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COMPUTER SIMULATION OF SPUTTERING
Pravin Vasudeva Mundkur
Inorganic Materials Research Division, Lawrence Berkeley Laboratory and

Department of Chemical Engineering; University of California
Berkeley, California

ABSTRACT

Part I:

‘l The dependence of the Sputteringvratio on tﬁe potentlalbfuﬁction:
describing‘tﬁe interactions betﬁeen an'lacident neon ionvand cooper'*
target atoms was studied with the help of a compotervsimulatioa model,'
of sputtering. The results of this éimulation indicate that the
variation of the sputtering ratio with incident ion energy is dominated"

by the nature of the Ne -Cu interatomic potential function. - The results -

.of the simulation correlate, well with_prediction'of the simple theory

iputvforward.by Magnuson.

Data on the sputtering of single crystal copper was used to extract
information about the potential function for Cu—Cu'interactioas in the

energy regions over which the sputtering data was available. - The

'Ne+—Cu and Cu-Cu interaction‘potentials were so derived that the

variation of the sputtering ratlo for the three Cu crystal faces (111),
(100) and (llO) matched experimental data. In additlon, the Cu-Cu

interatomic potential was adJusted so that repulsive force contributionsﬁ

, matched the experimental elastic moduli of copper. The derived

potentials differed significantly from the Gibsoan potential which
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had-Been uSedwforfCu—Cu interactions in all previous'sputtef simulations.
The above methéd for backing §ut information on intératbmic potentiais .
could prove useful in obtainingiinformatibn on»botential functions at
energies Qhére'information has thus faf Been lacking. _
Part II:

A computer simulation model was applied to caiculate the sﬁutter'
ratio of (100) Cu by 10 keV Ne+ ions at incidencé angles.froﬁ 20° to

50° from the surface normal in the (110) plane. The calculation k

results show maxima and minima in the sputter ratio at incident anglés

’ AY

in relétive'agfeemeht with the éxperimentalvdata of Onderdelinden.
‘A submaximum in sputter yield was obtained near the 45° minimum. The _'

peak was larger for Ne+ sputtering than for Ar+ sputtering‘of copper.



PART I: SPUTTERING RATIO DEPENDENCE ON PARAMETERS OF THE POTENTIAL
~ ' FUNCTION DESCRIBING ION-TARGET INTERACTIONS

. ‘ - _ . ABSTRACT

A Normal incidence sputtering of (100) and (111) Cn by Ne+ was

.investigated with a computer simulation model. The dependence of the
sputtering ratlo on the incident ion energy and on the parameters of
the ion-target potentlal function were studied. The results show that
*sputtering on the (hkl) face can be simply descrlbed by an exten31onvv
of a theory by Magnuson.' |
' A;caleulated sputter ratio equation was used to estimate the

‘maénitude ef'the Cu~Cu interatomic potential funetion at interetomic.
separations.between 0.1 and 1 times the equilibrinm nearest-neighbor

distances.



I. INTRODUCTION

The pﬁténtial energy function which describés tﬁe ihteractions_'
between the incident ioﬁ and the target atoms will gbvern the pattern
of trahsfer pf kinetic energybduring sputtering. Hence, the sputtering.
bratio——ﬁhe.ﬁumber of target atoms sputtered per'inqidént ion——éan'be
expected to:depend on this potential energy function in some fashion.

Comﬁﬁfer simulation provides a convenient methdd for stﬁdying
this depeﬁdehce, since the potential fuhction'can be independently
varied ovér’a wide range, while all}dther pfopertieé'that affect the
épufterihg ratio‘are kept constant. The high degree of contrdllability
: and observability offered by numérical simulation is not readily
available.to,the experimentalist;

Simulé;ion of the spuftering of monocrystaliihe target'allows
'vcdmparisoﬁ with accurate éxperimental data. The éputtering ratio
of polycryétalline tafgets, on the other hand, depéﬁds'very much on
" the proportion of the vafiousVoriented crystallite faces present on
v the Surfacé, leading to significant_diécrepancies in the data of
different authors.: Daté on the sputtéring-of monocrystals is'nbt _
suﬁjéct to such uncertainties.

Harrison et 51.1_4 have developed a computer simulation model
to_éimuléte thé sputtering of a monocrystallihe.FfC.C; métél by rare-gas

atoms. The model is described in detail in the Appendix. This computer

model was used in this study to simulate the sputtering of monocrystalline

copper By Neon, from which a potentidl functionlsuitable»fof describing

Neon—Copper  interactions was derived. The variation of the sputtering
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ratio with parameters of the potential function Was“also studied.
From the simulatlon results a relationship between the sputtering
ratio and the potential function parametersznuiincident 1on energy
was derived. Finally, in section B, the results of sectlon A are
applied to outline a method for deriving potential functlons from
data on the self sputtering of single crystals. The method is applied
to data on the sputtering of monocrystalline copper by Cu+ ions

to derive two slightly differing potentials to describe the Cu~Cu

interactions.i These potentials are compared with potentials which

have been cited in the literature to represent Cu-Cu interactionms.

A. ‘Dependence of the Sputtering Ratio on Potential Function Parameters,

1. The Potential Function

In order to calculate the forces exerted between atoms it is
necessary to have a potential function describing the interactions
between these atoms. The interactions between atoms may be represented

. , ,
by a Born-Mayer type potential function.

V() =exp (B, +P, + 1) o (1.1)

where,’V(r) is the interatomic potential energy in eV, PA’ PB are the

parameters of the potential function, and ‘r is the distance between

‘the atoms.

An'equivalent_form of Eq. (1.1) is

V(r) = E, exp(2y°T) , | ;_(1;2)



where

(1.3)

Eo'= exp (PA)

‘The form of'Eq,,(l.l) is used in the preseﬁt work since it is more | .
suitable for computer calculation. Thé unit of distance is the lattice
unit (l.u.), défined as ﬁalf'thevunitfcell lattice pafameter for
copper, i.e., 1 1.u. = 1.8075R. ' ;‘ : . .
_The iﬁtéréctions.bétween coﬁper'atoms can be described by thé
Gibson-2 (GB-2) potential, which has been used in pfevious'computér

simulation modéls.l’5’23

. This potential function wésvestimated by
'Huntington et al.6’7 from work on point dgfects and‘éelf-diffusion 

in F.C.C. meta1s} ‘The parameteré df this fuﬁctidnaafe givén in Tab;e 6;'
-In this étud&, the parameters of the potential functidn describing
’interactioné:bgtween the Neon and copper atoms weré.yariéd over a wide
rénge.‘ The.éattern of variation of the sputtering fgtid was then

studied with respect to this variation.

2. Binding Energy.

‘;'A binding energy must_be specifiéd“in the‘édmpﬁter mddel.in ofdef,
' to_estimate sputteringvfatio. ‘This specification ié described in thg
_Apéehdix. In éééordaﬁcg with pfevious work by Harrisonlf4:a binding
energy of 2.4 eV was used in_this sfud&. |

"3. Experimental Data

Experimental data for the sputtering of poly—¢rystalline,and
mono-crystalline copper by Argoh and Neon are available from several -

- sources. Source literature on the sputtering of polycrystalline




copper is‘avaiiable from the comnrehensive:renieweby‘Carter et al.

The sputtering of mono—crystallinevconper'byVArQOn hae been
inyestigated by.Scuthern et al.'9 for the fdilowing\incident ioni
energy range»and crystai surface‘orientations' [1- SKeV “(110), (100),
(111)]. Magnuson et a1. studied the range [1—10 KeV, (110), (100),

(111)] and the Amsterdam groupll;lz

studied the range [20 KeV, (100),
(111)].
Sputtering of mono-crystalline copper bbeeon'has been investigated

by McKeownet'al.l3 in thelrange [0.5 Kev;:l.O»Kev;f(lll)] and by thei

Amsterdam group;l’l2 in the range [10 KeV, 20 KeV, (100),'(111)].

addition, O'nderdelinden14 has carried dnt experiments to obtain the
sputtering ratios for 'A.r+,‘Kr+ and Cu+ on Cu in the range [5-30 KeV,
(110), (100), (111)] and Ar' on Au in the range [5-30 KeV, (100)].

4. Extrapolation of Data for Sputtering of Copper by Neon

The aVailable data for the spnttering'of copper‘by Neon are

sparse. The data are summarized in Tableli. The point corresponding :

_to'10 KeV ion energy for'sputtering of the (100) face was obtained

by extrapolation from the data of Elich et al.12 'Theée authors studied
the varlation of the sputtering ratio with the angle of 10 KeV Ne ion.

Unfortunately, they did not obtain data for normal ion incidence.

Extrapolation of their data to normal incidence is possible however. ’

From the sputter ratio S at the (110) minimum angle Q (approximately 45°'

from the normal), and at normal incidence,»we find

SNe((110) minimum, 10 KeV on (100)Cu) 1.75"atoms/ion',

SNe((llo) minimum, 20 KeV on (100)Cu) 1.4 atoms/ion , and .

SNe(ndrmal incidence, 20 KeV on (100)Cu) = 1.5 atoms/ion .12.



Table 1. Experimentai Sputter Ratios for Neon

Crystal Sﬁrface

Ion Energy (KeV)

(100) ’ (111)
20 1.5(12) 2.4
. * : )
10 1.87" R—
‘1.0 - C 2,75
1.5 - 2143

* : -
See Text, page.7.




It is_possiﬁle tokprediét, ;ppfoximately, the shape of the curve
for the spuﬁtering of mono-crystalline copper By'Néon from the availablev
data. The prqcédure used for prediction Of'thé shépéiof the curve
is illUstrated below for the case of (111) copperbsinée.most of the
work was done‘with“this‘face. Thg (111) sgrface provides the mosf-
distinct maiimum in the sputtering ratio as a fgﬁctibn of ion energy
(here_réfefred"po as the S-E curve). Firs; we atteﬁptvto predict
the location ofithe maximum in the S-E curQe for (111) Cu and also
the approximaté magnitude,of the_sputtering-ratio éﬁ this poiﬁt.

 As will:be.clarifiedvbelow, the sputtefing régio of a monocrystal

follows aptroximatelyvthe law

1/2 n‘ v ' : 4.1)

where rc is thé-hafd sphere collision radius for an ion-target collision,

the exponeht n is épproximately.equal to 2 for a monoérystalline target.

Er is the incident ion energy in center-of-mass coordinates, given by:

- whefe, E is the énefgy'of the incident ion, M1 is the incident ion mass,

/- . s )
and M, is the target atom mass. If the interatomic potentials are of

the Born—Mayer type, rc is contained in the eQuation

E - | G2y



CE_=V(r) = E exp (Pyor) . —F—I(e.vf)

Hence, solving for L we obtain

In (B /E)

Te _,(—PB)

(L.u.) . : (4.3)
Substituting'Eq. (4.3) into Eq. (4.1) and differenfiating with respect
to'Er, we obtain a simple expression for the center-of-mass energy,

Er’ max, at which the maximum sputtering ratio, Sméx is obtained:

iIn (Er,max) f In (Eo) - 2nv= PA—ZnA.
The exponen;'n:iﬁ generally not the same for monoérystalline and
polycryétaliine‘phaSés.J Using the subscript m to denote a monocrystalline

- target, "the subscript p to denote a polycrystalline target and

subscripts 1 and 2 to identify two different incident ion types,

we havé’j
‘1n (Er,max,l,p)-= PAl--2n
In (Ef,max,Z,p) = PAszn
l-n.(Er,max,l,m) =»PA1—2nm
In Er,méx,Z,m) = PA2-2n
and hence,
In (Er,max,Z,P)- _ PAZ—an » - ’ (4 4)
;n-(Er,max,l,p) Ppp72m R »



if we assume that the difference |[n_-n | << P -2n .
1 _ p m' - A m
The relationship expressed by Eq. (4.4) was tested by using
experimental data for the sputtering of Cﬁvby Af+ and'Kr+ ions.
The relévan; data are summarized in Table 2. Using.the subscript
2 for Kr and 1 for Ar, we have:

1n (E
N “r
In (E

) 1n (E )
,max,1,m” _ : T,max,1,p” _
) 1.128 and in (E ) 1.176

r,max,2,m T,max,2,p

‘These two ratios agree within 5%. Also, the sputter ratios are

S . S . 2:.
'[Sma’_‘v 1L ] = 1.08 and [S“‘;‘X@J =1.20 .
“max,poly Kr max,poly JAr

These two ratios agree within about 107, with a meaﬁ‘of about 1.114.

v In(E._ ) v :
| | r,max,1,P_ - 1.177.
max, (111) In(E, ax,2,p) -

' i 7= + 5% ]
Therefore we find ln(Er,max,Z,(lll)) 1.236+5% anq the energy at

Hence, S « 4,00t10% (atoms/ion), and
which the maximum occurs in the S-E curve for normal incidence on (111)

copper by Néoﬁ is E = 4.54t7% (KeV). Similar calculations

1,max, (111)
" were performed for the (100) crystal face;‘and the results summarized v
in Table 3.’ | |

In the above table, M1=MaSS of the incident’ioh@ M,= Mass of ;ﬁe
target, Sma# = Maximum Sputtering ratio as a function df E,band -‘

Emax = Energy at which this maximum occurs.

