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Abstr act

Sel fsputtering and reflection are investigated with the Monte Carl o program
TRIMSP. The results include particle and energy reflection coefficients,
sputtering yields and sputtered energy versus incident angle and energy.
Angul ar and energy distributions of reflected and sputtered particles are
al so given. Reflection and sputtering values are conpared to show their
contributions to selfsputtering. A conparison of calcul ated sputtering

yi el ds and sputtering efficiencies (sputtered energy) w th experinental

data is carried out. The systens investigated are mainly the bonbardnent of

C, N, and Wwith sel f-ions.



1. Introduction

Sputtering of anorphous and polycrystalline targets has been studied for a
long time experinentally and theoretically. Recent surveys by Andersen and
Bay /1/ and by Sigmund /2/ should be nentioned for a representation of the
field and the earlier literature. Recently also Mnte Carl o computer

sinmul ations /3/ have been shown to describe sputtering phenonena quite
successfully. This paper is restricted to selfsputtering, where target
atons and incident ions are the same species. In this case the neasured
data do not distinguish between sputtering and reflection. It is assuned
that the contribution of reflected particles to the sputtering yield and
the reflected energy to the sputtered energy /1/ is small for a nmass ratio,
Mo M1 = 1 th® target mss 1o jon mass. Bottiger et al. /4/ showed

i ndeed that the reflection coefficient for MZ/MI =1 is of the order of 1 Z
(range from4 % to 0.4 Z due to different potentials), whereas the
sputtering yield is of the order of 1 in the keV-range for norma

i nci dence. For increasing angle of incidence the reflection coefficient is
i ncreasing /4/, whereas the sputtering yield for |arge angles of incidence
is decreasing, so that for grazing incidence reflection exceeds sputtering.
This has been shown by Robinson /5/ in a conputer sinulation of

sel fsputtering of Urani um

In this paper the Monte Carlo program TRIMSP is used to investigate nore
gquantitatively selfsputtering and reflection. The sputtering yield will be
conmpared to the particle reflection coefficient, the sputtered energy to
the reflected energy, the nean energy of sputtered particles to the nmean

energy of reflected particles. In addition the angul ar and energy



di stributions of sputtered and reflected particles are studied to find out,

if there is a possibility to distinguish experinmentally between sputtered
and reflected particles. Conparisons with avail able experinental and

theoretical data are carried out.

2. The conput ational nodel

For the evaluation of the various quantities the Monte Carlo sinulation
program TRIM SP (version TRSP1C) is used. The programis descri bed
extensively in Ref. /3/, so that only a few essential points are nentioned
here: The programis based on the binary collisional nodel and assunes a
randoni sed target. As interaction potential the Kr-C potential /6/ is
applied, for the inelastic energy loss a 50%- 50 % nodus of the non-loca
Li ndhard-Scharff /7/ and the local OCen-Robinson /8/ nodels is used. If not
stated otherwi se, no non-local inelastic energy |oss outside the uppernost
atomic layer is taken into account. For identical projectile and target
atons the surface binding energy is applied to sputtered as well as
reflected particles. The surface binding energies for the different targets
are taken fromtables /9/. In all calculations a planar surface potential
is assunmed, which leads to a gain of the surface binding energy for the

i ncident particles and an equal |oss of energy for the | eaving particles
and in addition to a refract{on of the incident particles as well as the
outgoing reflected and sputtered particles. The cal culations cannot give

any information on the charge state of the outgoing particles.




The results include the following quantities:

% the particle reflection coefficient,
defined as the fraction of incident
particles which is reflected;
the Rg energy reflection coefficient,
defined as the fraction of the
incident energy which is
carried by the reflected particles;

Erefl 'Eo ' Vi the relative nean energy of the
reflected particles (Eq is the
incident particle energy);

Y the sputtering vyield, defined as
t he nunber of sputtered particles
per incident particles;

ye the sputtered energy, defined as the

energy carried by the sputtered
particles divided by the incident
ener gy;

IE =Y_lY the relative mean energy of the

sputt. o E

sputtered particles.

In addition, angular and energy distributions of reflected and sputtered
particles were calculated.

