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ABSTRACT

Simulation models were developed for the

bombardment of the (100) , (110) , and (111)

orientations of a s i n g l e — c r y s t a l  s i l icon la t t ice  by an
argon ion. The interatomic potentials included

repulsive terms only, and were approximated in closed

analytic form by least—squares fitting of the

calculated interatomic potentials obtained from the

Hartree—Foch—Slater self-consistent field equations.

Sputtering was found to be predominantly a surface

effect with most sputtering events occur~n~ in the

first three crystal layers. The (110) orientation

demonstrated a sputtering mechanism not previously

observed in fcc copper simulations , and the (111)

orientation showed that reflection of the knock—o n

atom from lower crystal layers is more common in

silicon than in the fcc copper lattice . Adjustment of

the surface binding energy paramete r to a value of ~— 7

eV produced results which agree with available

experimental data.
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I. I N T R O D U C TION

The phenomenon of physical s p u t t e r i n g  has  been
extens ive ly  s tudied since i ts discovery and descri pt ion ~n
the  PhilosoQhical T r an s a c t i o n s  by Grove in 1852. S p u t t e r i n g

may be broadly viewed as the ejection of atomic material

from a target as a result of bombardment by an energetic

particle . The bombarding particles may be neutral atoms,

ions, or the heavier elementary particles; hut most

scientific investigatio n has been restricted to ionic

bombardment because the ions can be easily accelerated to

any desired velocity. Sputtering has proven to be a

nuisance in the design of hig h power amplifier and

oscillator tubes because of grid erosion , in the design of

thermonuclear reactors because of plasma contamination

caused by sputtering from the 
- 
container walls , and in

s o l a r — w i n d  and atmospheric erosion of orbiting satellites.

Useful applications of sputtering have been found in the

fields of ion-getter pump design , thin—film deposition ,

etching of metallurgical specimens , and the cleaning and

etching of semiconductor surfaces. The complete physical

description of the phenomenon of sputtering is complicated

by limitations of experimental tech~ igue , the mathematical

difficulty of theoretically describing the Dehavior of a

many—body system , and the incomplete understanding of the

interacting forces and p ot e n t i a l s  in c rys ta l  s t ruc tu re s .

Early experiments typically determined the sputtering

ratio of polycrystalline materials. The sputtering ratio is

defined as the number of target atoms sputtered per incident

ion. Ar exhaustive study of low—energy sputtering was

carried out over the course of seven years un der the

13
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direct ion of Dr. G. K.  W e h n e r .  W ehner  et al ( 1 ]  reported
the t e m p e r a t u r e  dependence  of s p u t t e r i n g  y ie lds  in the
semiconductors, the effect of oxygen on ion ejection

pa t t e rns , the  spu t t e r i ng  yields of va r i ous  metals  bombarded
by a tomic  and polyatomic  ions , the  spu t t e r ing  yields of
oxides , and the spat ial  d is t r ibut ion of ejected a toms  in
metals and semiconductors. Earlier work by Wehner et al [2]
resulted in  the  compi la t ion  of s p u t t e r i n g  yie ld  data for
metals and semiconductors in the 100—600 eV range.

The earliest attempts to describe theoretically the

mechanisms of sputtering generally ignored the ordering of

atoms in the crystal lattice. In 1921 , Thompson [3]

proposed that atomic election was caused by the relea se of

radiation as the ion struck the target. Bush and Smith [4]
attempted to describe the election of atoms as the result of

the expansion of gas adsorbed by the target material. Von

Hippel (5] presented the ‘Hot—Spot Theory ’ in 1926 , which

stated that the energ y dissipation of the slowing ion

evaporated target material from the surface. A theory based

on momentum transfer between the bombarding ion and the

lattice atoms was proposed by Lamar and Compton [5] in 1934.

Their theory  stated that ions nay penetrate the material and
recoil f r o m  lower layers , causing ejection of surface atoms .

In 1956 Harr ison [7) proposed a theory for s p u t t e r i n g  f rom
amorphous materials based on transport theory. Si l sbee  [ 9 )
proposed the theory that sputtering in preferred directions

from single crystals is the result of the focusing of

momentum along a line of atoms in the crystal. This theory

was questioned by Lehmann and Sigmund [91 because of the

extremely short pathlength of the Silsbee focusons even at

high energies. In 1969, Sigmund [10) reported his theory

for the sputtering of a m o r p h o u s  and  p o ly c r y s t a ll in e
mateiials. His theory was also based on the Boltzmann

transpor t equation .