!
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Table 2. Sputtering of Cu by Ar and Kr at Normal Incidence.

Ion Surface < Enax 2 2 E (KeV)

Type Type (Atoms/Ion) (KeV) Ml "M1+M2 e
Polycrystalline(ls) 13.0 100.0 _ : 43.12

Kr 13 - 0.7582° 0.4312 »
- (111) 14.0 12.0 ' 5.17
Polycrystalline 1> 7.5 40.0 | o 24.56

Ar. . 13 1.5905 0.614 —

(111) 9.0 7.0 ' ' 4.30

(a) No;e: Polycrystalline sputtering curves arevvéry dependent on the

the proportion of the various crystal faces that are present

~on the polycrystalline surface.

Care must be taken to obtain

data from the same source, if comparativé calculations, of
The above values were

the present nature, are to be made.
taken from the data of Almén et al.,l5

and Dupp et al.30
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Table 3. Predlcted Sputtering Ratios of Neon Sputtering of Mbnocrystalline
Coppera , .
Crys?a] Surface
(111) (100)
Ton Energy (atoms/ion) !| TIon Energy f " (atoms/ion)
0.5 KeV 2,113 2.8¢7% (1.95t10%)
1.0 KeV 2,753 5.0 (1.9) »
4.5¢7% (4.0£10%) 10,0 (1.87)
10.0 (3.65) ©20.0 1.5(12)
20.0 2412 |

aExcept for referenced values, all values are estimated by the methdd

in the text.

- are given in parentheses.

Referenced values are experimental

‘Estimated values
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5. Search for Suitable Potential Functions

a. Prediction from available theories. Sputtering by ions in the

energy range from approximately 1 keV to 20 keV was studied as a

function of interatomic potential function parameters in order to

predict sputter rates for conditions where there is no accurate

data. An attémpt was made to predict the parameters of the potential

functions in accordance with the recommendations of several authors.

ABrahamsoﬁl7‘has provided a table of Born-Mayer potential pafameters .

for interactions between like atoms, with atomic numbers varying Z=2 =

to 105. For unlike atoms he recommended the use of a root-mean

potential. For example, if A?A interactions are given by:

:-VA(r) = EA exp(PBA';)

‘and B-B interactions by:

Vp(r) = Eg exp(PBA'r) |

‘then, A—B-interactions'may be represented by:

V. (r) = E.. exp(P cr)
apt™) " Fap P T

"where IR

and

rJ
L]
~~
ja~]
+
J
=]
~
~
~
o
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The parametet vnlues-PA=1n(EA) and PB obtained inlnocordance with
these recomméndations are summarizod,»for'sevéralkintefactions, in -
Table 4.

As a:chECk on the recommended interatomic potential function for
Cu, equations glven oy Hontington18 were used to coltulate the

contrlbutlon of the repu131ve forces to the elastlc module of copper.

This contributlon may be estimated from the following equations.

'Cll_= /5"‘r;;vv"(ro) + r;l.vl(ro)‘ - | l' (?.ll
___lv. -1 " o A | o ' . .
'Clz = 5 T Vv (ro) SrolV (ro). .. | (572)_.
B = (¢;; +¢;,)/3.0 f S - L (5.4)

where, Cll,.Clz;‘C44'are the.elastic moduli of ooppef;vB is tho ﬁulk

Moduluo'of=Copper; ro is the nearest neighbot distanoe.and V'(ro) and
'V"(ro) denote first'and second derivatives of V(r) engluated at'r%rb.
'For copper, r0=2.551A. A ounmary of the results ot tne calculations,
using these equations, is shown in Table 5.

The vglueé-liéted for GB~2 ‘are in‘reasonably'good agroement with
'experiment.lgv However the potential iocommended by Abrahamson (AB?CU)‘
gives values thatbafe off by an order of.magnitnde;' Wé may conclude

that this potential is much too strong at atom sépérations around

the nearest neighbor distance. In the gimulation, the GB-2 potential

was used throughout to represent iriteractions between copper atoms. .
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Table 4. Born-Mayer parameters by Abrahamsons recommendations

Atom : -1

Intgraqtlons ,PA = ln_EA PB, (l.u.)

Ne-Ne 8.046 - 6.830

‘Ar-Ar . 8.848 - 6.555

Cu-ca (&) 9.541 - 6.437

cu-cu® 10.0241 - 9.1967

Ar-cu‘® 9.436 - 7.876

Ne-cu(®) ©8.7935 - 6.6335

(a) Abrahamson' é recommended values . (5)

(b) Gibson-2 (GB-2) potential for copper.
(¢) Based on- Abrahamsons recommendations for the’ Cu—Cu potential
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Table 5. Elastlc Module of Copper. (Unlts. ldl dynes/cm ) from equations

~N

(4:6-1) €0 G- 6—4)(3)

Potentialjuggd S _'Cll o ClZ - C44 - B
GB-2 1009 8.1 .45 9.0
AB-Cu | 155.0 135.1  58.3 141.7
P, -1 L 11.0 7.7 4.8 ' 8.8
P -2 10.9 - 7.7 4.7 8.8
Cu o :
» (20) o _ - -
Experiment (0°K) 17.6 12.5 . 8.2 : 14.2

(a >Contr1bution of the interactions of ;the conduction electrons with ion
cores? ig about 5. ox10l1 dynes/cm2 for Ci1» 012 and B and 2. 6x1011
dynes/cmz,for C44- These numbers must be added to ‘the corresponding
calculated figures in the above table before a comparison is made with -
the experimental values listed there. - : :
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, _Some.éﬁ.ﬁhe potentiéls.recomménded by Abrahaﬁéohvfo£ the Ne-Cu
»interactions'(AB—Ne~Cu) and for Ar~Cu interactioné* (AB—Ar—Cu); were
used in the simulation. Results of the.sfudy.indiéafe that the
sputtering rafios obtained by the coﬁputer simulation.are too low as
compared tovexpefimeﬁtal values (for A;gon) and Eo valués,extrapolated
frdm experimental data (for Neon). The results are sUmmafized in |
Table 6.
Anderson.et al.20 recommended the semi-empirical relétion

V(r) = Aoe('r/aA) with A = 52 (A1z2)3/4 e.v. and 'aA = 0.219R. This

PA = 8.203 for Neon—Coppef and‘PA = 8.618 for Argon-Copper

'modéi_giVeé,
interactioﬁslﬁith PB ='_$.253 for both.

Thesevfunctions were found to be too soft tobusé for sputtering'
ratié predictiohs an&vwere not used in the simulation. Ibe Born—Mayer
approximatioﬁévto the Harrison-Wedepole poten;ials.fbr Né—Cu and Ar;Cu‘
interactions (HW—Ne—Cu; WH-Ar-Cu) were also found to give very low
sput;ering rgtios.> . |

?reviousvﬁork on,ionfréngé distributionSZB_and sputtering-ratioélo
‘has provided evidence that the Bohr interatdmiq p&tenﬁialZI is not

Ivélid in the eﬁergy range ofviﬁﬁerest; This_potenfiai;fﬁnctiqﬁ is

given by: 2
- : 721222 T . o
V(r) = ;EE;;—-exp(-r/aB) : v - (5.5)

* ' . P ’ . P .
Professor D.E. Harrison, Jr., (Private Communication)



Téble_G} Simulation values for the sputtering of Copper by Neon.

Potential Fﬁnction

'-Sputtéring Ratio at Normal Incidence

N of

3.65

- Surface |————(Atons/Ion) | T9ant
Function used _PA Py - 0.5 kev 1.0 keV | 5.0 keV - 10.0 keV . | Points
' HW-Ar-Cu 8.48 -6.28 | o 1.0 o ]
HW-Ne-Cu 8.67 - 7.64 0.91
KSE-B 11.1747 - 8.301 | 6.82
AB-Ne-Cu 8.794 - 6.634 | (100) 1.37
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In the energy range from 1 eV to 40 keV, Eq. (5.5) gives much too low
and energy of interaction when used in sputtering simulations. Hard

core cross-sections of four to six times the ones predicted by Eq. (5.5)
must be used -‘in order to'explain the experimehtal_déta,10523

FirSov24 modified the above potential function to obtain

1/2)-2/3 instead of a_ in Eq. (5.5) Lindhard

B
/3 + 222(3)-1/2.

Neither of these recommendations, however, alters the potential function

= , 1/2 .
ap = 0.8854 ao(Zl + 22

et ai.zs recbmmended the alternate a = 0.8853 ao(le

substantially. The Thomas-Fermi-Diroi expressions of Gbmbesz6 cannot

be used for separations greater than about 1.0A,5_,

- o : ST
b. Simulation Results: relationship between potential function and

sputféfing ratio. In the absence of any literature data for,dedﬁcing the
réquiréd'pdtential functions, a numBer of trial functions were used in
fhe simulation. Theée"trialg were followed by a mdre:Systemafic |
Qafiétion of the éotential functionvuntil a better agfeement with‘the
experimental da@a was obtained.

in:Fig./l is shown a plot of two poténtial_fungtions on a semi-log
v scalg.: For‘an incident ion energy Eo,.mqst of'phé-colliéions in’the
first few atomic layers will°téke place at energigs in the range AE.
Theséﬁare’the éqlliéibﬁs of imporfance.for the'spﬁttefing'phénpmenoﬁ.

'Hence, if V1 and V., do not differ excessively from each other

2

and if they cross at some point within tﬁis region AE we would expect
that the mean energy andvcross—sectioné of the atdm—ath interactidps
woula be,appro#iﬁately the same. We can then conclude‘that the
_sputtefing.raﬁio at energy Eo‘would be aﬁproximately the same foerotﬁ

functions Vl and VZ’
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InV(r)

i I
E
.
Ay
1 S B 1 L
Interatomic Distance, r
V| = Exp (PAI+. PB|f)
V2 = Exp (P,A2+ PBzT') |
Eq= Displacement energy for copper
E = Incideht'ion’enérgy |
| XBL 74127654

Fig. 1. Potential energy'of interaction of two atoms ﬁeréus'the.

distance between the two atoms, for two different potentials

:?1 apd 22.
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vAtvidg ehergies‘éignifiéantlyvhigher thaﬁ Ed,thg effective hard
sphere radii df the atoms can be.seen to be greatér on the average
fdf V2. Hence the probability of éolliSions iéjhigher, and we should
obtain a highér sputtering ratio with the use of Vz,;han with Vi.
At ion energies lowe_f'than_Eo the reverse holds tfﬁe and V, gives
a sm;ller spﬁt#ering ratio than v,

Using the'résulﬁs of the above argument then; ﬁé,first varied
one'parameter.of the potential function‘until a fit.tq the.experimental
bdéta was 6btained at one end of thé energy range ofvintefest. _Thié
" was fermedﬂthé'Match Point. Both parameters werebthen yaried-in such
a fashion as tb'keep the sputtering ratios at the'Match'Point constant
while_Varyiﬁg_the shape of the S-E curve over thelﬁotélvenergy range. .
The computed SQE curves were thgn compared with the S—E curve predicted
from ‘experimental data.

