulae for the sputtering yields at normal
2

incidence have been proposed by Bohdansky et al.l , ‘Matsunami et al.”,

and Yamamura et al.3 The compilations of the experimental data for

available combinations of ions and target atoms have been published4'5.

The angular dependence of sputtering yields has been investigated
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by many authors and it was found that its dependence on the angle

of incidence was roughly given by cos-le for not-too-oblique incidence,8

where 6 is measured from the surface normal. On the other hand, the

theoretical investigation on the angular dependence of sputtering

yields was done by Sigmund26, who  showed that the normalized yield

Y(6)/Y(0) had the cos—fe-dependence at not-too-oblique incidence,
where 1 < £ <2,

At energies around 1 keV, the angular dependence of sputtering

yields has been investigated systematically by Oechsnerlg. For

not-too-large angles of incidence, he found that the normalized yield

2

obeyed a simple relation AY(6)/AY(0 =1.2 8 , where 5 = 0/0

opt) opt’

AY(0) = Y(B8) - ¥Y(0), and 80 is the angle of incidence at the maximum

pt
yield.
The rapid variation of sputtering yields with the angle of incidence

has been reported by Bay et al.20 for light-ion sputtering in low keV

region. They found that the lighter the projectile, the maximum of

the normalized yield was higher and also it increased with increasing
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the energy and increasing the surface binding energy. For the grazing -
angle of incidence, the surface channeling plays an important role and
makes the drop-off of the sputtering yield at the glancing angles.

It is de?ired to have some analytical formula describing the angular
dependence of the sputtering yields in a wide range of the angle of
incidence. 1In this paper, a simple formula for the angular dependence
of the normalized sputtering yield ¥(8)/¥(0) is proposed, taking into
account the effect of the surface channeling at large angles, and the

comparison of the present empirical formula with the existing

experimental data will be made in detail.

2. An empirical formula for angular dependence of sputtering yields
Light-ion sputtering is mainly due to collision cascades created by
ions backscattered from the interior of the solid, while the heavy-ion
sputtering is due to collision cascades generated by incoming ions
directly27. This difference is very important for low-energy sputtering,
especially for the angular dependence of low-energy sputtering.
In the case of light-ion sputtering, the angular dependence of the
threshold energy does not have a clear minimum. On the contrary, in
the case of heavy-ion sputtering, the angular dependence of the threshold
energy has a minimum near 60°. The threshold energy of’heavy-ion sput-
tering is a decreasing function of the angle of incidence because of
the anisotropic velocity distribution of recoil atoms near the surface,
and for grazing angles of incidence it increases rapidly with increasing
angle of incidence because of surface channeling. (see APPENDIX A4).
In other words, even if the ion energy is less than the threshold
energy at normal incidence, the finite number of target atoms will be
sputtered in oblique incidence in the case of heavy-ion sputtering.

It must be noted that the normalized sputtering yield Y(8)/Y{J) can not

be well defined in such a low energy region.



2.1 Angular dependence of light-ion sputtering
Light-ion sputtering is directly connected with the particle reflec-
tion coefficient because it is due to collision cascades generated by

backscattered ions. PRzcently, Yamamura et al. have derived the following

fcrmula28

F_(E*)R, (E) E
Y(E) = 0.042 =2 N [ 1 - (—tB

U
S

)% q2.8 (1)

for light-ion sputtering at normal incidence, where FD(E*) is the

deposited energy near the solid surface by a backscattered ion, E* is

the average energy of the reflected ion, and RN(E) is the particle reflection
coefficient of the ion with the incident energy E. The surface binding energy Us is
taken to be equal to the sublimation energy. Ethis the threshold energy of the
sputtering at normal incidence.

For not-too-oblique incidence, the normalized yield is given by
*
Y
(6)  Fp(E ()  Ry(E,0)

Y(0) B, (%) Ry (E)

(2)

where the threshold effect of the light ion sputtering is neglected because of its
weak angular dependence and Y(0) is the sputtering yield at normal incidence which

is described by Y(E) in eq.(l). Similarly RN(E) means RN(E,9=0)°

The angular dependence of the reflection coefficient is roughly
estimated in terms of the range distribution. For very small angles of

incidence, the ratio RN(E,B)/RN(E) is given by

0
(%,0) [, dx F(E,0,x%) -
R DA - = (cos6) fr, (3)
Ry (E) [lax F(E,0,x)
where
<Y2>R
£,= 1+ > , (4)
<AX >R

and F(E,f,x) is the range distribution and the subs~tript R of the

moments means those of the range distribution. The @xponent fR is

nearly equal to 2 for large mass ratiozg.