14
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Ana ly t i c  s p u t t e r i n g  theor ies  cannot , in genera l ,
adequa t e ly  def ine  and t r ea t  the p a r a m e t e r s  and  variables
required in the theory  of s i n g l e — c r y s t a l  s p u t t e r i n g . The
development of high—speed computers offered the chance to

better u n d e r s t a n d  the s p u t t e r i n g  process t h r o u g h  t he  use of
s imula t ion  models .  In 1960 , Gibso n , Goland , N i l g r a m , and
Vineyard  ( 1 1 ]  bui l t  a compu te r  model  to represent  metal l ic
copper , and s tud ied  r a d i a t i o n  d a m a g e  even ts  at ene rg i e s  up
to 400 eV.  In t h i s  model , one a t o m  in the s t a t i ona ry
lattice was g iven an a r b i t r a r y  k i n e t i c  e n e r g y  and direct ion
of mot ion , a nd was a l lowed to in te ract  w i t h  the a t o m s  in the
la tt ice , resu l t ing  in a cascade of i n d e p e n d e n t  b ina ry
collisions. In 1967, Harrison , Levy, Johnson , and Effron

[1 2 ]  used a c o m p u t e r  to s i m u l a t e  t h e  b o m b a r d m e n t  of a s ingle
fcc copper crystal by argon. Throug h computer simulation ,

the  s p u t t e r i n g  m e c h a n i s m s  in the  fcc copper c r y s t a l  were
i d e n t i f i e d .  Har r i son  et al repor ted t h a t  f o r  ion energ ies
less t h a n 10 key , the  s p u t t e r i n g  process in fcc  c rys ta l s
occurred p r e d o m i n a n t l y  w i t h i n  three a t o m i c  l ayers  of the
sur face .  The i n i t i a l  c om p u t e r  s i m ul a t i o n  inc luded on ly  the
r e p u l s i v e  forces between t h e  atoms . The algorithm utilized

to solve the equations of motion in this simulation and

later simulations was described in 1969 by Harrison , G ay ,
and Effron [13). Continuing efforts to develop a more

precise compute r  model  r e su l t ed  in t h e  deve lopment  of a
Cu—Cu potential function which included an attractive

port ion , inclusion of s u r f a c e  l ayer  r e l a x a t i o n  in the
crys ta l  model , and  d e t e r m i n a t i o n  of s u r f a c e  a t o m  b i n d i n g
energies of the (100) , (110) , and (111 ) Cu c rys ta l
o r i en t a t i ons .  In 1972 , Har r i son , Moo r e , and Ho lco inbe  ( 14 ]
showed improved  ag reement  be tween  s i m u l a t i o n  r es u l t s  and
e x p e r i m e n t a l  da ta , but  t h e  o r ig ina l  i n t e r p r e t a t i o n  of the
l o w — e n e r g y  s p u t t e r i n g  m e c h a n i s m s  in fcc c rys ta ls  r em ained
u n c h a n g e d .
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This thesis is an ex tens ion  of the  previous  NPS computer
s imula t ion  studies to si l icon bombarded  by argon.  Silicon ,
a group IV eleme nt , f o r m s  a c rys ta l  in the  diamond la t t ice
s t ruc tu r e .  An acceptable compute r  model  of s i ng l e—crys t a l
silicon bombardment  must  gene ra t e  the l a t t ice  in the  proper
o r ien ta t ion , and i t  must  s imu la t e  with  reasonable
approx imat ions  of the a tomic  i n t e r ac t i on  po tent i a l s  an d
forces for  both the Ar—Si  and Si—Si collisions. A
s ta t is t ical ly  represen ta t ive  impac t  area of the Si l a t t i ce
must  be de te rmined  fo r  each crystal  o r i e n t a t i o n , a su i t ab l e
force and po ten t ia l  t r u n c a t i o n  d is tance  (wh ich  a l lows  a
reasonable  c o m p u t e r  r u n  t ime wh i l e  e n s u r i n g  t h a t  t h e
pr inc ip le  of energy  conse rva t ion  is not  v io la ted)  must  be
de termined , and the  m a x i m u m  a l lowable  d is tance  m o v e d  by th e
most energe t ic  a t o m  in any  g iven  t i inest ep  mus t  be d e t e rm i n e d
so tha t  forces and velocit ies are u p d a t e d  o f ten  enoug h to
ensure  energy  conserva tion w i t h o u t  m a k i n g  c omp u t er  run  t imes
p r o h i b i t i v e l y  long. For this p r e l i m i n a r y  s i l i con/ d iam ond
model , only t he  repu ls ive  por t ion  of the  i n t e r a t o mi c
po ten t ia l s  is inc luded , and  s u r f a c e  l aye r  r e l a x a t i o n  is not
considered. Furthermore , the lack of data on the  sputtering

yields of s ing le—crys ta l  silicon leaves the  problem of
sur face  b ind ing  energy  unreso lved . The m i n i m u m  energy
required to f ree  an a t o m  f rom the  s u r f a c e  is t h e  su r f ace
bindi ng energy .  For spu t t e r i ng  to occur , t he  k i n e t i c  ene rgy
of a la t t ice  atom mus t exceed the  s u r f a c e  b i n d i n g  ene rgy ,
and the  atom must  be moving away f r o m  the ta rget  su r f ace .
A d j u s t m e n t  of th i s  p a r a m e t e r  to  con fo rm to re l iable
e x p e r im e n t a l  data r esu l t s  in a more accura te  model .
However , this  p a r a m e t e r  has no e f f e c t  on t he  physi ca l
mechan i sms  involve d in  t h e  model , and can be a d j u s t e d
wheneve r  su i table  data become ava il ab le .