The results of the simulation for four different potential functions

V6’ V7, V8'and ngare shown in Fig. (2). The simulation points were

obtained with a set of 20 impaét poihts (see appéndix), whereas in

'otherzsimulation runs 35 impact'poinES'WEre used. Statistical

- variations were found to be considerable in the simulation results

for'ZQ and 35 impact_points;‘as is evidenced b& thevdifferences in the" 
~ curves fof the-V6 potential. But the general trend of the curves
" remained the same and gave a good indication of the validity of the

assﬁmed potential function.
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Fig. 2. Simuléﬁed sputtefiﬁg ratio fpf Ne+ on (111) copper for four

different Ne4Cu'potential functions. A graph of the experimental

values; and values extrapolated from experiment, is provided

. for comparison.
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 The potential function V_.was first established by successive trials

6

so as to give agreement with experimental data at 1 keV. Potentials

V7, \ V_ were then obtained successively, each as an impro#éﬁent

8”9 A _

on the_previoﬁé one, so as to maintain the spptféring.ratio at llkeV Y
approximatéiyiat-the experimental values, while changing the shape of

the S-E curve.till}desired treﬁds were obtained. The;function V9
gave a S—E_curve which agreés reasonably with the predicted S-E curve

to within the accuraéy of the simulatioﬁ method. - Hre\nCe'V9 was used to
fepresent Ne-Cu interactions in subsequent simulation stﬁdies,'té be 
discussed iﬁ Section B, Part I of thié thesis. A shmmaryuof the results .

of the varidus simulation runs for Neon-Copper sputtering is given

_in Table 6.

.6} Correlation Between the ?arametefé of the Potential Function énd
the Sputtering Ratio '

The intenSity of the atom—-atom interactions,vleadiné to sputtering
is largely governed by the energy of thé incident'ion,_ The probgbilitY'
of colliéions is Prbpoftional to the effgétive'croés'seétion for ‘
collision of the atoms.‘ The distan;e of closest apprdach fpr'a givén
v;iﬁn.eﬁefgy.15 51good.measure of the éppérent siée of tﬁe atoﬁs_és;théy

appear to each other at the time of collision. ,Henée if as before:
V(;) = Eo exp (PB f.r) . ,(6.1).

and

gr=[M2/(M1+r§2)]Eo | ' - (6.2) 



' evidence that S increases monotonically with té;

the‘appareht’hard—sphere collision radius is given‘byﬁ

In (E /E) : . i
_ o' Br , | L
r, = ——zjigj—f— » | | (6.3)

T

Here We'aSSumé that the incident ion is a point mass andvthat-the
effective coilision radius is that of the target atém; ’
The sputtering ratio S, shéuld depend on the'iptensity/of the
atom;atom interactions as well as the'pfobability bfnthese interactions.

It would also depend on numérousrother faéfors»éuch‘as tﬁe relative
ﬁassesvof the ihcident ion‘and ﬁhe target atom,’the_bindiﬁg energy

of the target atoms and the crystal structure of_ﬁhe target atoms.

If, however, wg'restrict oy:sel;es to the vapiatioﬁ of S with E and

rc only, wé may:write o

§ = f(E,r) | S - (6.4)

where 'f' is some function of the crystal structure and the Miller
indices of.the_surfgéé. |
Figure 3‘shows ﬁhe sputtering ratio obtained b&tthe‘simulation,

plotted’against the hard‘sphere radius, r.. The fiéure gives somé

- To obtéin'a more quantitative relation indicétiﬁg;'clearly,'the
trend fqr_variatioﬁ of S with E aﬁdvrc a number of 9th¢r rélationships
between tﬁese.vafiables were.inveétigéted,‘in the form S=f(Enr:) where
n=1/2,1 and m=]1,2. Thé relétién*S=f(Erc2) shown iﬁifig. 4 indicates
that no'generél'correlation exists betweeﬁ S gﬁd E?CZ, which is valid

at all ion energies'studied. In contrast to the correlation of
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- Fig. 3. Simulated-sputtering_ratios for’Ne+ on (111).éopper, S(111),
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Fig. 4, Fig. 5,,shows a plot of S vs Ellz rcz, ahd indicates_avdefinité'

linear variation of S with E‘l/2 r 2. The scatter of:the points is
large, possibly dué to the fact thap the ndmber_qf'impact points used
for most of the points was low. v
sl . 1/2 2 .
The linear variation of S with E rc correlates well with a
semi-empirical theory put forward by Magnuson et al.lo to explain
their experimental results on the Sputtering of Siqgle—crystal copper

and silver by Argon. In their model, Magnuson etval.lq propose the

following relation:
' /2

S(hkl) = K (hkl) E' P (hk1) o (6.5)

Qhere;'s(hki):isrthe sputtefing ratio for an ion incideént on the (hkl)’
face of the cryStal, K(hkl) is.é‘constang deﬁending‘oh the crystal:

.nface (hkl) and on mass—dependent’tgrms, Pc(hkl) is the probabiliﬁy‘thaf:
thg'incident ion makes a coliision in the first féw 1ayers of the crystal,
and E is the ihcident ién energy. Magnuson et él'éQaiﬁéted Pc for

fout.diffefent faces by assuming different hard sphere radii for the

taréet atomsvénd by projecting all the atoms onto tﬁe frontVSurféce
of the crystai._ They thus computed the’fractioﬁ of £he_tota1_area that;
éonéisted of.the'prdjections from AtbmsAthat are éprsed to-impacts
with the incident ion. Calduléfions"were then peffofmed utilizing a
computer. The'incidént ion was assumed.to bebpoint-mASS.

Figure 6.gives.a plot of the values of Pc(hki)_vs (x/a), réproduced
from Magﬁuéonlet al.lOA In this plét r is the hard sﬁhere radius of thé
target atoﬁé with the inéident'ion visualized as avpoint mass, and |

a is the lattice constant of the target atoms.
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To exélore_the variation of P, withb(r/a) ﬁore élearly, the datg
of Fig. 6 wgsvreplotted in a log-log plot of Pc'vs'(r/a) as shown
in Fig..7;"Thié figure indicates linear debendencé over a large
range of.(r[é) and'sﬁggests a simpler relationship between the

variables of the form

n(hkl)

"p_(hk1) = C(hkL) (r/a) (6.6)

where C(hkl) and n(hkl) are constants, dependent.only on the surface:

‘orientation. The slopes of the functions in Fig; 7 were computed

to be:
n(111) = 1.95
n(l00) = 1.925
n(110) = 1.900 o o (6.7)

These values are within 3% of each other, and hence, we obtain:

P_(bkl) = C(hkl) (r/a)® | (6.8)°

where n~1.925%.025. ‘Magnuson et al., assumed a Bohr potential to

representbinteractions between incident ions and targét.étoms,
V(r) = (z,2,2%/1) exp(-r/ay) (6.9)

where

_ 2/3 2/3.~1/2
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Fig. 7. Plot of 1ln PC(hkl) versus 1ln (r/a) for four different

crystal orientations.



and k ishah_edjustable parameter. The hard.cofe ta@ius was estimated
by using‘Eq. (6.9) for the 1nteratomic potential._ however, the cross;
section thus obtained did not give a large enough cross-sectlon to
obtain a f1t‘w1th the experimental data and Magnuson et al., were forced

to assume in the calculations that

R=CR.. S - ©(6.10)

where, Rﬁ.é is'the hard core radius estimated with the Boht potential‘
of Eq. (6. 9), C is an adJustable constant and R is the radius used

with the curves to determine P . With these adJustable parameters_
_Magnuson et al. were able to ohtain a good fit to-theirvexperimental
'data.lvThevvelués they'essumed'in order to ohtain‘this fit-are indicated

in Table 7.

Table 7. Values of adjustable parameters used byﬂMégnusqn et al.10 to

‘obtain a fit with their experimental data.

Constent. : : ' o : .
Metal - K(111) K(100) K(110) k c

ca  4.60  3.45  3.20  1.2080.20  2.35%0.05

Ag 5.40 4.50 - 3.90  1.50t0.20  2.45¢0.05
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In order to illustrate the agreement between the results of.

Magnuson et al. and our simulation, a plot of the simulation sputtering

1/

ratio versus E 2Pc(lll) was made. For determina;ion of PC Qalues,
vr; was first calculated using Eqs; (4.3) and'(4.2)? fo;.each potentiai
function and.ibn energy. ‘These values-of rc_were'then usedrwith Fig. 7
to determine,the corresﬁdnding\valﬁes of Pc' The dependence of_S vs |
El/zP; is shown in Fig. 8.

By compérison with Fig. 5 it can be seen that the statisticalj
écatter‘is cdnéiderably diminished and that the linear variation of

172

S with Pc(lll) is clearly displayed. Hence, the simulation

results can be summarized in the equation,

S(111) = S, + K El/2

LB p iy . (6.11)

where'So'and;K_vare constants, S0 = 1.9 atoms/ion, and K, = 2.8 atoms/

1 1
1/2

(ion~keV ).

ihe fact thét SO ié‘non zero could be.caused'b§‘any of the
following:  |

- (1) Wé_uséd only a small set of impact points in our éimulation.

With the use of a.smali set of impact points%0 it-wasvdifficﬁlt to
obtain a statistically uniform distribution_pf points over the
representative area (see Appendix A). This introduces a systematic
error into fhe simulation results. ' |

(ii) Limitations are inherent in the simulation. The atoms

sputtered from the front surface of the crystal dﬁring the simulation

are required to have a certain minimum energy. Hence, the sputtéring
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ratio is‘dépendent on the.cut—off energy selected.v'ReduCtion of this-
effecﬁive binding energy'fof éputtering would résult'in‘a larger nﬁmber
of sputteted:atoms, with the increasevin thé sputter rafio greater for .
those points where tﬁe spuﬁtering ratio is élready ﬁigh. The straight
line through'all simulation points would néw.paés closervté the drigin
with a lowérvcut—off eneréy. . : v \vvj |

(iii) The simulation is not valid fér smél;_vélueé'bf S.or Pc' It
is not valid because ﬁhe sputs/ion count is so émall that hundfedé of
impact pbints'would.be required to obtain statistiCal»éonfidence in the
S vaiue.' It'is possiblé, however, that thése Valﬁes are small iﬁ the =
actuél spﬁttéring procesé; |
7. Discﬁssion

. The simulation results indicate that
s« 5t/% R ¢ )

Hehcé; the‘ﬁeéhéhism”bf'sputtefiﬁg thét'prodﬁgégfsﬁéh a dependence on
ion energy islqne'of moﬁentum transfer rather than of ehergy transfer.
We canbassuﬁé that such a law should apply té expefimental data. J

In Eq. (QLS) the COnstant K(hkl)}can be divided}iﬁto tﬁo terms
éo.that | ’ A » b

K(hki) = K'-(hkl)Pm - (7.2) |

whére Pm acéoﬁ#ﬁs for the masses of the inqidént ion‘énd the'tgfget
étom.' Magnﬁsoﬁ‘et al héﬁe pointed out that thé vériation in.sputtéring .
ratio obtaiﬁed By”repiacing Cﬁ with Ag as a téfgét‘ﬁafefial'is better
explained byvusing. | ‘{ . |
. . _ ﬂ 2M2' - . | o -
W T e Ewy o (0
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rather th#n by using i
- M.M

——1—22 ' (7.3b)

¢+ M)

This finding'spggésﬁs that.the:sputtering érocess is coqtrolléd by a

momentum'tfaﬁsfer‘mechaniSm, whereas the form. of Eq} (7.3b) corresponds

to an energy £fansfer mechanism. It is td»ﬁé pointed out thaﬁ sincé

.S = Ell2 we would also expect that S o« Erllz; or

e Va2 M aw
B NCHE ) L |

_Also, we wéuld;ekpect that fhe bindiﬁg energy of thé:target ﬁatérial L
should enterﬁinto the constant;K(hkl). |
Edpaﬁioﬁé'in.whiéh it,is assﬁmed‘thaf S in invefsely'pf§portional'
,tO,Vo} the biﬁdinévenergy, héve‘beén known té corfglate welljwith |
_ éxpérimentai &éta;l6 Assuming such a relatibnship; then, ve propdse
£h¢ followiﬁg form'for the constant K(hkl) in Eq;l(G;ll): -
K(hk1) = K"(hkl) — V——Ez— . (7.5). »V
) - Vo M + M) R | DA

»»where,'K"(hki) depends only on crystal orientation, and V0 is the binding
lattice'enérgy of the crystal. By estimating the mean ratio K(hkl)Ag/i
K(hkl)Cu from Table 7 and,ébmparing this with the value predicted

by Eq. (7.5), We_gbtalned Ry = K(hkl)Ag/K(hkl)cu«=kl,28,

v Also, from Eq. 7.5 we -obtain RK = 1.30 where it is assumed that

\' = 75.92 kcal/mole, and Vo = 63.42 kcal/ﬁlole.26 Hence, the

o,Cu ’Ag

agreement of experimental data with Eq. (7.5) isvgood and, -in fact,
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is considerably better than that obtained from the expression of

Magnuson ét'él.lo Hence, it is concluded that, for the limited éingle

N

crystal sputtering data available, a law of the type

1/

S(hk1) = K"(hk1) o= E_'%p_(hk1) (7.6)

o
holds well at intermediate ion'energies.