>

Since E*(0) does not depend so largely on the angle of incidence,



the angular dependence of ¥ (8)/Y(0) is mainly determined by those of the
particle reflection coefficient, and we can write

Y(9) —f
———— = (cOS O0) R . (5)

Y (0)
As the angle of incidence increases, the effect of surface channeling

becomes important. In order to sputter target atoms at the outermost
layer, the projectile must penetrate the first layer of the solid

surface, and this penetration probability is roughly estimated by
exp( - NoRo/cos 8),

where 0 is the hard-sphere collision cross section between a préjectile
and a target atom, R0==N'%is the average lattice constant of the random !
target, and N is the number density of the target atom.
From above discussions we know that the angular dependence of the
normalized yield will have the form
Y (0)

= tfexpr -z (t - 11, (6)
Y(0)

where t = 1/cos & and the parameters £ and I are adjustable parameters.

The angle of incidence at the maximum yield is éimply given by

._l -1 z 7
eopt = cos ~( -E— ) . ‘ (7)
Using the least-square method, the best-fit parameters to the

19,20,21,24 <

present empirical formula are obtained from experimental data
and computer results (ACAT)BO. The best-fit values of £ and eopt
are listed in Table 2. It is very interesting that the best fit f's
are nearly equal to 2 which is a theoretical value of Eq. (4).

The best~fit values of f depend slightly on the sublimation energy
and so the ratio of the best-fit f to /ﬁ; is plotted as a function of
mass ratio M2/Ml‘in Fig. 1, where M1 and M2 are the atomic masses of
a projectile and a target atom, respectively. The solid line in Fig. 1
corresponds ﬁo the average value of f which satisfies the follcwing

.\

relation:



.

-3
= 0.94 - 1.33 x 10 (M2/M1). (8)
v Ug .

In Fig. 2 the best-fit values of eopt are plotted as a

function of

1

a
n = ( ) ’ (9)
R0 2e g

=

1
where q = (Us/yE)2 corresponds to the cosine of the scattering angle
of a recoil atom which gains the energy Us in a single collision.

The LSS reduced energy € is defined by & = E/EL, where

2
M, + M Z.2,e .
EL = l 2 l 2 , ~% . (10)
M2 a
1 1
a = 0.4685 ( )2 (11)

2/3 2/3
Zl + 22

Zl and 22 are the atomic numbers of a projectile and a target atom,

. ‘ 2 .
respectlvelynanq y = 4M1M2/(Ml+‘M2) » M, and M, being their masses.
31
pt

= [« L]
eopt 90 57.3n (12)

The solid line in Fig. 2 is a theoretical curve of 90

which is derived from the direct knock-out model. The Agreement between
the best-fit values and the theoretical results is very good, and so

from the theoretical formula.

we can calculate eopt

2.2 Angular dependence of heavy-ion sputtering

In the case of heavy-ion sputtering, one cannot neglect the threshold
effect which is a decreaéing function of the angle of incidence for the
not-too-oblique incidence. This means that the normalized yield has

the following angular dependence:

Y
Y (6) _ 1 - (E_,/E)%cos 6
= (cos 0) fs [ th

Y (0) S 1 - (Eth/E)z

(13)
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where the exponent f, is given in the form by Sigmund™" as follows:

-5



<Y2>D <X>D2
fg = 1+ —y [ —5— - 11 (14)
<AX >b <AX >D

for not-too-large angles of incidence, where the subscript D of the

moment means those of the damage distribution.

The neccessary condition for the genuine collision cascade near the
solid surface is that the projectile must penetrate a few layer of the
surface. This means that an empirical formula for heavy-ion sputtering
can be expressed by the product of the similar expression to that for
light-ion sputtering and the threshold term of Egq. (13). At present,
the threshold energy is not well established. For simplicity, let us
employ an empirical formula with the same functional form as that of
light-ion sputtering, eq.(6), i.e.,

Y(9) £
=t expl[ - Z(t-1)] , (15)

Y (0)
where the exponent £ will include the threshold effect of Egq. (13), and

so it will depend on the ion energy in the low-energy region. This
tendency is much different from light-ion sputtering.