16 
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The d iamond latt ice model  developed possesses the  same
f ea tu r e s  as the  or ig ina l  fcc copper model developed by
Harr ison et al [12 ]. F u r t h e r  r e f i n e m e n t s  of t h i s  model
should inc lude  su r f ace  r e l a x a t i o n , i n t e r a t o m i c  cohesive
energy ,  and  perhaps n o n — c e n t r a l  fo rce  and potent ia l
app rox ima t ions .  From ea r l ie r  exper ience wi th  the  copper
crystal  however , it is expected tha t  this  p r e l i m i n a r y
iden t i f i ca t ion  of s p u t t e r i n g  and  m o m e n t u m  t r a n s f e r
m e c h a n i sm s  wil l  not be a ff e c t e d  g rea t ly  by the
overs l i f icat ions.
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II. MODEL DEVELOPHPNT

A. G E N E R A T I O N  OF THE SILICON D I A M O N D  LATTICE

The d i rec t iona l  cova len t  bonds  b e t w e e n  a s i l icon atom
and its four  nearest n e i g h b o r s  resul t  in the  f o r m a t i o n  of a
s y m m e t r i c a l  t e t r a h e d r o n  ( F i g . 1)  . The bond ing  of these
tet rahed ra wi th  successive neares t  n e i g h b o r s  then r e su l t s  in
t h e  f o r m a t i o n  of t he  d i a m o n d  la t t ice  (Fig 2) . The lattice

co ns tan t  a in si l icon is 5 .43  a n g s t r om s , and t h e  lat t ice
un i t , which  is the  w i d t h  of the  basic t e t r a h e d r o n , is 2. 72
a n g s t r o m s .  In t he  d e v e l o p m e n t  of t h e  compu te r  m o d e l , the
la t t ice  un i t  (LU ) proves to be a c o n v e n ien t  u n i t  of l e n g t h ,
and is used extensively. This lattice is fcc with a basis

of tw o a t o m s  associated w i t h  each l a t t ice  point . The second
at om is displaced 0 . 8 6 6 0 2  LU a long the  ( 1 1 1 )  d i a g o n a l  f rom
the  f i r s t .  Figure 3 shows the  a r r a n g e m e n t  of the  silicon
la t t ice  in the (100)  o r i e n t a t i o n .  Square  abcd in F igu re  3
encloses a s ta t i s t ica l ly  r e p r e s e n t a t i v e  impact  area  for
n o r m a l l y  inc ident  ions , w h i c h  by f o ld ing  along two  axes of
s y m m e t r y  ( e . g .  ab and  ad) wi l l  m a p  i n t o  all  possible impact
points  on the  (100)  s u r face .  The (100)  channe l  is shown  at
the  center  of square abcd. The d is tance f r o m  the  center  of
this  c h a n n e l  to the center  of the  neares t  a tom in t h e  sam e
ver t ica l  p lane  is 0.5 L U .  P igu re  4 shows the  speci f ic
impact  po in ts  chosen for t h e  (100) s u r f a c e .

The (110)  o r i e n t a t i on  of t h e  d iamond  la t t ice  reveals  a
large c h a n n e l  (Fig . 5) t h r o u g h  wh ich  t h e  i n c o m i n g  ion m a y
pass w i t h o u t  m a k i n g  a hard  collision w i t h  any  l a t t i c e  a t o m .

18 
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The d is tance f r o m  the  center  of th i s  c h a n n el  to t he  center
of the  closest a tom in the  same p lane  is 0 .75  LU.  This
distance is the m a x i m u m  impac t  pa ramete r  seen in any of the
th ree  or ienta t i on s, and the  S i — A r  potent ia l  and force
f u n c t i o n s  mus t  be modeled at least to th is  distance.  Figure
6 shows the represen ta t ive  impac t  area used for  n o r m a l l y
incident  ions on the  (110)  p lane .  The  impact  area abcd
conta ins  30 impact point s, and  all possible i m p a c t  points
may be represented by a f o l d i n g  abou t  the axis of s ym m e t r y
ab.

A f u r the r  r o t a t i o n  of the  l a t t i ce  yields  the  (111 )
o r i en t a t i on  (Fi g .  7) . T h e  l a rge  c h a n n e l  evident  in the
(110)  o r i en t a t i on  is no l onge r  p re sen t , b u t  an ion n o r m a l l y
incident at point b may travel relatively deep into the

la t t ice  ( the  f i f t h  pla n e)  be fo re  e x p e r i e n c i n g  m o r e  than  a
grazing collision. The small (111) channels surrounding the

f i f t h  plane atom l ’ave an impac t  p a r am e t e r  of 0 .4 7 1  LU.  This
may be v i ewed  as a “ p s e u d o — c h a n n e l i n g ” e f f e c t , and suggests

that perhaps the ~1 10) and  ( 111)  su r faces  m a y  exh ib i t
s o m e w h a t  simila: b e h a v i o r .  A more  compl ica ted  f o l d i n g  of
any  t r i a n g l e  in the  h e x a g o n  wil l  y ie ld  the to ta l  a rea
abcde fg .  Triangle bcd Wa3 chosen for  the  compu te r  model.
Figure 9 shows the position of the 36 impact points used in

the (111) orientat ion.