The nunber of histories (number of incident particles) was chosen such that
the angular and energy distributions exhibit reasonable statistics or, in

the case of reflection coefficients (which were the smaller quantities),



such that the nunber of reflected particles was at | east 100. One should
keep in mind that in experinents of self-sputtering usually the suns R +Y
and + Yg are neasured. The energy distributions nay give sone indication
of the contribution of reflected particles. It should be noted that spike
effects in sputtering /2/ are neglected. These nmay have sone influence in

t he case of heavy species, such as W

The paper deals with ion-target conbinations, where both ion and target
atonms are identical. One exanple each of a light, nedium and heavy speci es,
was chosen: C, Ni and W Choosing identical ion and target atonms inplies
that both reflected and sputtered particles experience the sane surface

bi ndi ng energy and that no conpositional changes occur in the target. Both
effects, different binding energies for different species in conpound
targets and dose dependent surface concentration changes present speci al

difficulties which are discussed in /10,11/.

3. Reflection coefficients and sputtering yields

a) Normal incidence

In Fig.l the reflection coefficients and the relative nean energy of
reflected particles are plotted versus the incident energy for nornmal

i nci dence. The species are C, N  and W as in all subsequent data. Al
reflection coefficients show a maxi num The energy position of the maxi num
depends on the value of the surface binding energy and on the species as in
sputtering. The maximum position for Ni increases with the surface binding
energy fromO0.15 keV for an assunmed surface binding energy, E; = 1 eV, to

about 2 keV for ES =10 eV. The nmaxi num val ues of the particle reflection



coefficient are in the order of 1 L The values of the calculated particle
reflection coefficients are in reasonable agreenent with earlier
theoretical data /4/. The relative mean energy does not vary much, |ess
than a factor of two. The absolute values of the relative nean energy are
of the order of a few per cent of the incident energy, which is about an
order of nagnitude |ower than for the light ions /12/.

The sputtering yield ,Y, the sputtered energy, Yu, and the nean energy of
the sputtered particles versus the incident energy at normal incidence are
given in Fig. 2. Y and YD show a strong increase at |ow energies. The

maxi mum of Y depends on the species, and the naxi mum of YE i's reached at

| ower energies than that of Y. Therefore the Y& val ues are decreasing
already at |ower energies, leading to a nonotonous decrease of the relative
nmean energy with incident energy. For N and Wa conparison wth
experinmental data /13- 16/ denonstrates good agreenment. This inplies that
spi ke effects are not of great inportance in the energy range investigated.
The discrepancy of a factor of 2 for carbon /17, 18/ is also observed for
ot her incident particles. Agreement with experinental data can be obtained
by choosing a surface binding energy of about 4 eV. If a reduced binding
energy or sone other effect /18/ is the real cause for the discrepancy is

not clear at the nonent.

A conparison of the reflection data and the sputtering data, see Fig. 3,
shows that the sputtering yields are nore than an order of nagnitude | arger
than the particle reflection coefficients over the whole energy range

i nvestigated. From these data it can be concluded that in a self-sputtering
experiment at normal incidence the reflected particles can at | ow energies

(bel ow 100 eV) contribute up to 10 % to the nmeasured sputtering vyield.



The ratio of the energy reflected to the energy sputtered is larger and

| ess strongly dependent on the incident energy, than the ratio of the
particle reflection to the sputtering vyield. The nean energy of the
reflected particles is larger than the nmean energy of the sputtered
particles. The ratio of the mean energies T,er; Csputt 'S 1nereasi np yitp

i ncreasing incident energy.

Fig. 4 denpnstrates that the particle and energy reflection coefficients
scale with 8 but only for <£- values nuch larger than the £-val ues
corresponding to the respective surface binding energies. The sane is true
for the so called sputtering efficiency, /19/, y = R“ + “(see fig.5. An
approximate £ -scaling for y was shown in /20/ for 10_2"—'5 = 3 . The
experinental data /20/ and theoretical data, taken from Wnterbon 's tables
/21/ give larger values for fl . The discrepancy of the calculated values
of y in this paper to Andersen's data /20/ for Pb is less than a factor of
two for nmost of the energy range covered. It should be nentioned that the
cal culated and neasured sputtering yields for NN and Ware in nuch better
agreenent (see fig. 2) and do not show the systematic deviation as for y
Different nodels for the inelastic energy loss, no inelastic loss or 100 %
Li ndhard- Scharf f, change the sputtering efficiency by less than 10 % An
increase in Y and YD by about 40 7, and in . and RL by about 20 7»(at the
sane incident energy above 1 keV for U is obtained by using the so called
"universal potential" of Ziegler et al. /22/. In this paper the Firsov
screening length is used, whereas for the experinmental data the Lindhard
screening is applied. The Firsov £ is about 10 7» smaller than the Lindhard,
so that the experimental curves have to be shifted. Taking this diff'erence

into account, the Pb-data /20/ are in reasonable agreenent with the

calculated data. The deviations for the Cu-data /20/ are nmuch |arger.