The best-fit parameters to the present formula, Eq. (15), are obtained
for about 25 ion-target combinations (Table 1), using the least-square
method and are listed in Table 3. In the energy
region where the threshold effect can be neglected, the best-fit values
of £ are consistent with Sigmund fs, as shown in Fig. 3.

In Fig. 4 the ratios of the best-fit f's to Sigmund fs are plotted

1
as a function of g =1 - (Eth/E)z, where E is calculated from the

th
following relation: 3
B = 1.5 8 [ 1+ 1.38 (M /)02 (16)
th = Y * 1772
with h = 0.834 for M2>Ml and h = 0.18 for M2<<M1. This empirical

relation for the threshold energy corresponds to the second Matsunami
formula for sputtering yields at normal incidence3. The solid line

in Fig. 4 is



£ 1 -2z .
—_— =1+ 2,5 —4m——— ., (17)
fS z .

Equation (17) shows that f is infinite at E = Eth' which corresponds
to the fact that the normalized sputtering yield Y (8)/Y(0) is not well

defined in the energy region of E < E

th*
In Fig.5 the best-fit values of 90° - eopt are plotted against
_ a '3/2 2,2, Los
Y = (—) | 373 3733 ( . (18)
Ry (z, + 2,°77)%  E
The parameter ¥ is directly connected with the critical angle
- %
Ve = ([}R(O)/E ) (19)

of surface channeling, where[JR(O) is the average potential gt the
amorphous solid surface which is defined in APPENDIX A. The solid line
in Fig. 5 means the average value of the best-fit eopt's which has the
form
Opt = 90° - 286.0 po-4> (20)

3. Compilation of Experimental Data on Angular Dependence of

Sputtering Yields

The angular dependence of sputtering yields of various combinations
has been compiled and stored in a computer. The compiled data
are summarized in Table 1. When determining the best-fit values of the
adjustable parameters f and I, we excluded the experimental data which
do not have explicit maximum values or which do not have the data at
normal incidence.

Table 4 shows the physical constants necessary for calculating the
angular dependece of the sputtering yield by means of the present
empirical formula. For extensive use of the present empirical formula,

the parameters f and n are calculated from Egq. (8) and Eg. (9) for

typical projectiles H, D, T and He, which are listed in Tables 5, 6



7 and 8, where the calculated parameters n correspond to 1 keV ion.

For calculations of the angular dependence of heavy-ion sputtering,
Sigmund £ of m = 1/32ind Yy for 1 eV ion are also calculated and

listed in Tables 9 through 18, where as the
typical pfojectiles %9“5£' Ar, Fe, Ni, Cu, Kr, Xe and Hg ions are
Ne,
selected.

The plots of the angular dependence of sputtering yields for various
combinations of the incident ions and the target atoms are shown in
Figs. 6 through 58, where Figs. 6 through 24 correspond to light-ion
sputtering and Figs. 25 through 58 to heavy-ion sputtering. The solid
lines in these figures are best fit curves to the present empirical
formula, and the solid lines with cross marks show the results calcu-
lated by putting the average values of the best-fit parameters into
each empirical formula.

In order to know the absolute yield ¥Y(8), one must calculate the

sputtering yield at normal incidence. The authors recommend to use

the third Matsunami formula for the sputtering yield at normal incidence,

which has the form32
A s_(e) 1
Y(E) =P et [ 1 - (B, /E)® 12-8 (21)
1 + 0.35U0_s (g)
s e
where
EL N
P = 0.042 — a(M,/M;)0(2Z,), (22)
R U 27771 2
L s
1
R, = —0=-— ' ' (22)
ma'N vy
s (e) = ke? , (23)

and sn(e) is the LSS elastic stopping cross section in the reduced unit
and the following analytical expression is useful for the present

purpose:2
3.441/Elog(e + 2.718)

sn(€) = . (24)
1 + 6.355/ + €(-1.708 + 6.882/¢ )

—8



The inelastic coefficient k of s_(e) is given as33

3 3/2

6 (2125)% (Mg + M)
373 273,374
1 2

and the threshold energy Ein for the third Matsunami formula has the

k = 0.0793 zll/

' (25)

i
2
(2 + 2 Ml(MlMZ)

following empirical relation :

1.24
Eth = Ug [1.9 + 3.8(M1/M2) + 0.314(M2/M1) 1. (26)

The parameter a(Mz/Ml) is represented as

_ 0.45 1.29
a(MZ/Ml) = 0.08 + 0.164 (MZ/Ml) + 0.0145 (M2/Ml)