The subrou t ines  u t i l ized  to g e n e r a t e  the  t h r e e  la t t ice
orientations are a modification of the lattice generators

used by Finno in sili con c h a n n e l i n g  s tud ie s  [ 1 5) ,  and  are
discussed in A p p e n d i x  A.
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B. INTERACTION PO TFN TIA LS A N D  F ORC E F U N C T I O N S

In 1967 , Wedepoh i  : 1 6 1  repor ted  the  ca lcu la t ion  of the
interact ion energies between like a t o m s  a n d  ions in the
energy  range  which  is of in teres t  in r ad i a t i on  dana~ e
calculations (i.e., 50 e V - 1 05  eV) . W e d e p o h i  compared  the
in te rac t ion  energies  ob ta ined  f r o m  three  theore t i ca l  models :

(i) the quantu m — m e c h a n i c a l  (QN) r a d i a l  e lec t ron  dens i t y
obta ined  using Har t r ee  s e l f—cons i s t en t  f i e ld  ca l cu l a t i ons
(see ref. 17),

(ii)  Thomas—Fermi (TF) electron d istributions (see r e f .
18)

(iii) T h o m a s — F e r m i — D i r a c  (TFD ) electron d i s t r i b u t i o n s
(s€e  ref . 1 9 ) .

An unpublished modification of the ~edepohl QM method

developed by Harrison was utilized to obtain the Si—Si and

A r — S i  i nteraction po ten t i a l  f u n c t i o n s .  T a b u l a t e d  values  of
the radial electron densities of various ionic states

(including the neutral states) of Ar and Si were obtained

f rom the H e r m a n — S k i l i m a n  compute r p r o g r a m  [2 0 ) ,  wh ich is
based on the Slater approximation of the Hartree—Poch

se l f—cons i s t en t  f i e ld  ca lcula t ions. These dens i t ies  were
then used in a prog ra m similar to Wedepohl’s [16] to obtain

tabulated values of the interaction potentials. It should

be kept in mind that the adiabatic approximation was

util ized , i.e. the electronic charge distributions were not

allowed to deform due to electronic repulsion as the atoms

were brought in close proximity to each other. This results

in a screening function which is in all likelihood too high ,

20
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y i e l d i n g  a hig her (ha rde r )  repuls ive  p o t e n t i a l  be tween  a toms
than gould be obtained if the electron clouds were allowed

to deform. In addition , since a radial density function was

utilized and angular dependence was ignored , the resulting

potentia l does not include the directiona l properties of the

Si electronic wave functions. Also , since on ly  the

repulsive portion of the potential is calculated , the Si—Si

potential must be truncated at the lattice nearest—neighbor

distance in order to prevent spontaneous crystal expansion

and disintegration. As was stated earlier , the truncatior.

point of the Ar—Si potential must be at a distance greater

than 0.75 LU. The truncation distance was chosen to be the

same as the nearest—neighbor distance (0.86602 LU)

Figures 9 and 10 show the Si and Ar radial electron

densities obtained from the Herman— Skilina n program. Figure

11 shows the  po ten t i a l s  ob t a i n e d  f r o m  t h e  i n t e rac t ion  of Ar
and Si~

4, and from the interaction of Ar41—Si. The

A r— 5 i~~ ia terac t ion was chosen fo r  t h e  model since it is

lower at the nearest—neighbor distance. It is not

u n r e a s o n a b l e  to assume t h a t  under  e x p e r i m e n t a l  cond i t i ons
m a n y  of the acce lera ted  Ar ions will be neutralized from the

conduc t ion  electrons of t h e  me ta l  b e f o r e  col l is ion w i t h  the
first lattice atom . The silicon atom in the lattice will

appear as an ion to the approaching argon atom because of

the covalent sharing of its outer shell electrons. Since

the potential function in all likelihood is too nard , the

chc ice of a lower potent ial is reasonable.

Figure 12 shows the selected Si—Si potential. The

choice of Si—Si+1 was m ad e in order to obtain a potential

function which closely approached zero at the equilibrium

separation (nearest—neighbor distance) in1 the lattice.

The potential values obtained wer e then approximated in

a closed analytical form in order that they could be easily
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ut i l ized in the  s p u t t e r i n g  p r o g r a m .  Wi lson , H a g g n i a r k , and
Biersack [21 ] recently reported the approximation of 1(4

diatomic interactions by the least—squares fitting of the

free—electron potential solutions with a Moliere—like

poten tial f o r m :  -

V(r) (Z 1 Z2e2/r ) Ec 1 exp (—b 1 r /a)

where (a) is a screening length  and ,

3
Ec i = s

This method averaged approximately 10% accuracy , a n d  is seen
to resemble the  m e t h o d  used in t he  dev e lopm en t  of t h i s
s p u t t e r i n g  model .