But here it has to be nentioned that Cu shows a larger sputtering yield as
conpared to nei ghbouring el enents as for exanple Ni. The surface binding
energies for N and Cu differ by 25 % but the sputtering yield for Cu is
nore than a factor of 2 larger than the yield for Ni. This situation is
simlar for Ag and Au. These large yields for Cu, Ag, Au cannot be
understood by sinple collisional considerations. Therefore a program based
on binary collisions gives too small yields for Cu, if it gives the right
values for Ni. Fromthis fact it is expected that the experinental
sputtering efficiency for Cu is larger by a factor of 2 to 3 than the

cal cul ated ones. A simlar reason could be al so possible for the somewhat

| arger experinental Pb-data. If a deviation for the sputtering efficiencies
for NN and W between cal cul ated and neasured data is observed despite the
fact that the sputtering yields are in good agreenent than a closer

conpari son between cal cul ated and neasured total energy distributions has

to be perforned.

The nean energy of the leaving particles is given by yEqg = RN Erefl +

Y ESputt /4] . The first termon the right side of the equation contributes

about 15 % at 100 eV and about 5 % at lO4 eV as can be determned fromFig.
1-3. The nean energy of the sputtered particles determni ned by the measured
value of ~ gives higher values /23/ because of the above nentioned discre-
pancy between the calculated and neasured values of . The ratio of the
rel ati ve mean energies of reflected to sputtered particles indicates that
in the energy distributions of reflected particles the contribution of

hi gher energy particles nust be of greater inportance than in the distri-

bution of the sputtered particles.



b) Non-normal incidence

The reflection coefficients and the relative nean energy of the reflected
particles versus the angle of incidence,X , are shown in fig. 6, for 0.1
and 1 keV. Al three quantities show an increase with increasing angle of

i ncidence, to about unity. The shapes of the curves depend sonewhat on the
i nci dent energy and the species but the curves are simlar for the exanples
I nvestigated. At glancing incidence the mean energy of the reflected
particl es approaches the incident energy, Eg.

The sputtering yield and the sputtered energy versus the angle of incidence
are shown in Fig. 7. Al exhibit a maxi mum(cf. also Ref. /3/) between 50°
and 70° depending on the species. In the energy range investigated, 0.1 and
1 keV, it seens to be nore pronounced for the lighter elenents. Al so the
rel ati ve mean energy of the sputtered particles shows a nmaxi mum for Nl and
W(1 keV), but not for C and W(0.1 keV), where it keeps increasing with
angl e of incidence. A conparison between the particle reflection
coefficient and the sputtering yield shows that both quantities becone
comparabl e at an angle of incidence of about 55° at an incident energy of
0.1 keV and at about 80° for 1 keV, Fig. 8. For the energy reflection
coefficient and the sputtered energy this occurs at an even | ower angle of
i nci dence, viz. at about CX= 40° for 0.1 keV and (X = 65° for 1 keV. Above
these angles the reflection coefficients are larger than the sputtering
guantities. This result indicates that in self-sputtering experinments the
reflection nakes an inportant contribution at non-normal incidence and
becones the domi nant contribution at grazing incidence. Furthernore, the
contribution of the reflection is nmore inportant in the energy coefficients

(kp., Yg) than in the nunber quantities (R, Y) as can be seen in Fig. 8. 1In



Fig- 8 the ratios R/Y, Rg/Yg 2"d &, fi E_sputt are shown wversus  the angle

of incidence. It is apparent that the mean energy of reflected particles,
Erefl - |2arge" 'Ea" the mean energy of the sputtered particles, fspu: >
for all angles of incidence. In fact, the ratio E 3 i ncreases

refl. /Espu'tt.

with increasing angle of incidence.

It should be noted that at low incident energies the particle reflection
coefficient does not reach unity at grazing incidence. This fact could
already be seen in Fig. 6e. The reason for this effect, given in /5 is,
that due to the surface binding energy, Es‘ t he maxi mum effective angle of
i nci dencezo<// is limted:

. 1/2
«xT?= arc cos (ES/(ES+EO))

The absolute value of the reflection coefficients also depends on the model

of inelastic energy losses at the surfaces. |In all data calculated for this
paper, no non-local inelastic energy loss outside the uppernost target
atoms was taken into account /3/. If such a non-local inelastic energy |oss

for a distance (1.58 A for W of half a lattice constant above the surface
is applied, the reflection coefficients are reduced by about 25 % which

gi ves better correspondence to the values calculated in /5/. The
quantitative picture is only slightly changed, and the conclusions drawn
above are still valid, because the sputtering yields are reduced by about

t he sane anount /3/.