(27)
and Q(Zz) is listed in Table 4 for each element. For extensive uses

of the third Matsunami formula, the parameters EL' P, Eth’ o and k
are listed in Tables 19 through 32 for various ion-target combinations,
where as the projectile H, D, T, He, C, Ne, Al, Ar, Fe, Ni, Cﬁ, Kr,

- Xe and Hg are selected.
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APPENDIX A: ANGULAR DEPENDENCE OF THRESHOLD ENERGY OF LIGHT-ION
SPUTTERING AND HEAVY-ION SPUTTERING

The sputtering mechanism for oblique incidence is separated into three
parts: 1) The mechanism due to the direct knock-out collisions with
incident ions at the outermost layer 6f the so0lid surface (mechanism

Ia ofrFig. Al). 2) The mechanism due to collision cascades created by
incoming ions near the solid surface (mechansim Ib of Fig. Al)

3) The mechanism due to collision cascades generated by ions backscatted

from the interior of the solids (mechanism I of Fig. Al).

VECHANISY I MECHANISM I

Fig. Al Schematic representation of sputtering
mechanism at obligque incidcnce

For light-ion sputtering the mechanisms Ia and II play an important

role.
The threshold energy of mechanism II is given as34
U 1
B = — (A1)
Y (1-1v)

for normal incidence. For not-too-large angles of incidence, the
factor (1 - y) of Eq. (Al) must be modified. If only a single colli-
sion process is taken into consideration, the threshold energy will be
a slightly decreasing function of the angle of incidence. For obliéue
incidence, however, the multiple scattering becomes important and this
effect weaken the angular dependence of the factor (1 - y). Roughly

speaking, the threshold energy of mechanism IT is

—12 ~



U 1

th Y 1 - Ycosz(6[2)

for not-too-oblique incidence, where the difference of the scattering
angles between in the L system and in the CM system is neglected because
of large mass ratio.

For oblique incidence, an incoming ion must penetrate the first
layer for mechanism II . The average potential at the surface of the

amorphous solids is roughly estimated by

1 4R, /2 o
Uply) = — f 4z [ 2mrar V(/Qy - 2% r
R0 —RO/2 0]

2
). (A3)
where y is the distance from the surface and V(r) is the interatomic
potential. If one employ the Moliere potential as the interatomic

potential we have

A a 3 a, B:R B,
URly) = 47 B (—)° ] —L sinh(-EO)exp(-—1y) ,
A+ 1 R, i=1 B, 2a a
1
= A4
where A M2/M1’ (A4)

o, = (0.35, 0.55, 0.10)

; = (0.3 , 1.2, 6.0) .

The critical angle for penetration through the first layer is given

as

-1. ugr(0®)
wc = cos l[-——B——-]% ’ (A5)
E

where wc is measured from the surface normal. The critical angle wc

for the incident energy of the order of the threshold energy is about

50° for H - Ni. For 6 < Vor E of the mechanism II is given by eq.(2).

th
For grazing angles of incidence ( 6 > 70°), the direct knock-out

process become important and the criterion of the sputtering due to

this process is given by'31

—13~



cos 6+ 29 < 1 (A7)
P, > Py > Rocos 6 (A8)

i
where gq = (Us/yiE)2 and the impact parameters Py and p, are the lower

and the upper limits of the impact parameters available for the

F

sputtering due to the direct knock-out process.
From the inequality of Eg. (A7) we obtain

U 1
_ s
Eth'(e) =

_4 . (Ag)

Y sin (6/2)

The criterion of Eg. (A8) is not important as compared with surface
channeling for oblique incidence. Namely, in ordex to knock off an
atom at the outermost layer, an ion must arrive at the surface. This
leads to the following expression for the threshold energy:

U 5 (Ry/2)

E,. (8) = (A10)
th cos2 0

where UR(RO/Z) is the average potential at the distance R0/2, at which

there exists an atom with a finite probability in the case of the

random target. From Eq. (A4), UR(R0/2) zlJR(O)/Z.
} K\' H._. ;u S ] Fig. A2
m.E \\ ] The angular dependence of the
] N ) threshold energies for H + Ni.
s ~ ]
Etﬁ; \\\ // mechanism II
g L E —~——— direct knock-out process
g0 / —— — surface channeling
2 /
9 10 e 4/// [
2 3 = T
% i_f_,,,z// /7
- 18k .
F
L