1. A r—Si ~ ’ I n t e r a c t i o n  Potent ia l

E x a m i n a t i o n  of t h e  A r — S i ~ 4 po ten t i a l  p lo t  showed
tha t  for  a separa t ion  d i s t ance  g r ea t e r  t h a n  0 . 2 5  LU , the

log:ithmic plot was essentially a straight line suggesting a

Bo r n — M a y e r  p o t e n t i a l  fu n c t i o n  of t he  f o r m :

( )  = exp [ P E X A  + IEX3 .r].

A least squares fit of the region between 0.25 LU and 0.75

LU ( t he  m a x i m u m  i m p a c t  p a r a m e t e r )  y ie lded  a value f o r  these
e x p o n e n t i a l  coe f f i c i en t s:

( )  = e x p [ 8 . ( 4 0 0 5 6— 1 0 . 8 5 1 4 8 2 r ] ,

where  V ( r )  is po ten t i a l  in e lectron volts a n d  r is
s e p a r a t i o n  dis tance in l a t t i c e  u n i t s .  A “ peeling ” pr ocess
was t hen  u t i l i z ed , w h e r e  t h e  va lue  of the  B o r n - M a y e r  por t ion

22 
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of the potential was subtracted from each data point. This

process revealed that the region of separation less than

0.10916 LU could be represented by a Bohr potential of the

f o r m :

V ( r )  _ V
BM

( r) ( 1/r) exp[ A + B .r ] .

A least squares fit of the region less than 0.10916 LU

yielded the fo l lowing  e x p o n e n t i a l  coe f f i c i en t s :

V ( r ) — ~1 ( r ) = (1/r)expt7.16LI1O_ 21 .10187r ] .

In order to insure continuity of the analytic form of the

potential function and its first derivative with respect to

r, a “transition ” function was utilized at the cross—over

point (0.10916 LU) . This transition function proved to be

of the Born—Maye r form also:

V
D 

= e x p [ 10 . 3 6 9 3 O — 3 0 . 13 5 7 4 r ] .

The modeling of the Ar—Si+~ potential function was

comple te , y i e ld ing  a f u n c ti o n  of the  f o r m :

f ( I/r ) szp (7 I64 IO~~2HO$87r ) +V BM (r) ; r <0 10196 LU
V ( r )  = 1 e x p  ( I O 3 6 9 3 O — 3 O ~~3574r) +V BM (r) , r~~O~IO I96  LU

Figure  13 is the plot of t he  a n a l y t i c  model  of the  potent ia l
function and corresponding potential values obtained from

the Herman—Skiilman and modified Wedepohl programs. The

maximum relati ve error in the analytic potential

representation between 0.0 and 0.75 LU occurs at 0.24950 LU ,
where the analytic model is 7.67% higher than the

corresponding computed value. This is caused by the

“t r a n s i t i o n  po ten t i a l”  w h i c h  has not damped  out s u f f i c i e n t l y
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at th is  poin t , but  wh ich  r ap id ly  d isappears  in to  the
B o r n — M a y e r  po ten t i a l .  The  po ten t ia l  model  ob t a ined  was
incorporated into the E N E R G Y  sub rou t ine  of the basic
computer program (Appendix B) as a t w o — b r a n c h  po ten t ia l
function with cross—over point at 0. 10916 LU and truncation
at 0 .86602  LU (nea res t—ne i ghbo r  d i s tance)

2. Si—Si ~~1 Po ten t i a l F u n c t i o n

Examination of the 5j~~5j + 1 p o t e n t i a l  va lues  showed
tha t  for  s epa ra t i on  d is tances  above 0.5 14 58 LU the  po ten t ia l
f unc t ion  was essent ia l ly  of ~he B o r n — M a y e r f o r m :

V (r)  exp{ E X A  + EXB.r].

A two v a r i a b l e  l i nea r  regression y ie lded  the  f o l l o w i n g
coefficients:

( )  = exp[6.68394—6.914475r],

where  V (r) is in  eV , and r is in L U .  “Peel ing ” of this
BM

poten tial from the tabulated values yielded:

V(r)—V (r) = (1/r )exp [6.95261—15.56752r].

Continuity was obtained without the use of a “transition
poten t ia l”  by placing the  crossover poin t  at 0. 7 LU.
F igure  14 shows the ana ly t i c  form of the  Si~ Si+t potential
and co r respond ing  Her at a n— sk i l l m a r t  data points .  T h e  r e la t ive
error  in the  ana ly t i c  form of the  po ten t ia l  f u n c t i o n  is less
t h a n  six percent  f o r  all ene rg i e s  less t h a n  10.0 k e V .

_  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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This  po ten t i a l  r e p r e s e n t a t i o n  was  also inco rpora t ed  into the
ENERGY subroutine (Appendix 3) , with truncation at the

nearest—neighbor distance.