B. Determination of the Potential Function Parameters
from Sputtering Ratio Data for Mono-crystalline Targets.

1. Introduction

In the previoqs Section,’a simple expression (Eq. 7.6) was fouﬁd
to apply to.the sputtering of single crystal. Sinde'theveéuation
involves thévﬁarameters'of the potential function, we can expect to
 usé this'eqpation‘in'cbnjuﬁctibn with experimentél SPJ;tering data .
to de&uce the pérametéfs of the potential function déscfibing ihteractions
between impabging ions and‘térget atoms in the sbﬁttering energy‘raﬁgé.

In this section such a‘calculation is performed to determine the

potentials'deécribing Cu-Cu interactions.

7

2. Analysis of the Problem
'The object of the calculations presented here is to estimate
values fof the'parameters of thé Born-Mayer potential fqnctidn of the

form . o . .
V(r) = Ej éxp(Pﬁ-r) B (2.)
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which describes the repulsive interactions betweén coppervatoms.>'

The parameters'Eo and P_ in this expression must be selected so that

B
(i)'The"sputtering ratio estimated from the ﬁodified Magnusdn'

/2

equation,

S(hkl) = K(hkl) Ei P (hkl) - _ (2;2)

fits the experimental daté._14 Heré; S(hkl)_is the sputtering ratio

for ions incident on the (hkl) face of copper, andiEr is the reduced

ion energy

E. = EIM,/(4#)] . N L ;-j (2.3)

where E is the incident ion energy, and M1 and M2 are the masses_of‘the
incident ion -and tafget afom, respectively. For bombardment of
mono-crystalline copper by Cu+ ions, we have the ¢onditions;

« oo, CE =OSE . (2.4)

" The functibn'Pé(hkl) is obtained from Fig. 6, with r equal to the

N

collision radius, _ o
- In (EO/Er)

r, = ——?:ngf—— (2.5)

The constant'factor K(hkl) dépends 6n the mass r#gio (MZ/Ml) and also .

tﬁé'crystal orientation. |
(ii).The.qohtribution of the repulsiVe forcegto the elastic

m_oduli18 shodld’be in égreémeﬁt_wi;h‘éxpérimeﬁt.lgr7Equations.(5.l)

through (5.4) are used in these calculations and experimental values

‘are listed in Table 5 of Section A.
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From the results of Section A we can assume that

S 1/2 R
S « Er Pc . (2.6)

and
P_ « (rc/A)“ g o  , 2.1

where n*1.925.for a (111) surface. As outlinéd in Section.A.3, we can
s‘ubstitute.for‘rC in Eq.‘(2.7):by'utiliziﬁg_Eq. (2,5)3 .This. is tﬁen
substitutedfinto Eq. (6.6) and the résulting'expresSion iS'differentiated _
with respect to Er to obtain an expression for tﬁé energ& at which o

the maximum sputtering is expected. .Thus,

In Er = PA_f 3.850 f v_.  | (2.8)
The experimental S-E curve for sputtering of Cu(lll) by Cu ions

shows a maximum at about 11 keV. Using this value for E(_ZEr) in
Eq. (2.8) we cén obtain an estimate of PA‘
Equatién.(ﬁ.l) states that

. =l ey + kv | (2.9)

11 - "o | o) o o] _

where r 2.5514, V(r) exp(PA+PB r),sand V' (r) PB.ex_p(PAﬂ’B r)(eyll.u.).
The potential gradient V'(r) can also be put'in the form

P
B

V'(r). = zITEB?ES'exp(PAfPB:r) (eV/A) . (2.10)
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Simiiarly; the second derivative is
| ( i )2 2 |
1t = —Dn .
Vi) = \7go75) exp (P,+P, 1) ev/(A). : (2.11)

Combining Eqs. (2.10 and (2.11) with Eq. (2.9), with r°'= 2.551A and
. o . 5

simplifying we obtain Cil = 0.1697 [PB2 + 0.7085 PB] exp(PA+Pﬁ -/2) eV/c&)
©or C1'1=2.7155<1012 [PB2 + 0.07085 PB] exp(PA+PB- /E) dynés/cmz; Chooéing

11

"a value of PB such that C z11.0210_ dynes/cm2 (thevexperimental value)

11
- assures reasonable agreement with experiment (See Table 5). Hence, we
obtain the equation

(.2 +0.7085 B,) exp(P, +1.4142°R,) ='4.0516 (2.12)

Once a\Yaluevof.PA is chosen by Eq. (2.8), Eq. (2.12) can be solved
for P, by successive approximation.

- 3. Procedure for Calculations

' Two trial potential functions were chosen for initial study.

One function, VCu—l; was set with PA=12.52 and Ps=—11524, corresponding'
to_Er=5000 in.Eq. (2.8) or to an experimental maximum sputter ratio

at 10 keV. The second function, V contained PA=12.19 and PB=—10.98,

Cu-2

corresponding to Er=4000 in Eq.‘(2.8), or to an experimental maximum
sputtér yield at about 8 keV.
4. Results

The calculated S-E curve are summarized in Table 8 for the

potential function VCu-l and in Table 9 for the function V The

predicted sputtering ratios for both potential functions are listed -

Cu—Z'_
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Table 8. Calculations for VCu—l (PA = 12.52, PB = -11.24)

. 1/2
Pe T

B(keV)  r (L) (ri/a)  (370) (00) (111)  (110) (100) (111)

1.0 0.561 - 0.280 0.69 0.89. 1.0 = 0.69 0.89 1.0
2.0 0.525  0.262  0.60 0.83 1.0  0.74 1.02 1.23
3.0 0.463  0.232  0.48 0.685 1.0  0.83- 1.19 1.73
5.0 0.418 0.209  0.39 0.56 0.92  0.87 1.25 " 2.06
7.5 0.382 0.191  0.32 0.45 0.79 0.875 1;23  2.16
8.0 0.376 0.188  0.31 0.435 0.765 10.880 1.23 2.16
10.0 0.356 0.178  0.275 0.39 0.685 = 0.870 1.23 _2.17
12.5 ’6.336 0.168  0.245 0.34 0.61 0.866 1.20 2.16
15.0 0.320 0.160  0.225 0.31 0.555 . 0.871 1.20  ’2.15
17.5 0.306 '0;153  0.205 0.28 0.51  0.858 1;17 2.13
20.0 - 0.294 0.147  0.19 0.26 0.47 ~ 0.850 1.16 2.10

22.5 0.284 . 0.142  0.18 0.24 -0.4 = 0.85 1.14 2.10




Table 9. Calculations for V
S S Cu-2.

(PA = 12'}9’*PB'= f10.98)

: ' 1/2
L Ps | . R

(110) (100) (111) (110) (100) (111)

E(keV). .re(1.?.) (rc/a)

1.0 0.544  0.272 0.65 0.87 1.0 . 0.65 0.87 1.0
2.0 0.481  0.2405 0.51 0.73 1.0  0.72 1.03 1.4l
3.0 0.444 0.222 0.44 0.63 0.98 - 0.762 1.09 1.70
5.0 0400  0.200 0.352 0.505 0.86  0.787 1.13 1.92
7.5 0.361  0.1805  0.286 0.4 0.73 -0.783 1.095 2.0
8.0 0.355  0.1775  0.275 0.388 0.722  0.778 1.097 2.04
0.0 . 0.33%  0.167  0.245 0.335 0.605 0.775 1.059 1.91
12.5 . 0.314 0.157 0.22 0.03 0.5 0.778 1.061 1.91
15.0 . 0.298 . 0.149  0.195 0.265 0.485 0.755 1.026 1.88
17.5 0.284  0.142  0.175 0.24 0.44  0.732 1.004 1.84
20.0 0.271  0.1355  0.16 0.22 0.22  0.405 0.984 1.31»

22.5 ©0.261 0.1305 0.147 0.206 0.38  0.697 0.972 1.80




0.240

0.901

Table 10. Calculations‘for VCu-Z’ inclusive of the effgct of implanted ions.
(r /a) P 1/2 5
. E(keV) r (l.u.) ' c - - c - | : .
N (110)__ (100) _ (111)  (110) _ (100) _ (111) ~ (110)  (100) _ (111)
1 0.544 0.307  0.293 . 0.282  0.82 0.93 1.0 0.82 0.93 1.0
2 0.481 0.271  "0.259  0.249  0.62 0.816 1.0 0.877  1.154  1.414
3 0.444 0.250  0.239  0.230  0.55 0.725 1.0 - 0.953  1.256  1.732
5 0.400 0.226  0.215  0.207  0.455  0.59 0.907  1.017  1.319  2.028
7.5 0.361 0.206  0.194  0.187  0.37 0.47 0.76  1.013  1.287  2.081
10.0 0.334 0.188  0.180 - 0.173  0.31 0.40  0.645  0.980 . 1.265  2.039
12.5 0.314 0.177  0.169  0.163  0.275  0.342  0.575  0.972  1.209  2.033
15.0 0.298 0.168  0.161 - 0.154 ~ 0.246  0.310  0.52 0.952  1.200  2.014
17.5 0.284 0.160  0.153 ~ 0.147  0.225  0.280  0.475  0.941  1.171  1.987
20.0 0.271 0.153  0.146 . 0.140 - 0.205  0.257  0.43  0.917  1.149  1.923
22.5 0.261 0.147. 0.141  0.135  0.190 0.405 0 ©1.138  1.921

'—Zi]—
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alongside the experimental data14 in Table 11. Figures 9 and 10 show
the results of the simulation for potential§ ch_l égd ch_z,
respectively. The.experimental points are included for comparison.
5. Discussion . .

From Fig. 9 it can be seen that the curve obtained with the use

of the function V displays a sputtering ratio maximum at

_ Cu-1 _

approximafely»the same energy as for the eXpefimental results on
the'sputteting of (111) copper by Cu+ ions. Furthermore, the position
of‘the ﬁaxima, for the (111), (100) and (110) faces relative td each ' .
other, aré'in”approximately the correct positions; |

. Figure 10 shows improved agreemént with experiment over the
situation iﬁ Fig. 9. The theoret;cal curves follow the trehd of the
experimentél’points quité nicely fof the (110) éﬁd\(lOO) faces;. For
the (111) facé, agreement is good for £he higher'energies.v Hoﬁever,

the most serious drawback is that the theoretical curve shows a distinct

-

maximum at about 8 keV, while the experiméntal points seem to indicate
a maximum at about 1l keV. One fact is clear, however, and this is

‘that the value of P, chosen has a strong effect on the position at

A
which thevmaximum appears in the theoretical curves.
:The deviations between the‘theofetical and experimental curves
may be explained on the basis of the following argumehts;
(i) The inferatomic potential function probably follow a more |
complex dependence on energy than can be represented by a Born—Mayér

potential. The true potegiiél is expected to differ significantly

at low energies near the potential energy minimum.



Table 11. Sputtering of monocrystalline copper by Cu+ ions. Calculated and experiﬁental sputtering
: ratios (atoms/iom).