Q 30 60 90
ANGLE OF [NCIOENCE (DEGREE)
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Ts

In Fig. A2 the threshold energies corresponding to each mechanism
are plotted against the angle of incidence. Figure A2 tells us that
the threshold energies corresponding to the direct knock-out process

can be neglected. Finally we get

[ Ug 1
> for not-too-oblique incidence
Y 1 - ycos®(6/2)
L
Eth(6)= 1 (All)
A a 2
26.85 E_( )
1+a L Rg

§ for grazing angles of incidence

cos29

When the incident energy is very low, sputtered atoms will be ejected
before they lose the memory of the direction of the incident ion beam.
This means that the velocity distribution of recoil atoms generated by
incoming heavy-ions is anisoctropic. Taking into account the anisotropic

effect of the recoil flux, Yamamura showed that the angular dependence

2,35

of the heavy-ion sputtering was proportional to cos” 8 .

For grazing angles of incidence, the surface channeling will play
an important role. In the case of heavy-ion sputtering, the threshold

energy due to surface channeling is given by

Upl(y s.)
E,, (8) = __B___I_gi&_. , (A12)
cos™ 0

where Ymin is the minimum distance above which the projectile will

be reflected without producing any recoil atom available for sputtering.

For the amorphous solid surface the minimum distance Yoin May be of

in
the order of
Ro

Ynin © 2 + pmin

’ (A13)

where Pp is the collision diameter for the Moliere potential and

in
depends on the incident energy. Since the incident energy of present

interest is very low, p

min 1S roughly given by

p = sa

min

— 15—



where s is the solution of the following transcendental equation:

€ = exp( - 0{3s)/s .

Let us consider a typical example, i.e., art - Cu. In this
case, s is nearly equal to 15. 1In Fig. A3 the angular dependence of
threshold energy for art _ Cu is plotted as a function of the angle

of incidence. Finally, we have

( Eth(O) c0326 for not-too-oblique incidence

H . A a,3 , (Al14.)
Eth(e) =y 0.3 AT EL(EO‘)
5 for grazing angles of incidence
cos™ o

N

where Eth(O) is the threshold energy at normal incidence, and Ymin

is set to equal to R0/2 + 15a.

AR — CuU

Fig. A3

The angular dependence
of the threshold energies
for Ar + Cu.

mechanism I
———— surface channeling

THRESHOLD ENERGY (EV)

0 30 60 80
ANGLE OF INCIDENCE (DEGREE)
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Table 1 Ion-target combinations in the present data compilation

Target
References Ion C A1 Ti Fe Ni Cu Zr Nb Mo Pd Ag Ta W Pt Au
Wehner (1959) Hg o o ' o O 0o o o
Rol et al. (1960) Ar o i
Marchanov et al. (1961) Ar o
Almen et al. (1961) Kr o
Dushikov et al. (1962) He o
N o
Ne o
Ar o
Ramer et al. (1964) Ar o o
Marchanov et al. (1965) Ar o o o
Cheney et al. (1965) Ar o
: Xe o o o
Dupp et al. (1966) Ar
Evdokimov et al. (1968) Ne o
Ar o o
Kr o
Ismail et al. (1968) Hg o
Holmen et al. (1970) Hg o o
Swmmers et al. (1971) D o
He o
Nb o
Oechsner (1973) He c
Ne o
Ar o o o o o o 0 o o o}
Kr o]
Xe o
Bay et al. (1979) H o o
D o o
He o
Bay et al. (1980) H o
Kruger et al. (1980) Ar o o o
Thompson et al. (1980) P o
Sb o o]
Bi o
Bohdansky et al. (1982) H o o o o o
D o
He o o (o}
Bohdansky (1983) H o
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Table 2 Best-fit parameters of the present empirical