3. Ar—Si’-’ and Si_Si+1 Force Functions

The force f u n c t i o n s  were  s i m p l y  d e t e r m i n e d  by
obtaining the negative gradients of the Dotential functions:

F(r) — ÔV ( r ) / ô r

Th e problem of an i n f i n i t e  g r a d i e n t  at  the  p o t e n t i a l
truncation point was handled as demonstrated by Harrison et

al [13]. By utilizing the average force:

<F t > [ V (x )  V 1R)V (R x ) ;  R-D < x < R

where R is the nearest—neighbor distance and D is the

m a x i m u m  al lowed d i sp l acemen t  of t h e  most  ene rge t i c  a t o m  in
one tinestep, the force is gently “turned on ” at tri e

nearest—neig nbor distance. The value for D which allows

both reasonable run times and small energy decrement was

found to be 0.075 LU. The two—branch force approximations

w er e in cor po r ated in to t h e  p r o g r a m  in s u b r o u t i n e  STEP

( A p p e n d i x  C)
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I I I .  RESULTS

The three lattice orientation models were utilized in

computer  p rogram runs  at 6 0 0 — e V  and 1—ke y  ion b o m b a r d m e n t
energies. The (110) orientation model was also utilized in

2—key ion bombardment programs. The program runs at all

energies revealed no l a rge  energy  d e c r e m e n t s  f r o m  t imes tep
to t imes t ep ,  l ead ing  to t h e  conclusion t h a t  the  choice of
0 . 0 7 5 LU fo r  D was r ea sonab le .  A c omp u t e r  run  w i t h  D set at
0.1 LU showed a decreased sputtering ratio and a degradation

of the  ab i l i ty  to m a i n t a i n  ene rgy  conse rva t i on . The
preliminary investigative runs of the silicon model were

made utilizing a crystal size of 8x ( 4 x B in t h e  case of t he

(100)  and  (1 11)  o r ien t a t ions , a nd 8x8x8 in the  case of the
(110)  o r i en t a t ion . Each model  c o n t a i n e d  256 a tom s  ( the
(110)  o r ien ta t ion genera tes  only 1 a tom per l a t t i c e  site
while the (100) and (111 ) orientation generate two , hence

the apparant , but non—real , increase in the lattice size)

The mea n elapsed computer time required to run a completely

com piled and l i nked  load m odu le  on the  Nava l  P o s t g r a d u a t e
School’ s IBM 360/67 com p u t e r  was  a p p r o x i m a t e l y  160 m i n u t e s .
The lattice size of 256 atoms did not sufficiently contain

all the possible events even at these low ion bombardment

energies ; howeve r , the  s ize of the la t t ice  w a s  deemed
sufficient tc test the model wh ile still minimizing computer

r u n  t imes .  The spu t t e r ing  ra t ios  were  d e t e r m i n e d  for
lat t ice b ind ing  energies of 1 eV to 10 eV in 1—e V
inc rements , and also at  15 eV for  each o r i en ta t ion . The
mechan i sms  of sp u t t e r ing  were  t hen  t raced at a c t i v e  impact
points in each orientation.
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Prior  to the  deve lopmen t  of the  d i a m o n d  l a t t i ce  model ,
work had been done on a fcc  model in which the size of the
lattice expanded w h e n  a t o m s  near the  boundar i e s  bega n to
move .  The model was  developed but  was  unsucces s fu l  b ecause
momentum t r ans fe r  to the boundary  was  so rap id tha t  the
crystal  expanded to  m a x i m u m  s ize very shor t ly  a f t e r  ion
impact , and no compute r  t ime was saved in the s i m u l a t i o n .
The spread of m o m e n t u m  in a fcc crystal was compared with

t h e  sprea d in the diamond lattice to determine the

d i f f e r e n c e s  ~n the  m o m e n t u m  s p r e a d i n g  mechanism , and to
de te rmine  t h e  f eas ib i l i t y  of an e x p a n d i n g  dia mo nd l a t t ice

model . The m o m e n t u m  sp r ead ing  m e c h a n i s m  was  f o u n d  to be
d i f f e r e n t , but  the  r ap id  sprea d of m o m e n t u m  to the
boundar ies  also was  observed in t h e  d i a m o n d  l a t t i ce .

Althou gh the investigation of the ion bombardment of

silicon is by no mean s comple te , the  resul ts  ob ta ined
indicate that the model is physically reasonable , and

further investigation coupled with correlation with

e x p e r i m e n t a l  data  o b t a i n e d  f r o m  o the r  sources could prove
f r u i t f u l  in e n h a n c i n g  the  u n d e r s t a n d i n g  of the problems
involved in the e t ch ing  and  ion i m p l a n t a t i o n  of s i l icon and
ge rman iu m sern iconducter  m a t e r i a l s .

A. (100) LATTICE O R I E N T A T I O N

Figure  15 shows a r o u g h l y  isometr ic  proj ect ion of the
256 a toms  in an 8x4x8 d iamond l a t t ice  w i t h  (100)
o r i e n t a t i o n . Th is type  of project ion , f i r s t  used by
Harrison an d Dela plain 22 ], with the distance between

layers in the I direction exaggerated , and the atoms

represented by 20° el l ipses has proved to be a v a l u a b l e  tool
for analyzing the computer programs and for displaying data.
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The f i r s t  at cm in the  la t t ice  is atom n u m b e r  th ree , wi th
atom number  one being t he  A r  ion , and atom n u m b e r  two
reserved for  other  p ro jec t s .  Future  s tudies  m a y  u t i l ize
atom n u m b e r  two as an i n te r s t i t i a l  atom , sur face
i r regula r i ty (adatom) , or t h e  second a tom in a d ia tomic
bombarding molecule without disturbing the numbering of the

basic crystal. In the display of sputtered atoms and in the

t r a c i n g  of ejection mechan i sms , lower planes which  were not
d i rec t ly  involved in the event  were e l imina ted  f r o m  the
figur es, but included in all calculations.