The dependence of the sputtering efficiency, y = RE + YE’ versus the angle
of incidence, , is givenin Fig. 9 for two exanples. The conparison of

the cal cul ated y with Sigmund's fornula /eq. (81b) in 24/ shows good
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agreenment for <£- 0.13, whereas at f m4.5 X 10_L the cal cul ati ons give

| arger val ues than the formnul a.

4. Angul ar Distributions

a) Normal incidence

The angul ar distributions of the reflected particles are shown in Fig. 10,
for incident energies between 0.1 and 3 keV. The plot chosen (the

di stribution versus the cosine of the enission angle,' ) is due to

Robi nson /5/, and makes for easy conparison with a cosine distribution,
which is represented by the straight line starting from2 on the ordinate
scale (the starting point is determ ned by the nunber of cosine-intervals
chosen). The distributions exhibit an under-cosine structure at | ow

energi es, an over-cosine structure at higher energies and a cosine
structure sonewhere between. The energy region, where a cosine distribution
appears, increases with target nass.

The angul ar distributions of the sputtered particles, shown in Fig. 11, are
very simlar to those of the reflected particles. The only difference is,
that at higher energies the reflected particles tend towards an over-cosine
di stribution, whereas the sputtered particles still show a distribution

very close to cosine.

b) Non-nornmal incidence

For 1 keV C onto C the angular distributions of reflected particles becone
i ncreasingly non-cosine with increasing angle of incidence, of,, Fig. 12a. As

expected fromsinple considerations and light ion scattering data /12/ the
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distributions nove to a nore specular reflection. Contrary to the result
for reflected particles, the angular distributions of sputtered particles
show no strong dependence on the angle of incidence, only a slight
deviation to an under-cosine distribution with increasing angle of

i nci dence, Fig. 12b. This result can explain the differences between the
reflection coefficients and sputtering yields versus the angle of incidence
(reflected particles at grazing incidence will retain nost of their initia

energy) .

5. Energy Distributions

a) Nornal incidence

The energy distributions of reflected and sputtered particles are shown in
Fig. 13, for incident energies between 0.1 and 3 keV. As stated in Sect.
3a, the Intensity of the reflected particles is at | east one order of

magni tude lower than the intensity of sputtered particles. Both

di stributions show about the same energy cut-off at the high energy end,
where both distributions cone closer together. The maxi num of the
distribution of the reflected particles is less clearly devel oped and
occurs at higher energies than for the distribution of sputtered particles.
In the distribution of reflected particles the statistics for energies

bel ow 1 eV becone very poor. It was also found that due to the proxinmity of
the cut-off energy (for the maxi mum transferrable energy) the maxi mum of
the distribution of the sputtered particles at |ow incident energies nay
occur below half the surface binding energy /2/. It should be renenbered

that these distributions include all sputtered and reflected particles



resp., and that the distributions in different emnission directions nay

differ slightly. The distributions of both reflected and sputtered

particles cover the sane energy range, so that it wll

be nearly inpossible

to distinguish reflected and sputtered particles from their energy

di stribution.

b) Non-nornal incidence

Wth increasing angle of incidence the high energy ta

di stributions of the reflected particles beconmes nore

il in the

i mportant, as seen in

Fig. 14 for 1 keV C bonbardnent of C. At |ower energies the distribution of

reflected particles becones nearly constant with increasing angle of

i nci dence, whereas the high energy end of the distrib
particles shows a slight shift to higher energies wit

shoul d again be nmentioned that the energy distributio

ution of sputtered
h increasing <X. It

ns change narkedly

with enmission angles /3/. Here only the total distributions are given. At

grazing incidence nearly all particles leaving the ta

ones.

6. Concl usi ons

In the energy range above 100 eV the contribution of
the selfsputtering yield is less than about 10 % and

i ncreasing energy for normal incidence. The sane hold

rget are reflected

reflected particles to
decreasing with

s for the reflected

energy in conparison with the sputtered energy. The nean energy of the

sputtered particles is snaller than the nmean energy o

f reflected particles.



The cal cul ated sputtering yields for Ni and W show good agreenent with
experinmental data. For C a deviation is observed, which may be due to a

| ower surface binding energy.

-scaling for the reflection coefficients and the sputtering efficiency is
observed for energies well above the surface binding energy E;. The
calcul ated sputtering efficiency is always |ower than experinental and
theoretical curves with an increasing deviation to higher energies.
Wth increasing angle of incidence the reflection beconmes nore inportant in
conparison to sputtering and is dom nant at grazing incidence. Andersen's
formula for the sputtering efficiency gives good agreement with the

cal cul ated data at not too | ow energies.