4)

o (keV) _Exp?_.rimental(1 _ VCU_I,-' 3 VCu-Z : ] ‘ VéEZZ‘ |
V) @io)  @oo) (1D (110) (100) (111) | (110) (100) (111y) | (110) (100) (111)
1.0 - - - 2.6 3.70  4.73 | 2.88 4.10 5.2 2.85 3.75 4.93
2.0 - - - 2.74  4.55 6.69 | 3.19 4.86 7.33 | 3.04 - 4.65 6.96
3.0 - - - 3.14 4.93 8.20 | 3.38 5.14 8.8 | 3.31 5.06 8.53
5.0 - - - 3.3 5.20 9.73 | 3.49 5.33 10.00 | 3.53 5.32 10.00
7.5 - . 5.5  10.25 3.32 5.12 10.24 | 3.47 5.17 10.4 3.52  5.19 10.25
8.0 - - - - - - 3.46  5.17 10.6 - - -
10.0 3.4 5.0 - 10.50 3.29  5.11 10.25 | 3.44 5.00 10.0 3.40 5.10 10.04
12.5 3.3 4.95  10.50 3.28° 4.99 10.21 | 3.45 5.00 9.93 | 3.37 4.87 10.01
15.0 3.4 4.93,4.3  9.95 3.28 4.98 10.17 | 3.35 4.8 9.78 | 3.30 4.84 9.92
17.5 3.3 4.5 9.5 3.25 4.86 10.09 | 3.25 4.74 9.57 | 3.27 4.72 9.79
20.0 3.25  4.45 9.5 3.22  4.83 9.95 | 3.18 4.64 9.41 | 3.18 4.63 9.47
22.5 3.10 4.4 9.325 | 3.22 4.72 9.88 | 3.09 4.50 9.36 | 3.13 4.59 9.46
K = 3.78  4.15 4.73 | 4.44  4.61 5.20 | 3.47  4.03 4.93

(a) taking into account the effect of implanted copper ions.

..177-.
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Fig. 9. Graphical compariéon of experimental sputtering ratios,

for Cu+ on (111), (100) and (110) copper, with theoretical

curves obtained with the use of potential V to represent

Cu-1
Cu-Cu interactions.
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Data from Onderdelinden“‘”

Potential used: V-2

Sputtering Ratio, S (atoms/ion)
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E (keV) | |
 XBL 7412-7662

Fig. 10. Graphlcal comparison of the sputtering ratlos, of Cu+ on
(111), (100) and (110) copper with theoretical curves,

obtained using potentlal A to represent Cu-Cu interactions.

Cu-2



(ii) The curves for Pc(hkl) have been derivednby on the basis of
simple geometric considerations. The fact that atoms in different
layers have different probabilities of being spnttéred has not been taken
into account. :
| In yiew.of the above uncertainties, it 1; concluded thatvfurther
'calculation with new potential functions was not nerranted.
| | The potentials ch_i

moduli which are in reasonable agreement 'with experimental data. The

and VCu-2 give contributions to the elastic

calculated moduli are indicated in Table 5. The potentials GB-2,

CUfl and VCU‘Z are plotted in Fig. 11. A fourth potential GB-1 is

also plotted in this figure for comparison. In their computer

v

simulation etndy on the dYnamic; of radiation damage in copper,
Gibson et el§‘found that GB-2 gave displacement threshold enetgies .
of approximately the right magnitude,\while GB-1 gave displacement
thresholds thet were too high. Gibson et al. heve not éiven a
quantitative estimate of the actual displacement energy for GB-1.
From Fig. il,:VCu_l and VCu—2 both lie between the GB-1 and
GB-2 potentials. It would seem that both should give displacement
thresholds which are slightly on the high side. Nevertheless, it
shouid bebpointed out thet the events of importence in'sputtering
correspond to relatively high energy interactions betneen'atoms
(1—10xkeV) while the events studied by Gibson e£'51. involved atom
interactions of lower energy (about 0.4 keV). It is possible the
potential functions VCu—l and ch_z are better'epproximations to

- the true potential functions for Cu at higher energies (greater than
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Fig.-11l. Graphical comparison of various potentials used to

represent Cu-Cu interactions.
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5 keV) whiie CB—Z is a better approxiﬁation at lower energies

(0.01 to 0.4 keV). This would indicate that the true interatomic
potential has a.féther more:complicated félationéhip than as repreéenfed
by a simple Born-Mayer potential. A recent colleétion of important

wdrk on inéérétom?c potentials shows ;hat such é potentiai curve is.

29 . . ' . '
- It is also necessary to point out that the

~ certainly féésible.
shape of the;theorétical curves, obtained by the calculationé, is not
.insehsitive';o the assumed potential function. ;A relati&ely small
change in the poténtial function leads fo}a'éonsiderable altération
in the shape of the S-E curves (see Fig.'llvand.compare with

Figs. 9 and 10).

6. Effect of'Ehtrapped Ions

In the work of Magnuson et'al.}o“ﬁhere thé.aufhofs had to
iﬁtroduée a'potentiai function which deviated very.significantly from:
the simple Béhr pbtentials in order to explain thé'experimental data,
these authors attributed.this deviation to the efféct.of trapped noble
gas ions and also to the effect of radiation damagé;

In the.case of sputtering of copper by Cu+ ions the effect of
gas atom entrapment is not expected since the sputteriﬁgbions and
target atoms ére of the samé type. On the other hand, both sputtering
processes_ggnerate point defecﬁ clusters in the.target. In any caée,
it is possible to make some sort of eétimate of the.effect of fheée'

trapped ions or point defect clusters in terms of reduced target

denéity.
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‘In the st¢ady state for sputtering by noble gas atoms, for every
incident ion, (l—xg)S atoms of the original crystal lattice gnd xgs
trapped gaé atoms are sputtered, wheré S is the sputtering_ratio andk
xg is the mble"ffaction of entraﬁped gas. This means that the effective
sputtering ratio.decreaseé with noble gas incorporation if.we'assumé>
that the frabped gaé has the same sputter yield as the 1attice atoms..
Hence, theré is an effective increase in the effeétiye yolume.ger
target,atom,_and;ap increase in the éffeétivg'lattiCe constant. For
use in equétiéns-predicting sputter ratiés in terﬁs‘of the iattice
constant of the'target, a, anveffeétive 1attice constant can be
defined b&

: 1/3

new volume per té:get atom h G VA »
original volume per target atom) a(l *). (6.1

a_. = a (

A maximum effect of entrapped gas corresponds to an ion entrapment
probability equal to unity. In this case, every incident ion sputters

one entrapped gas atom, and aﬁ o~ a[(S—l)/S]l/3.

Using this expression
" and $=3.3, 5.0 and 10.0 for the (110), (100) and (111) faces of Cu,
respectively the simulation calculations for estimating theoretical

sputtering ratios were repeated, using the potentialvv The

Cu-2" _
resulté are présen£ed in Tables 10 and llvand in Fig} 12. A comparisoﬁ
of Figs. 12 and 10 shows that the_ovérall shapes of S-E curves, and
especially the ﬁosition of the maxima, are not sighificéntly altered.
The proporationality constants K are, howeyer, chahged quite noticeably,

for the (110) surface which has the lowest sputtering ratio. These

calculations show the maximum effect of gas incorporation. Experiments
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Fig. 12. Graphical comparison of the experimental sputtering ratios for
cut on (111), (100) and (110) copper with values calculated
" using potential Vcu-2 to represeat Cu-Cu interactions. The
effect of entrapped ions was also taken into account.
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have shown that xg is only on the order of 1-2%. This effect is likely
to be even less due to relaxation effects in the lattice. Thus, we
may conclude_that the effect ofvthe trapped ions is to alter the
overail.level‘of thevsputtéring curves, Eausing a”proportional increase
in éputterihg ratio at all points. This effect will be stronger for
lower spﬁttefing ratios. The overall shape of ;hé S-E curves is,
however,.not noticeably altered by the trapped ions.

Hencé, the potential functions derived from the experimeﬁtal
sputt;ring-data maybe éxpected to be at least reasonable first
approximatioﬁs to the actual potential function aﬁ these energies
(5 to 25 kéV). | | |
7. Conclusion

It_haé been demonstrated thaf it is possible'to back—calculate
the interatomic poténtial from the data on the self-sputtering of a
single crystal. The calculations éhow thaf the position of the maxima
in S-E cur&eé correspdnd to the general ;rend of;the expgrimentgl
cufves. These calculations serve to give importan; pointers on.the
néture of_iﬁfératomic potentials in the energy régions over:which
sputte?ing ratio data is available. o

Tﬁe potentials calculgted for Cu;Cu ihtefactions in the energy
range from Slto 30 keV do not agree well with the.fotential functions
.éited“thhs farvin'the literature for Cu-Cu interactions, notably the.,
‘ Gibson ébtentiéls. However, the calculated potentials might_represent
a better approximation to the true potential in*thé high energy region.
(5 to 30 keV)} while the GB-2 potential could reéfesent a better

~approximation to the true potentiai at lower energies (below 400 eV).
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SYMBOLS

' AB-Ar-Cu: Abfahamsonsl7 recommended potential fﬁnction for Argon-Copper

interactions. (Text: ; Table 4)
‘Ab;ahamsonsl7'recommended potential function for éopper—copper '

" interactions.

- AB-Ne~Cu: A_brahamsons17 recommended potential functions for Neon-Copper

11
€12
4t

- Parameter in the potentialbfunction recommended by Anderson et al.”’

'interactions.-.(Text: , Table 4)
Péramétér in the potential function recommended by Anderson et a1.29
_Unit; all length. (=3.6153 for Cu) __
| 20 -
Parameter fovbe used with Bohr’s interatomic‘potential @&)5
(Text: ,Eq. A.6-5)
Firsovéz4 modification to‘paramefer aB, to be used_instead,bf
a. with the Bohr inferatomic potential (&). |

B

Lindhards?® modification to be ﬁsed'instead*QfIaB in the Bohr
interétoﬁic potential (A). (Text: Eq. A.6-5).

Effective lattice constant, taking into acéount theveffect of
ﬁrappedlions A).

Bohr radius of thé hydrogen atom (=0.5293).

Bulk moduius for'hétallic copper,(dfnes/cmz),

Adjustable parameter used in the theory of Magnuson et allo

Elastic_modﬁli for metallic copper (dynes/cmz)



C(hkl):

GB-1:

. GB-Z:

K(hk1):

K" (hK1) :
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[y

Proportionally constant in the equation expressing Pc(hkl) as

a function of'(rc/a). (hkl) refers to the pertinent monmocrystal
face. (Text: Eq. A.7-6)
Energy of the impacting ion (keV).

L[] .
Displacement Energy. Minimum energy needed to displace a

lattice atom from its position at a lattice point.

Pre-exponential factor (kéV);v

Energy of the iqpacting'ioﬁ'in-cénter of méss coordinates (keV).
(Text: Eq. A.5-2)

Chéiée of an electron (—1.6><10-19 coulomb)

Gibsbﬁ—l potential function5 for Cﬁ—Cu interéctions.

(Text; -Fig. A.8-3)

GibSoan pqtential funétion5 for cbpper—copper interactions.
Plancks constant (=6'.624><10_27 erg;sec)

Constant used in the equation that expresses the sputtering

.ratio;aé a function of incident ion energy and hard-sphefe radius.

(As'obtaingd'from the gomputer simulation) (Text: Eq. A;7—ll)

Proportionally constant in equatioﬁhexpréssing sputtering

rétio S, as a function of ion energy, E,'and the prpbaBility
fbr_ion—atom collisions in the sﬁrface layeré, PC. (Text:

Bq. (A.7-5)) |
Proportionality constant, in the equation used fér expressing
sputtering ratio S(hkl) as a function bf V;,:Er, and Pc'

Adjustable parameter qsed in the theory qf Magnuson et»al.lo

Lattice unit. Unit of length. One lattice unit is one half

the unit cell legnth 'a' (1 l.u. = 1.8075A for Cu).
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'Ml: _ Mass of the incident ion.
M2: | Mass éf the target atom.
m: Mass bf electron (=9.108><10'_8 gms)
n: v.'Indéx of 'rc' 1ndicating variation of sputtering ratios with
the hard4s§he;e radius r.. |
n : Denotes value of index‘n for'a'monbcrystgi;ine target when

x=m and for a polycrystalline target when X=p.
n(hkl): Exponents in the equation expressing PC(hkl)'as a function
of (r/a). (Text: Eq. A.7-6)

Parameter of potential function V.

A’
PB: Parameter of potential function V.
Vn: - n is an integer which may take on a value from 1 to 9 inclusive.

this_a name given to one.qf the'potential functions used in
the simulation. | .

PC(hkl): P?dbability of an ion making gn impact in the first two layers
of the crystal. The ion is normally incident on the (hkl)
‘face of the monocrystal (Text: Fig. A.7-4)

p_: Factor takes into account the efféct of variation of the mass
of the ion or target atoﬁ; (Text: Eq. A.7-i4) |

RH-C: _ Hard sphere radius for.atoﬁ;atom interacﬁiﬁns;as»éalculated

by Magnuson et al.lo (Text: pg. » Eq. A;7~10)

r: The distance between two interacting_atoms; (l.u.).
r.: Hard sphere radius of Atoms (1.u.) (Text:'_Eq. A,5-3)
L 3Nearest-neighbor distance.