1. 600—eV Results

The comple te  4 1 — i m p a c t — p o i n t , 60 0— eV s i m u l a t i o n
u t i l i zed  175 m i n u t e s  of c o m p u t e r  t i m e  on an 8x 14x8 size
crystal . W i t h  the  su r face  b ind ing  e n e r g y  (ET FI ~ ) set at 1
eV , 123 a toms we re spu t t e red  y ie ld ing  a s p u t t e r i n g  ra t io  of
3.00. Figure 16 shows that the low energy sputtering of the

(100) or ienta t ion  is basical ly a su r face  even t , w i t h  46 of
the atoms in the first layer bein g sputtered , 11 atoms in

the  seco n d la y er bei ng spu t t er ed , and on ly  one s p u t t e r i n g
event  (a tom 149) taking place in the t h i r d  layer.  Atom 149
was ejected with a velocity normal to the crystal face

corresponding to a kinetic energy of 1.33 eV , a low energy

ejection . All atoms that were sputtered at more than three

impact points were contain-ed in the first layer, with atom

32 being sputtered seven times , atom 39 being sputtered

eight times, atom 40 being sputtered five times, and atom 55

being sputtered five times. In the lower layers, atom 95

was sputtered thre e times, and atom 103 was sputtered twice.

All o ther  spu t te red  atoms in the lower layers  s put t er e~ only
once. At om 103 is inside the impact area , and atom 95 is

di rec t ly  ad jacen t  to i t ;  t h e r e b y  r e c e i v i n g  la rge  k ine t i c
energies  very  soon a f t e r  impac t  of the  ion the lattice.
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A plot of the  s p u t t e r i n g  r a t io  vs. t he  sur face
binding energy was developed in order to gain insight into

the value of the surface binding energy. Figure 17 shows

the results of this plot for the 600 eW program. The rapid

increase in sputtering ratio below 3 eV indicates that the

sur face  bi n ding e n e r g y  is higher than this value. The more

gently sloping decrease in sputtering ratio above 3 eV

yields little insight into the value of the binding energy.

The sputtering ratio of 0.122 at a binding energy of 15 eV

indicates that 5 atoms were ejected with a normal velocity

componen t greater than 13 ,152 n/sec. The most energetic

atom elected was atom 59 , with a normal velccity component

of 24,072 rn/sec. This occured when atom 39 was impac ted

0.125 LU to the right of its center , and 0.125 LU below

center , causing it to move to the upper left edge of nhe

c rys ta l  at a h i g h  v e l o c i t y .  Al l  sp u t t e r i n g  e v e n t s  w i t h
energy greater than 15 eV occured in the first and second

layers ( f o u r  in the  f i r s t l a y e r , one in t he  second l a ye r )

The mos’- active impact point in the 600—e~1 program

occured when a toms  39 a n d  40 were  imp a c t e d  at p o i n t  5025
( impact  point  displaced 3 .50  LU in X d i rec t ion  f r o m  t h e
center of atom 39, and 0.25 LU in Z direction , hence 5025)

E i g h t  a toms were sput te red  at th i s  p o i n t .  A s i ng l e— impac t
program was run at th is  point  w i th  a l i s t i n g  of the
posit ions, velocities, k i n e t i c  and p o t e n t i a l  energ ies , and
forces exer ted on each a t o m  w h i c h  possessed a t o t a l  energy
greater  than  0.1 eV. The l i s t ing  was p r in ted  once every
five timesteps. The atom motions which caused the eight

atoms to be sputtered were traced in order to gain insight

into the sputtering mechanisms involved in the (100) d iamond
lattice orientation. The advantage of computer simulation

in which each ato m is uniquely identified is evident in the

following mechanis m summary.



a. Mechanism Summary

Atoms 7,9 , 15, 18 , 32 , 57 ,65 , and 119 were spu t te red
as a result of an ion impact at impact point 5025. Atom 57

was spu t t e red  at t imes tep  100 , atom 65 a t  t in i es tep  105 ,
atoms 7,9, and 15 at t i ines tep 110 , atom 18 at t im e s t e p  115 ,
and atom 32 was sputtered at titneste p 130 . Each sputtered

a tom was fol lowed s e p a r a t e l y ,  and  the  i nd iv idua l  t races  are
i l lus t r a t ed  in F igure  18.