Angul ar distributions for reflected particles show small deviations froma
cosine distribution, whereas sputtered particles give better agreenent at
normal incidence. For nonnornal incidence sputtered particles still show a
di stribution very close to cosine, whereas the reflected particles becone
nore peaked in the forward direction with increasing angle of incidence.

In contrast to the energy distributions of sputtered particles, reflected
particles do not exhibit a pronounced maxi nrum and the distributions of both
kind of particles are simlar at the high energy tail for normal incidence.
For nonnormal incidence the energy distributions of reflected particles
become rather flat, showi ng a pronounced maxi mum at the high energy end

only for grazing incidence.
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Figure captions

Fig.l Particle (R ) and energy (Rg) reflection coefficients and the
rel ative nean energy of the reflected particles, Erefl /Eq, versus
the incident energy, Eq, for normal incidence, <x = 0°.

(a) C*C, (b) Ni-*-Ni, (¢) W W

Fig. 2 Sputtering yield, Y, sputtered energy, YE’ and the relative nean
energy of the sputtered particles, Egpyt: /Eq versus the incident
ener gy, Eo for normal incidence, <x= 0°.

(a) G>C, (b) N N, (c) W>W

Fig.3 The ratios R/Y, R/Y, and 5, .fi Fsputt Vve'sus '1¢ jncjdent
energy, Eq, for normal incidence

(a) G*-C(b) Ni->Ni, (c) W->W

Fig. 4 Particle and energy reflection coefficients, and R.,

I8}

and Rg/R , versus the reduced energy, E , for C, N and W

Fig.5 The sputtering efficiency, = RL + Ym, versus the reduced energy,

<€, for several elenments (bé/bt = 1).

Fig.6 Particle and energy reflection coefficients, RN and Rd’ and the

relative nean energy of reflected particles, /Eq, b

Erefl.

angl e of incidence,«, for the bonbardment of
(a) 100 eV C- C, (b) 1 keV CG>-C, (c) 100 eV N N

(d) 1 keV Ni->Ni, (e) 100 eV W>W (f) 1 keV W W



Fig. 7

Fig. 8

Fig.9

Fig. 10

Fig. 11

- 18 -
Sputtering yield, Y, sputtered energy, Yu, and the relative mean
energy of sputtered particles, Feouu /5o VTS the angle of
incidence, <x.
(a) 100 eV C-*C, (b) 1 kev C*C, (c) 100 eV Ni Ni,
(d) 1 keV Ni-*Ni, (e) 100 eV W*W, (f) 1 kev W*W

The ratios R Y, R/Y_ and E ., /E versus the angle of
It o E refl. sp.

incidence, .

(a) 100 ev C-r C, (b) 1 kev C-*mC, (c) 100 eV Ni- Ni

(d) 1 keV Ni -Ni, (e) 100 eV W*W, (f) 1 keV W*W.

The sputtering efficiency, = R + Yg, versus the angle of

incidence, ex . Comparison with Sigmund's formula /24,1/.

(a) 1 keV W-> W (<£= 4.46 x 10~*)

(b) 30 keV Ni->Ni (f

0.129)

Angular distributions of all reflected particles versus the cosine
of the emission polar angle, B, for normal incidence, <x= 0°.

(a) 0 .1, 0.3, 1 and 3 kev C*C

(b) 0.1 and 1 keV Ni-*-Ni

(c) 0.1 and 1 kevV W- W.

Angular distributions of all sputtered particles versus the cosine
of the emission polar angle, B, for normal incidence, <x = 0°.

() 0.1, 0.3, 1 and 3 kev C C

(b) 0.1 and 1 keV Ni->Ni

(c) 0.1 and 1 kev W->W.



Fig. 12

Fig. 13

Fig. 14

Angul ar distributions of (a) reflected and (b) sputtered particles
versus the cosine of the emi ssion polar angle, B, for 1 keV C

bonbardnent of C at four angles of incidence, «.

Energy distributions of reflected and sputtered particles versus
the energy, E, of reflected resp. sputtered particles, for nornal
i nci dence, oi = 0°.

(a) 0.1 kev C C, (b) 0.3 keV CG>C, (c) 1 keV C*C

(d) 3 kev GC*C (e) 0.1 keV Ni->Ni, (f) 0.1 keV W W

(g) 1keV Ni- Ni, (h 1keVW>W

Energy distributions of reflected and sputtered particles versus
the energy, E, of reflected resp. sputtered particles for 1 kevV C

bormbar dnment of C.

(a) « = 45°, (b) « =60°, (c)* = 70°, (d) <x= 80°.
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