formula for light-ion sputtering

Best-fit wvalues

Energy Ion Target £ 6 Ref.
' opt
450 eV H Ni l1.62 74.4° 25
1 keVv H Ni 2.34 78.3° 20
4 keV .H Ni 2.27 82.3° 20
450 eV H Ni 2.19 78.7° 20
1l keV H Ni 2.32 8§2.9° 30
4 kev H Ni 2.62 84.2° 30
1 keV D Ni 1.88 80.4° 25
100 ev He Ni 3.20 56.3° 30
500 eV He Ni 3.30 66.1° 30
1l keVv He Ni 2.50 72.1° 30
4 keV He Ni 2.09 79.0° 30
4 keV He Ni 1.52 80.5° 29
50 keV H Cu 1.88 g2.1° 24
1.05 keV He Cu 1.55 66.5° 19
2 keV H Mo 2.40 81.8° 20
8 kev H Mo 2.80 82.0° 20
2 keV D Mo 1.98 82.0° 20
4 keV He Mo 2.23 77.3° 20
1 keVv H Au 1.14 78.0° 20
4 keV H Au 1.53 79.5° 20
1 keV D Au 1.22 79.2° 20
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Table 3 Best-fit parameters of the present empirical

formula for heavy-ion sputtering

Best-fit values

Energy Ion Target Ref.
£ eopt
30 eV Ar Cu 35.4 44 .2° 30
50 ev Ax Cu 9.33 46.1° 30
100 ev Ar Cu 5.25 43.6° 30
500 eV Ar Cu 3.35 49.6° 30
1 kev Ar Cu 3.07 55.7° 30
5 keVv Ar Cu 2.66 €5.7° 30
20 kev Ar Cu 2.19 75.0° 30
50 eV Hg Ni 37.1 47.5° 30
100 ev Hg Ni 15.0 52.5° 30
500 eV Hg Ni 5.01 61.2° 30
1 keVv Hg Ni 4.02 63.3° 30
5 keVv Hg Ni 3.56 64.7° 30
50 eV Ni Ni 22.8 44,2 30
100 ev Ni Ni 11.8 45.5° 30
500 eV Ni Ni 3.75 50.5° 30
1 kev Ni - Ni 3.05 56.2° 30
5 kev Ni Ni 3.13 64.2° 30
10 kev Ni Ni 3.37 66.4° 30
200 eV Hg Ni 12.8 48.2 6
800 eV Hg Ni 8.57 51.0° 6
400 ev Hg Fe 15.5 57.6° 6
800 eV Hg Fe 9.53 60.7° 6
200 ev Hg Mo 26.0 53.0° 6
800 eV Hg Mo 26.9 50.9° 6
400 eV Hg Ta 15.0 62.0° 6
200 eV Hg W 5.87 58.3° 6
400 eV Hg W 10.6 52.8° 6
800 eV Hg W 7.64 56.1° 6
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Table 3 (continued)
Best~fit values
Energy Ion Target Ref.
£ eopt

1.05 kev Ar Al 2.10 70.2° 19
1.05 kev Ar Ti 2.04 68.8° 19
1.05 kev Ar Ni 1.72 69.5° 19
1.05 kev Ne Cu 1.03 70.6° 19
1.05 kev Ar Cu 1.29 69.8° 19
1.05 kev Kr Cu 2.19 66.9° 19
550 eV Xe Cu 9.40 53.8° 19
1.05 keV Xe Cu 4.56 61.5° 19
1.55 kev Xe Cu 3.89 64.0° 19
2.05 keV Xe Cu 2.44 69.0° 19
1.05 kev Ar Zr 1.73 67.7° 19
1.05 keV Ar Pd 1.85 63.1° 19
1.05 kev Ar Ag 1.50 63.7° 19
1.05 keVv Ar Ta 1.75 67.5° 19
1.05 keVv Ar Au 1.50 59.8° 19
37 kev Ar Cu 1.16 71.9° 13
30 kev Xe Cu 1.94 75.0° 13
9.5 keVv Xe Cu 2.53 69.5° 13
30 kev Xe Mo 2.58 76.7° 13
30 kev Xe W 1.33 78.5° 13
9.5 kev Xe W 1.07 76.0° 13

—20 -
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Table 4 Some physical constants for calculations of sputtering yields.

*

Table 5 through 8
The parameters for the angular dependence of light-~ion
sputtering.
The correspondence between Tables and projectiles are

as follows:

H : Table 5
D : Table 6
T : Table 7
He : Table 8

Let us show briefly how to use these tables and suppose the
angular dependence of 4 keV HY — Ni is desired.

The appropriate table is Table 5. From Table 5 we have
f = (4.44)%X(0.94 - 0.00133%x58.24) = 1.82 ,

where figures in italics corresponds to values in Table 5.

1/4

The quantity n is inversely proportional to E and so we

get

n = (%)'Wlx 0.1535 = 0.1085 .