S: . Sputtering ratio (atoms/ions)
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Curve showing the variation of the sputtering ratio with

the energy of the incident ion.

S

Constant used in the equation expressing the sputtefing

ratio (as obtained by use of the simulation) as a function

of the incident ion energy E and hard sphere radius r.

‘(Text: Eq. A.7-11)

“'x is the symbol for an element xX.. Sx denotes the sputtering-

ratio when x is.the bombarding ion (Ex: S ,'SAr;:etc.)

Ne

:(Atoms/ion)

Sputtering ratio of the (hkl) face of the mono-crystal
(atom/ion).
tiﬁe_(sec.)’

Small time increment (sec.)

Factor to take into account the effect of variation of the

mass of the ion on the target atom. (Text: Eq. A.7-15)

' Binding energy of an atom (kcal/g-mole of atoms)

Potential function. Gives the potential energy of interaction

of two atoms with each other (e.V.). r is the distance

between the atoms in lattice units (l.u.).
First derivative of V(r) with respect to r-[(e.V.)/(l.u.)]
Second derivative of V(r) with respect to r-[(é.V.)/(l.u.)z]

Atomic no. of incident ion.

. Atomic no. of target atom.

Small increment in time t sec.

3Permittivity of free spacev(=l/(36WX109) rationélized

M.K.S. units).
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PART TI: COMPUTER SIMULATION OF OBLIQUE INCIDENCE
T SPUTTING OF (100) Cu BY Ne't

ABSTRACT

A computer simulation model was used to simﬁiaté the spuﬁtering
of (100) CU'By 10 kev Ne+ ions at incident angles of 20° to 50° from
the surface horma1. This work extends the:earlief investigations
by Harrisbnﬁet al. who‘stgdied oblique incidenceISPugtering of (100)
Cu by Ar+. N

| »Thg'si@ﬁlationvpredicts ; variation of the sputtering_ratio with
the angle of ionvinci&enge which sho&é maxima and minima‘in the same
| relative positions to each other as obéerved expérimentally. Ho&evér,
the simuiated maxima and minima are shifted aboﬁf 5° toward the surface ‘
normal asvcémpéred,to thé exﬁerimental values. Thié shift is due to

use of only‘one qu;rter the true representative érga'for oblique

2-7

incidence sputtéring. A similar shift was found in Harrison's work

. : L+
on the simulation of Ar /Cu sputtering.
' The submaximum at 39° is also obtained by the simulation in the -

appropriateIPOSition relative to the simulated maxima and minima. This
peak is stfonger forvNe+/Cu sputtering simulations than for Ar+/Cu

sputtering simulations.



I. INTRODUCTION

A computer simulation model offers greatervéontrollability and
observabiiity‘as compared to experiment. This is because the imputs
to the model span a éontinuum of values asbopposéd to discréte
experimentai_values, and can be easily varied. If thevquel is
capable of éxplaining all known experimental resulfs then it can be
said that é fundamental understanding of tﬁe modelled system has
been obtained. It may then berpossible'to use this model to predict
whatvcould.hapﬁen under circumstanCeé for which experimental daté:.
is not yet available. Herein lies the key utilityvvalue of compﬁter
simulation. - |

Ihe sputtering of a mono;rystalling target‘by an imégcting ion
is amen;ble_to such a fréatment, within certain»%imitatiohs imﬁosed
by the comﬁuter; such as execution.time'an& computér:sforage{

It is als§ possible'to follow the trajectoriésvbf individual
atoms and hence 6$téinya ﬁicture'of'the'actual sﬁﬁttering.process,_
thus leading to the poSSiﬁility of identifying spééific-mechanisﬁé
whiéh are of interest in sputtering. Such as iﬁvestigation by
‘Harrison et al.Z'—7 hés-éhown that focUsons.are uniﬁpdrtant in the
vispdttering p:pcesé, even3fof single crystal targets. AS shown in
_Paft I of ﬁhis thesis, it is possible to vary the parameters governing
a;om—atom iﬁteractions and note thé’effect of thése variations on |
the sputtering ratio. Following such a systematic pattern of
study, then, it should be possible ﬁo eventﬁally.link the variétion of the
sputtering ratio to all ;he various factors that caﬁ be expected to :

influence it.
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Harrison et al. have done much work on.the-édmputer simulation of
normal and oblique incidean:sphttering of monoc;yétalliné éopper by
Argon. Thesg studies point to the need for investigations‘of sputtering
b? lightér ions where properties of ;he interatbmié potentialvfunctioh'
are expected to be significant. In this study the.simﬁlaﬁion model
was ex;eﬁded to Ne+/Cu sputtering. Thevuseful ihfofmétion that was
to'bevgaiﬁed»is outlined as follows:

(1) Tﬁe effect of the smaller mass of'the'vNe+ ion was testéd“to
determiné.whether thefe is any significant change in thé sputteripg
-ﬁéchanism.

| (ii),Ihe primary variations in sputtefing ratio with incident

angle of the impacting ion waé predicted by computer simulation to
' . . . . - |

aetermine:whether'the'simulation is éapable of reproducing expérimeﬁtal
d;ta.l

(iii)'siﬁﬁlation'models were tested to determiﬂe whether the
simulationfwas capable of reprbduCihg the secbndary'variations_in
sputtering ratio with iﬁcident éngle. These secondary variations
are uniquely displayed by the Ne+/Cu syStem.1

(iQ) Simﬁlation results were examined, to identify the mgchahisﬁ
causing thé existence of ﬁhe phehdmenon of sécondar&.sputtering ratio

 variation with incident ion angle..

Experimenfal data on the oblique incidence sputtering ofv(100)

Cu by Ne+ is available from the thorough investigations of Elich et al'.1 o

Their results are presented in detail in Section 2 below. It is

sufficient to simply note here that these authors determined the
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' s

variation of the sputtering ratio with the angle of ihcidence of the
incidence ion and demonétrated conclusivély that some seéondafy effect
gives rise to a secondary submaximum in the S-E curve at angles of
the incident ion beam near 39° to the target surface normal. The
.failﬁre is unique to the Ne+/Cu system. The nature of the mechanism
causing the éxistance of this submaximum is not clearly understood.

As outlined in the first few paragraphs §f this introduction
it was hoped that the unique controllability and observability of.
computer simulation could be used to answer the above unanswered
questions.

2. Summary of Relevant Experimental Results from the Literature

Several authors have studied the sputtering of monocrystals

)

by ions and have found that the sputteringvratio varies with the angle
of incidence of the incident ion in the following Qays:A
(i) Firstly, the greater‘the angle (with reééect to the surface

‘normal) at which the ion eﬁters the crystal, the closer the ion-target
atoms collisions are to the surface. For such collisions the probability
of sputtéring is'inéreésed.

| 4Froﬁ much_expefimeﬁtal work on polycrystalline materials, the
variatiéﬁ of the sputteriﬁg rafio, S, with the incident angle ¢,

measured from the sﬁrface‘normal, has been found to follow the law:12

s(9) = s§(0) Cos ¢1% @
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where o ® -1. At high angles of incidehée (80°),H£he probability of
reflection of the incident ions from the nystal'sufface becomes
appreciable and thé observed S(¢)vvariatioh deviates éppreciably from .
Eq. (2.1) above. . | ; | |

'(i1) In single cryéféls,.in addition to the inverse cosine
dependencébof the Sputtefing ratio, the sputtering ratio also dépendé
on the;oriéntation of the éfystal surface exposed to the incident
_beam. If thevcrystal is imégihed'to be‘made up of atoms of constant
.radius it ﬁill'appear to be,mére transpafént when viewed in some

~directions (low-index directions) and more opadue when viewed in other
directions. The experimentally obtained sputtering ratio dependénce»
on the angle Qfﬂincidence of éhe incident ion, S(¢) curves display
maxima at angles corresponding approximately to the O§aque direcfibns_
and minima at angles approximately corresponding to the low ind?Q
directions as shown in Fig. 1.

The aboﬁeftwo considerations forﬁ the basis of the Transparency |
theory9 which cén explain the general trends and shapes of the experi-
mentally obtained curves. However, experimental data haQe been collected
which show.thaﬁ vérious submgxima are also obtained in thése curvesl’10
whichvcannbt'be explainedlon the basis of,the.tfahsparencyrtheory alone.

Onderdleinden studied the dependence of the sbuttering ratio of
monocrystal targets, on_the incident ion energy. Aé an extension of
Onderdelinden's"work8 Elich et al., studied the spﬁttering‘of (100) Cu

by 20 KeV and 10 keV Ne+ and 20 keV Ar+‘ions. The (100) éurface coéperv

single crystal was rotated about an (001 ) axis on the surface and the
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Sputtering Ratio, S (atoms/ion)

O I

O Onderdelinden
A Elich etal.!) 294°k

1
(8)

- <LI10> minimum

I

O 10

20

30

40 = 50

Angle of Incidence, ¢ (degrees)

XBL 74i2-7644

Fig. 1. Sputtering ratio of 20 keV Ne+ bombarding a (100) Cu

crystal turned around a (001 ) axis in the surface.
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variation of the sputtering ratio with the incident"angle was:measured.
The data werévobtained at three differeht tempera#urés (204°K, 294°K,
456°K). The da;ahshowiﬁg tﬁe variationvof the spﬁttéring ratio with
- the angle of ._ihcidénce of the incident ion is shown in Fig. 1. This
curve clearlyvdisplays the major maximé at 12.5° and 30° and the majbr
minima at O°;’18° and 43°} A smaii submaximum is also‘d;splayed at
39°, This submaximum is of the type mentioned above. Details of this
Submaximum.afe-displayédAiﬁ Fig; 2. vBy stuinng_théSe'figufes éarefull&
thé féllqwing”ébnélusions were arrived aé; |

(i) As thé temperature increases; tﬁe submaximum moves tbﬁards
the (110 minimum and also decreases in magnitude until it disappeats
at a temperaturé above 500°K.‘

(ii) As the ion enérgy incrééseé, the magnitude of the_submaximum. i
increases and moves further away from the {110 > minimum. Further,
fhe submaximum ié more persiStent and remains evideﬁt till higher
_temperafurés.

‘(iii) No clear submaximum is obtained when Argon is used instead
of Neontl Thus, the lighter atomic mass of the Ne+ ion is needed for
obtaining thisveffect.' |

(iv) It has been found that when sputtering of the @onocrystal

v

was carried_out‘at angles of incidence &ithin the interval over which
the submaximum extends, a very characteristic syéteméfic sﬁrface'
structure is developed on the surface of the monocryétal. The sﬁrface
becomes covered with parallel furrows which extend on the surface in

the (001 ) direction perpendicular to the direction of the incident
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. + _
Fig. 2. Sputtering ratio for Ne ions on a (100) Cu crystal

turned around a ( 001 ) axis in the surface.

Ay
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beam (and-parallel'to the axis on the surfaée aboﬁt which the crystal
was rotated). These parallel furrows were about.O;Su to ln apart and
about O.3u'déep. Tﬁé furrows become deeper'gnd closer together at
'angles‘correéponding té the tip of the submaximuﬁ [Fig. 11.
A crossésecﬁion of a representative furrow is-shown in Fig,r(3—a).'
The directioﬁ of.the incident.ion beam is indicated by arrows. ﬁs
is indicated>in.the figure, one of the sideé of the furrow corresponds

to the (110) surface. -The ion beam is at near grazing incidence to

this surface.

3. Theory

Elich ét alf1 propésed a simple theory to expLain their experiméntal
results. An:ipéident ion was assumed to channel tﬁrough the targef
lattice as indiéated in Fig. (3-b). As fhe ion close to a pa?ticulaf
string of atoms, along the (110 ) direction, as shown in the figure, the
major interactions are assumed to occuf between the ion and this'string
of atoms.'.Elich ét al'.l formulate a set of differential equations to
describe the;frajectory of the ion alongside ﬁhe aﬁom'string. A
mathematicalrexpression for the potential between.the atom string and
the.ion assumed and the differential equatioﬁs were Solved, to obtain the
trajectory of the ién; The.momentum transferred b; #hevion to an atom
in the string, and the direction of that momentum,festimated. if the
angle which this momentum makes with the (llb ) axis small enough, énd;
the transferred moméntum'large eﬁough, a collision chain in the (110

direction be generated./ The probability of such an event estimated by
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Ion Beam

o
2700 A

(b)

XBL 74(2-7646

Fig. 3. (a) Schematic profile of a 'pit' or furrow.
(b) The trajectory of a particle in the (001) plane.