From Eq. (12) eoptAcan be calculated as follows:
a— o = °
eopt = 90 57.3%x0.1085 83.8°.
Since I = fcosH , we have
opt

L =1.82 cos 83.8° = 0.197.

Finally, we have the following angular dependence for 4 keV
HY —s Ni:

§_§g§_ = x1+82%xp[ - 0.197 (x - 1)1,

where x = 1/cos 6
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Tables 9 through 18
The parameters for the angular dependence of heavy-ion
sputtering.

The correspondence between Tables and projectiles are as

follows:
C : Table 9 Ne : Table 10
Al : Table 11 Ar : Table 12
Fe : Table 13 Ni : Table 14
Cu. : Table 15 Kr : Table 16
Xe : Table 17 Hg : Table 18

Let us show briefly how to use these table for calculations

of the angular dependence of heavy-ion sputtering. Then, ﬁ
suppose the angular dependence of 1 keV Art —s cu is desired.
The appropriate table is Table 15. Fist of all, we must
calculate the guantity ¢z

1 E
g =1 - (Eth/E)2 =1 - (20.72/1000)% = 0.8561.

Since fs = 1,71, the parameter f is calculated from Eq. (17),
£f=1.71 x(1 + 2.5x%x0.1439/0.8561) = 2.43

The quantity ¢y is inversely proportional to vE, which is
known from Eg. (18). Then, we have

V) = 0.1305//I000 = 0.004127 .
From Eg. (20) we get
0 — 90° -286 x 0.004127°°%% = 65.8°
opt * ¢
The relation I = fcoseOpt yields
Y = 2.43 cos 65.8° = 0.9961.

tn the above calculations, figures in italics are the values
in Table 15. Finally, we get the following angular dependence
for 1 keV Ar+ — Cu;

%%%%—= x2'43exp[— 0.9961( x - 1)1.

where x = 1/cos 6 .
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Table 19 through 32
The parameters for the third Matsunami formula,
where the correspondences between Tables and projectiles

are as follows:

Table 20 T Table 21
Table 23 Ne : Table 24
Table 27
Table 30

H : Table 19 D
He : Table 22 C
Al : Table 25 Ar : Table 26 Fe
Ni : Table 28 Cu : Table 29 Kr
Xe : Table 31 Hg Table 32.

.. o
(13 .o

Let us show how to use these tables for calculations of
sputtering yields at normal incidence by the third
Matsunami formula. Suppose the sputtering yield of 1 keV
ot — Ni is desired. The appropriate table is Table 19.
The reduced energy € for 1 keV Ar® —»> Ni is calculated
like this

e = 1000/(2.799 x 1000) = 0.3572.

Direct insertion of this wvalue into Egs. (23) and (24)

yields
4.35 x /0.3572 = 2.60

I

s (€)
sn(e) = 0.408 .
Since P = (0.4814 and Eth = 100.6, we have

Y = 0.4814 x 0.408/(1 + 0.35x4.44x2.60 )

3 .2.8 _ -2 .
x [ 1 - (100.86)% 1] = 1.33x10 “(atoms/ion),

where Us = 4.44 eV is in Table 4, and in the above calculations

figures in italics corresponds to those in the present tables.
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Fig.

Fig.

Fig.

Fig.

Fig.

Captions of Figures

Best-fit values of £ for light-ion sputtering, where the ratio

of £ to /YUg is plotted as a function of the mass ratio MZ/Ml’

the solid line is calculated from eq.(8).

Best-fit wvalues of 5 for light-ion sputtering, where the

pt

best-fit eo t's are plotted against n and the solid line is

P
the theoretical curve calculated from Eq. (12).

The best-fit values of f for relatively high-energy heavy
ion sputtering, where the solid line corresponds to

Sigmund fg of m = 1/3.

The ratios of the best-fit f's to Sigmund fS as a function

1
of n =1- (E_,/E)?, where the solid line corresponds to

/
th’
Egq. (17).

The best-fit wvalues of 90° - eopt as a function of Y, where
the solid line corresponds to

= _ 0.45
Oopt = 90° = 286y .

Figs. 6 through 58

The normalized sputtering yield Y¥Y(6)/Y(0) as a function of
the angle of incidence, where the solid lines in these
figures are best-fit curves to the present empirical formula,
and the solid lines with x marks show the results calculated
by putting the average values of f and I into the present
empirical formula. The average parameters of f and X are
easily calculated using the parameters listed in Table 5

through 18.
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