~



00004201533

-69-

t

calculating a focusing parameter, A. A focuson be generated if A

less than 1. Using the expression for A given by Lehman a‘ndbL'iebfried11

(110).
f

to'be 9 eV, Elich et'al.1 obtain an expreSSion for Az,

"and taking the focusing energy E to be 36 eV and the replacement

energy E (110)[
r
the interval over the atom string in which the incident ion generates
focusons perpendicular to the atom string. The angle between the
incident ion beam and the (110 ) direction, ¥, [See Fig. (3-b)] enter
into this expression. The‘angle w,correspohding to a maximum value
of (Az/d), corresponds to those angles at which there is high probability_
for focusons to be generated and directed into the crystal in the (110 )

direction. .These focusons cause dislocations on the surface to appear

due to the inward displacement of ‘atoms.

Elich e't.:.jval.l propose thét prefefential'sputtering occurs atvthésg {
dislocations. .The shallow furrows thus formed are eroded deeperbas
éputtering pfoceeds. Calculations show how this iﬁwérd efosioﬁ of the
furrows is expécted to occur. The steady state cross-section of.the
furrow is shbwn to have a (110) face for the face that is at near-grazing
incidence to the incident beam. The sputtering ratio on é.surfaﬁe at
grazing incidence 6f the incideﬁce ion is much larger than thevsputte;ing :
ratio at normal incidence. Hence, the formatidn of the faéets causes
an increase in the sputtering fatio.

Elichvet'ai. plot the variationbof (AzZ/d) with ¢ at various ion
energies and:note the magnitude and direction of the'shift.in the |

position of the maxima, as ion energy is increased. Unfortunately, the

theory predicts a shift towards the 43° minimum as ion energy is
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increased,'a prediction that is exactly opposite to the observed

experimental behavior.

4. Simulation Method and Procedure

Oblique incidence sputtering of mono-crystalline copper by 10 keV
Neon‘has,been simulated using the simulation model of Harrison et 31;2—7
This simulation model is described in the Appendix.

The simulation model was used to determine the sputtering ratio

at various angles of incidence from 20° to 50°. These simulated
sputteringfrétios were then compared witﬁ experiméntél valugs»at’

. these angles. | |

In thé simulation runs that were carried out, only the represenfative
-area for normal incidence sputtering was used. iThis is only one-quérter'
of the representative area tha; should be used fpr oblique'incidence
sputtering aé shown in Fig. 2.b'of‘thé Appendix. Howeve;, it was

hoped that sﬁéh a representative aréa wéuid still bé.useful, since

it had been found successful in the simulation ofvéblique incidence

sputtering with Argon,1 and would most significantly decrease the

computing time required.

5. The Potential Function
‘The simulation requires the specification of the potential
functions describing the Cu-Cu and Ne+—Cu interactions. The energy
| O |

of interaction between two atoms a distance 'r' from each other is

given by the Born-Mayer potential function,
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V(r) =exp (P, +P, * 1) S (5.1)

where PA‘ PB:;re pa?ameters of the pdtential function.

Ip Part'i 6f tﬁis thééis it &aS'found that wheﬁ pofential v9
was used with the coﬁputer simﬁlation; the predicted variation of'
sputtering ;atio with incident ion enérgy for normai incidence |
sputtering of (lll) Cu.by Ne+, gave reasonable agreemént with experiment.
A comparispniof_the_ébpve-mentioned prediction witﬁ the use qf.diffefent
potentials is given iﬁ Fig. 2 of Part I of this fh¢5i$- It is'cleéfb'.
that pdtential>vé gives the best agreemént with‘expefimental ;eSuits.;
Hence, V9 was selected for the simulation study Qf.oblique incidénce
sputtering of (100) Cu by Ne+ to represent interaétions_bétween ﬁé .
and Cu a;oms. "The GB-~2 pdtential'function was uéed,tb represent
interactions bgtweeh Cu afoms.> The pérameters PA-gnd_PB for V9
(PA = 12:5, P = -12,71) and GB—Z(PA = 16.0241, ? -9.1967) are listed

B B

in Tables 6 and 4, respectively, of Part I.

6. Simulation Results and Discussion

The simuléfed'sputtering ratios"for 10 keV sputféring of (100)
Cu by Ne+, and the éxperimentéi da;a_at 10 and ZO‘RQV, are pibttéd
.in Fig. 4. Therdéta atIZC keV gives aAqualitative‘picture of the
variation of the.sputtering ratio and it can be seen that the~simﬁlatioh"
results givé'é minimum and a maximum that are shifted toward smaller |

angles by about five degrees. This agrees with similar results obtained

by Harrison et al.2 for Ar+/Cu sputtering simulation who also used
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XBL 7412-7648

: . . . . , +
Fig. 4. Experimental and simulation sputtering ratios of Ne ‘on

(100) Cu rotated about a {001 ) axis in the surface.
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the same representative area on the crystal'surfaCe,'_TheirareSults
are presehte& in Fig. 5. The reason for the displécement of boﬁh
results can be traced to the use of ohly'éne-qqérﬁer of the true
representatiﬁe area for bbliqug)inéidence sputteriﬁg. :Usingrbnly
one—-quarter of the trué represéntative area changés_the effecfive
opacity of the crystal to the incident-ions;‘.ﬁotefthe similaritiés
between the simulation resuits'in Fig. 4 and 5}‘  |

If the simulation data_points obtained in'this:study are shifted
up by abou£-5° to'larger anglés fo correct for thé effect ofvusiﬁg a
-.smaller repréSentative area,'ﬁhe simulation and experimen;él'curvés
agree more satisfactorily. The magnitude of the siﬁulatéd»sputfering
ratip.submaximum at 39°.is comﬁarablg to the expérimental sdbmaxiﬁum.

Tﬁé scatter in the simulatipn’pdints fﬁr Ne+/Cu éputtefing is>"
large. This ﬁakés conclusions regaréing’the simulation of‘the 39°
submaximum difficult. However a comparison of Figs; 4 and 5 show
ﬁhat a subméximum is indeed qbtained in bbthvsimulation curves atvthe
approximate location between the‘simulated maximum at about 25°
(corresponding‘to thé éxperimental maximum at 36’)’and”th¢ simulated
minimum at'about 39 fo 40°-(corresponéinglto the experimentél minimﬁm
at about 43 to 44°). Theée two simulafed peakslare magnifiea in

Figs. 6 and 7 for'compariéon.— The similarity’in the two peaks is -

evident, with a tendency for the simulated peék for;Ne+/Cu to be largef

than the peak for Ar /Cu (rfelative to the overall-sputterlng=ratio
at this point). Considering the crudeness.of the model and the several
approximations that have been made, the agreement between the

experimental tesults and the simulation is satisfaétory.



-74-

Sputtering Ratio, S (atoms/ion)

i N
'II | | )

4 o | - "\ _
Vel Ty

{/A/ " Argon - Copper , | \A\

3.4— B _ . i _

| —o-Fom Expt® 20 kev
a FOMExpt® 10 kev |

2—-’-—0—.Simulotion(2) IO keV . R _

o 10 0 — 35 2050

"Angle of Incildenc'e . P (degrees) .
| XBL74I2-7649

Fig. 5. Experimental and simulation sputtering ratios of Ar

on (100) Cu rotated about a ({001 ) axis in the surface.
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incidence sputtering of (100) Cu by 10 keV Ar .
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Fig. 7. Magnification of 'peak' obtained in the simulation of

oblique incidence-spﬁttering of (100) Cu By.lO keV Ne+.
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7. Conclusion -

The resuits of the simulétion match the experimeﬁtal results
fairly well, wheﬁ corrected for thé'approximafion Of'the‘use of’only
one—quarter of theftrue representative area'for‘obliqﬁé incidence -
sputtering of'mbﬁocfystalline cbpper by Neon.

The simuiétéd maxima and minima near 309vand 45°, respectively,

" are confirmed by the simulatiop,_but requiré correcﬁion for the
reduced representativeAarea for sputtering. The corréction fdr tﬁisl
effectvinv61veé_a shift'of the simulafion resﬁlté tq-larger angleé'by
about 5° bringiﬁg the Simulatibn results for S(¢) ihto approxiﬁate
agreement witﬁ expgrimental values.

Althougﬁtche simulation points show éoﬁSiderable scatter a
submaximum isvdiéplayed between the Simulééed ﬁaxiﬁﬁm and minimum at "
about the same}relative angle as obtained experimen;allyf .This simulatéd
peak is stronger for Neon—Copper‘sputtering tﬁan fof_Argon—Copper

Sputtering.
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LIST OF SYMBOLS

Distance between neighboring atoms, a;stfing'of atoms along

the (110 ) direction.

Focusing energy in (110} direction (e1v.)‘g i

Replacement energy in the (110 ) direction (e.v.)

Distance between two atoms (l.u.)

Interaction energy between two atoms.a.distance 'r' apart (e.v.)
Parameters of the potential function V(r)

Length over which focusing chains in the (110 ) direction are

initiated by an ion incident close to the (110) direction.

‘Exbonent in the equation expressing the variation of the

sputtering ratio, S, with the angle of incidence ¢.
Length of a chain of atoms in the (110) difectidn, over
which perpendicular focusing chains in the:(llo > direction

are generated by an incident ion close to the (110 ) direction.

"Anglé of incidence, w.r.t. surface normal, of an incident ion

beam (degrees).

Anglé of incidence w.r.t. (110) axis (¢ = -n/4) Teit: [Fig. (B.3-.)] 'f
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APPENDIX

. The Simulation Model

The computer simulation model developed by Harrison et al.‘l”6

to simulate'the sputtering of mono-crystalline copper by rare gas

‘atoms is described here.

1. General Description
The obngtive of tbis model is to simulate an ion impacting a
¢rystal surface,\fo followvthe motion of this ion thrqugh the cryétal
and also to trace the pathé of those moving atoms that are created |
-due to interactions between the ion ahd the'lafﬁice‘atoms. Any atoms
ejected fréﬁ the crystal sﬁrface would qualify és spuﬁﬁgred atoms.
It is not possible to simulate a,crystallof_semi—infinite

«

propontioné on the computér but a microcrystailite which is iargev
enough to essentially contain, Qithin itself, all the atom-atom
“interacéions which eventually lead to.sputtering,‘ﬁay be simulated;.
A rectangular parallelopiéed type of microcrystallife.containing
about two hundredbatoms ié normally sufficient. ;‘

The térget atomé are first positiqqed in the‘desired crystal
structure so that a micfocfystallite of specified size and:shape is
ébtainéd, The microcrystallite ié so set upvthaf the front surface

of the microcrystallite presents the desired orientation to the impacting

ion. . ’
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Next, the movement of the ion through the miérbtrystallite‘is 
followed. Given the'positiéns of the atoms at any instant.'t', the
fdrces between the ;toms, at that instant, ﬁéy be'very simply calcﬁlated.
-Using a numericél integration‘propedure,»the positioﬁ of the atoms
after a timestep "At' may be estimated.  By repeafing the cycle of
calculations the trajectory»of the atoms may be followed.

The accuracy of the calculations depends on the length of the
timesteps 'At'vused in the Numerical Integration Scheme. In general,
errors will iﬁgreasé'with increasing At and vice-versa. Also, a more
complex numerical integration'scheme will giﬁe,le#s error in the
calculations,'for a givén 'At', but thevcompuéafion time required
will be'lérger. | |

The vaiué-éf At must be so chosen'that'a'certain”minimuﬁ accuracy :

of calculations is maintained while the computation time is reasonable.

2. The Potential Function

In order;to estimate the forces between atoms, the function
describing the botential energy of interaction of’thése atoms must be
available. 1If the potential energy of interaction of two atoms separated
by a distance 'r' is'given by 'V(r)', the repulsive force between these
atoms is: | |

- dv(r)

F(r) = —5~ @

where‘F(r)'ié'the force and the minus'sign is included to show that force

is repulsive. .,
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In order to avoid the expense of wasteful computation on weak
interactions, the function V(r) used in the model is '"truncated' to

a 'finite range' potential. This potential may then be expressed as:

: - : '.- . <
V(r) V(r) V(ro) . . for r R —
= 0 ' for r> ro. ©(2.2)
and the fqrce F(r) as: o
v . dVv(@») <
'F(r) R for lr S
= 0 for r>r . _ _ (2.3)

A limited variety of potential functions have been investigated'for the
sﬁitability 6fvthéir useiin the computer simulation. Functions including
potehtial wélls‘and attractive 'tails' have been utiliéed.l

It has been found, howevef; th;t for invesfigétionsvonvtheMnature
of the sputtering phenomena,‘it is adequate to use short-range

potentials of the Born-Mayer type:

V(r) = exp (A+B‘'r) for r<r

o .

=0 _ for r > r T (2.4)
r, must be chosen to be small enough to exclude all insignificant
interactions while yet being'largerenough to cause no considerable
. . 1 - .
change in the sputtering ratios. Previous work 6 has shown that a

choice of r, given by:

r =r . (2.5)
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where Ty is the nearest neighbor distance, is adequéte,

Two separate potential functions need to be specified; one for
target atom-target étomrinteractions and the other‘fbi the ion-target
atom intéraétidﬁé. |

3. Choice of Numerical Integration Procedure

' The basic Newtons Law that governs the movement of the ith atom
. ) ‘ i
may be expressed as:

m¥ = E (s Epeeek) (3.1)

where, m, is the mass of the_ith atom, Xi is thev§ect0r velocity of thé
ith atém, Ei is the total external vector force écting on the atom, and
.Lj is.the.§ecﬁor pésition coordiﬁate of.thé jth afomi(j=1,...nj.
Droppingithé ﬁérms in the bracket aﬁd reducing the eQuatioh to

one dimensibn for simplicity,

mV, = R, (3.2) |
Also,
éi = Vi = d Vi/dt. o ' o (3.3)
and . .
v, =% =dx/de . 3.4)

vThe equations for numéfical'integfatioﬁ'are developed ffomvthesé simple_
equations. ,Muéh unpublished work7 has shdﬁn tﬁat.cdmplicated numerical
procedures allow smaller valﬁeé of 'At' to be used but the numbef of .
computations per step is incréased to such an‘extent that no saving in
overallvcomputation time is'achievéd.- Hence, the available choice of

numerical integfation algorithms settles between two alternatives.
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a) The Central-Difference (C.D.) approach.

b) The Average-Force (A.F.) approach.

a) In the Central Difféfence approach the finite difference équivalents

of Egs. (3.2) and (3.4)‘are:

..mlei [xi(t)] ~ [V, (e+ht/2) - Vi(tht/Z)]/Atv. (3.5)
and |

| VVi(t+At/2) = gi(t=At/z)'~ [x, (t+A) - xi(t)]/AF - (3.6)

(3.5) and (3.6) may be rearranged to:

Vi(t+At/2) = Vi(t—At/Z) +'Fi[xi(t_)]m"lAt . ..(3.7)

and
1 2

xi(tfgt) = x; (1) + V, (t-4t/2) 4t + Fi[xi(c)]f m . At | (3.8)
Hence, from the values 6f Vi(t—At/Z) and xi(t), Vi(t+At/2) and xi(t+At)
may be estiméted. As may be evident, for each timestép At, only one
computation qf the forces Fitxi(t)] is required{

One sl}ght draw back is that velogitieé and positions are ﬁot
obtained at_the same instanﬁ of time and this leads fé a few difficuities
in following‘tﬁe procéés dynamically. . | y
b)_vThe A.Ff approéch'is based on ‘the Ta&lor'seriés expansion of xi(t+At)

' about ki(t).  This ﬁay be written,
x, (GHAE) = x (E) + % (DDA + ¥, (D)BE°/2 + K, (DA/6 + ... (3.9)

= x; () +V_(0)At + ai(t)AtZ/Z + &, (1) At3/6}+:... (3.10)
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If the force is relatively constant over a time interval 'At', éi(t),

Hi(t) are small and it is possible to write

x (tHAE) = x (£) + V (DAt + AV, (At/2) - (3.11)
where, Av, is the average change in the velocity during At.

AVi may then be used to define an average force (Fi )

AV, = (F,) mlae . .' (3.12)
. 1 1 » ‘ . .
“then, ° - : ‘
- ; L -1, | 4 iay
Vi(t+At) = vi(t) + <Fi) m At N ) o (3..13)
“and |
xi(t+At) = xi(t).+ [Vi(t) + (Fi > At/2m] (3.14) -

'TheofetiCally, it should be possible ﬁo define'(Fi ) sobthat.
zero error is obtained in Eq. (3.13) and,<¢onceivébly, ;hié should
also lead to a small error in Eq. (3.14). This is the chiéf advantage
of the A.F. method ovér the C.D. method since it is now possiblé to
use larger Galﬁes of At for the same error.order; It‘mﬁst»be nbtgd
that, in prééticg; |
(i) The actual method foricaléulation of <F1‘)‘Vill lead to 5ome
error in Eq. (3.13). | |
(1i) Calculation of (Fi ) will ngcessitgte evaluationiof.Fiv(i=1...n)t;

at least twd different positions for each atom. - Evéiuations of Fi are

time consuming. Hence, this is a disadvantage.
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. Another minor advantage lies in the fact that Vi and x, are obtained
at the same instant of time. This makes it easy to visualize the
dynamics of the collision. |

Experience gained to date hés shown that the advantages of the
A.F. method outweigh'the:disadVantages and it is sgperior to the C.D.

method. TheVA.F. method was used in this work.

4. Energy Decrement
The accuracy of the numerical integration may be judged from the’
energy decrement.

_— B(t) : o “vf
AE = S . (4.1)

E(t)
where, AE is the energy decrement, E0 is the total initial potential
and kine;ic energy, E(t) is the total potential plus kinetic.energy
at any time 't}. |
A -poor numerical integrétion procedure will give a AE rapidly
increasing in magnitude as time proceeds, while f&r a good intégration

procedure the variation of AE with time 't' will be slow.

5. Computation of (Fij

- Given the poSitions:xi df the atoms at time:ft';:the forces
F[xi(t)] may bevestimatedf Assﬁming these forces:remain constant
over the timé intervél from 't' to '"t+At', new positiomns x*(t+At)

may be calculated from:

xi*(t+At) = x, (0 +-Vi(t)At + Fi(xi(t))Atz/Zm | (5.;)
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xi(t+At) will be a good approximation to x (t+At);‘where xi(t+At) is
: RS
the true position of atom 'i' at time (t+At) Fi[ (t+At)] may then

be calculated. An estimate of Fi may then be obtained from:

| : * : o o
AR, = AR [x ()] + FIx, (t+At)]}/2-O L - (5.2)
Experience has shown that such a definition of_(F:.L ); when utilized
in (3.13) andf(3.14), makes it possible to use a time interval 'At':
at least'twice,that usabie_with_the_C.D. algorithm. Added to this is
_the fact the fact that the energy decrement,.forvthe.A.F.vmethOd,

'is smaller in 90% of the cases. studied.

-

6. Choice of A;

At-tne beginning“of the'sputtering event, the kinetic energy is
‘localized in a few atoms. These atoms are relatively fast and Henee A
travel longer distances in short tines. Since the accuracy of the
‘calculations is goyerned by the distance moVed‘by the atoms,'relative
to each other, in one time step, it is desirable to have short,tinef
steps 'At' at this point of time in the collision eascade.

However,ias the collisions proceed the kinetic energy gets
dissipated and distributed and the atoms move slowly. The distances
covered are relatively shorter_and‘hence the errors in computation
will be less}' To ensure a unitorm_level of error at each step in the
computation and,also to allow.the timestep to ihcrease'tbﬁardsithe
end.of the easeade‘(alloning more rapid-convergence), thestimestep

'At' is computed prior to each step from
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At = (DTI)/Vméx

where, Vmax'is the absolute velocity of the fastest moving atom and (DTI)
is a prespecified 'time step length'. The time step length represents'
the maximum distance any atom may move at any particular step in the

computation.

7. Designation of Sputte;ed Atoms

Atqms which move out of the space containing'the microcrystallite
- from the bottom or sides are droppéd from further calculations. Atoms
that are ejeéted from the top surface are analysed éeparately to filter
out only those atoms fhat have ejection energies greater thaﬁ a
éértain minimum. Only the energy due to the velociﬁy component
iﬁerpendicular.fo the lattice face is céhsidered. The 'minimum’ énergy
represents the binding energy of coppér and the atoms that'filterA

through this barrier are the sputtered atoms.

8. Representative Areas

Finally, it must be noted that the sputtering ratios; fhus
obtained, are'very dependeﬁt on the position dn fhe sﬁrfaée at which
the impacting ion enters the mi@rocrystallite(

In order to obtain a proper yalue for thé‘éputtering ratio, a
set of such points must be Seiected_and'on average; of the sputtering
ratios obtained over this set, muét be evaluated. The set‘of.poihgs
must be diéfributed over an area such that all types of bossible

impacts are reasonably taken into account.

w
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The fépfesentative area for normal incidence on the (110), (100)
aqd:(lll)-faces are shown in Fig. la,b;c,iéespeétively. Fig.flb also
indicates fﬁé representé;ive>area for obliéue_inci&éﬁcé'gputﬁefing'when
rotation of the crystal about the axis PT is Edhéidé;ed}' Sets of‘
.impac; pdints.must be selected from withig these repfesentatiﬁe areas. .
‘Ih this work,:two sets of points were used for the simulation.

Figﬁre'Z indicates the twenty point set and thirty-five point set
for normal-incidence sputtering on the (100) face. The sef$ f§r the
(111) face are éimilar. In fhese-figures, the vertex 'T' corresponds

to the center of the target atoms.
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| (a) ' ' (b)

Area PQTR is representative

'B777 Representative area for
normal incidence sputtering. ~area for oblique incidence
' sputtering with rotation about

- axis PT

XBL7412-7633

Fig. 1. The representative areas for three different crystal faces.



(a) - I - (b)

XBL 74127652

Fig. '2.. The two sets of impact points used in this work.
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LIST OF SYMBOLS

A.F.: Abbfeviation for Average-Forée Method, aumethod for_nume;ical
integration. ' |

a: Lagtiée'constant (=3;6£5A.for.Cu).

a,: Acéelgration of the ith atom in one dimension.

b.D.: Abbreviation for Central-Difference Method for numerical
intégration. |

D.T.I.: Th§ timestep length. Maximum length that aqy atom may move

from time 't' to 't+At'

CE(t): Totai potential and kinetic energy at time 't'.
EO: Total initial Potential and kinetic energy.'
AE: . Energy decrement. |
F(r): | Force function. ' Gives the f;rce bétween.two atoms that are aJ

distance 'r' from each other.

Fi: . Total external force on the ithvatom (in one dimension)
Ei: Total external vector force on the i atom.
I .th - -. et YL ARY
(Fi ) e Average force on the i~ atom from time 't' to 't+At'.
. .th
m, : Mass of the i atom.
gj: "Vector radius from origin of coordinate system to the pbsition
of fhe_ith atom.
Tyt Nearest neighbor distance in the crystal lattice.
. ) L ey . : . PR .
r: truncation' distance for a finite range potential.
t: time (sec.)

At Small time increment (sec.)
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V(r): Potential function giving the energy of interaction of two atoms

L |

at a distance 'r' from each other.

: . .th
Vector velocity of the i atom.

V.:
i
Qi Time derivative of vector velocity Vi' Is‘the same as the vector
o . th - ‘
acceleration of the i atom.
' . .th . i .
Vi: Velocity of the i~ atom in one dimension.
.Vi: Time derivative of the velocity in one dimension.
Voax® Absolute velocity of the fastest moving atom.
i fr s . th .
AVi: Average change in the velocity of the i atom from time 't'
to 't+At'.
i . . th . . ;
Xi: . Position coordinate of the i atom in one dimension.
Xi:» Time derivative of 'Xi'., Is equivalent to the velocity 'Vi'
in one dimension.
* . o . .th i o
Xi : - Projected position of the i~ atom at time (t+At), given all
conditions at time 't'.
AE: Energy decrement.
At: Small time increment (sec.).
. . .th : . 1t
AVi: Average change in the velocity of the i~ atom from time 't

to "t+At'.
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