(1) ~~~~ ~~~~~. The impacting Ar ion (atom 1)

t r ave led  in to  the second c rys ta l  l ayer  a f t e r  s t r i k i n g  atom
40. At timestep 20, atom 1 passed within 0.508 LU of atom

103 , causing 103 to move in the positive X direction. As

atom 103 moved below ato m 32, it forced 32 upward. Atom s 31

and 41 moved upwar d and away from atom 32 as it was still

gaining velocity from atom 103. At timestep 45 , atom 133

reached its point of closest approach  w i th  atom 32.  As a
resu l t  of the  3 2 — 1 0 3  coll ision , a tom 32 gained an u p w a r d
veloci ty ( h a v i n 3  been s lowed s l i g h t l y  by  g r a z i n g  col l is ions
with 31 and 41) . At t imes t ep  60 atoms 32 and 103 were no

longer interacting, and atom 32 had rise n 0.118 LU. Atom 32

continued to rise, interacting with no other atoms until

timestep 125. At that time atom 32 i n t e r ac t ed  w i t h  a t o m  25
which  was r is ing wi th  a low ve loc i ty  as a r e s u l t  of atom
movement  below it. This s l igh t  i n t e r ac t i on  slowed a t o m  25 ,
but raised a tom 32 ’ s norma l velocity c o m p o n e n t .  At  t i znestep
130 , atoms 25 and 32 wer e no longer  i n t e r a c t i n g ,  and  a tom 32
continued to rise with no further interactions. The

mechanism observed in the s p u t t e r i n g  of a tom 32 was t h e
grazing collision with a lower atom in t h e  basic t e t r a h e d r o n
composed of atoms 31 ,32 ,41 ,97, and 103. The velocity

imparted to atom 103 (roughly parallel to the X ,Z plan e)
resulted in the rising of the center and upper atoms in the
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tetrahedron . Atom 32, however , was the only atom possessing
a high enough normal velocity component to be counted as a

sput. This may not always be the case in higher energy

bombardments.

(2) ~~~~ j~ . Atom 1 in i t s  passage t h r o u g h  t h e
secon d layer  also in t e rac t ed  wi th  a tom 96 , ca us ing  it to
move in the Z direct ion w i t h  a veloci ty  component  of — 2 9 ,516
rn/sec w h i l e  t r ave l ing  d o w n w a r d  a t  6715 rn/sec. The atoms

b elow 96 slowed its downward velocity slightly. At timest~’p

60 a to m 80 was struck by a to m 96 , w h i c h  caused a t o m  80 tc
rise r a p i d l y .  As 96 c o n t i n u e d  to pass u n d e r  80 , it impar t ed
a high nega t ive  Z ve loci ty  c o mp on e n t  to 80 .  Atom 60 then
rose unde r  atom 15. Atom 15 i n t e r a c t e d  w i t h  no o the r  atom ,
q u i c k l y  ga ined  a Y velocity componen t  of —7838 rn/ sec and was
coun ted  as spu t t e red  at t im e s t e p  110. Here a m e c h a n i s m
similar to the scoop or squeeze mechanism in fcc copper

described by Harrison et al [12] took place in the second

layer , causing a surface atom to be sputtered.

( 3 )  A t o m  ~. After collision with atom 15 , atom

80 was deflected below atom 9, reaching the point of closest

approach at t im es t ep  100. By t imn es tep  105 , a t o m s  80 an d 9
were no longer interacting and atom 9 rose from the surface

with a normal velocity component cf -9311 tn/sec, interacting

w i th  no other  a t o m .  At t im e s t ep  110 , atom 9 was also

counted as a sput . This event was also a result of the

scoop or squeeze m echanism in the second l ayer .  A t o m  80 was
deflected upward by atom 10 , and also rose from the surface

with a velocity slightly too small to be considered a

sputt~ red atom. This illustrates a case of a second layer

atom rising from the surface through a vacancy created by

impact from lower layers , and it is reasonable to assume

that at other time s this occurance causes sputtering.
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(4) Atom 7. As atom 80 rose under atom 15 , it

also in te rac ted  wi th  a tom 8 , reaching the point of closest
approach at t imestep 80. Atom 8 traveled in the negative X
and Z directions while rising into collision with atom 7.

The motion of atom 8, which was ap proxima tely at an an gle of
450  with the norma l to the surface , caused atom 7 to be

accelerated in the same di rec t ion .  At t iniestep 100 , atom 7
no longer interacted with the greatly slowed atom 8, but

ros€ from the surface with an X velocity of —4893 ni/sec, a I
velocity of —4559 in/sec1 and a Z velocity of —14338 rn/sec.

At timestep 110 , atom 7 was also counted as a sput. The

scoop or squeeze mechanism in the second layer caused the

center atom in tetrahedron 7,8,15,71 ,79 to impart momentum

to its upper atom at an angle similar to the deep mechanism

described by Harrison et al [12]; however , the mechanism is

unique to the diamond lattice where the spread of momentum

through the tetrahedral atoms occurs at all depths , and

seemingly in all directions.

(5) ~~ j~~. After traveling under atom 9,

atom 80 collided with atom 10 at timnestep 80, and then rose

upward from the surface. Atom 10 passed under atom 17,

causing it to rise at a velocity too low to be considered a

sputtered atom , and then passed below atom 18 at a distance

of 0.803 LU , imparting a velocity of 1891 rn/sec in the X

direction , —2359 rn/sec in the I direction , and 3389 rn/sec in

the Z direction to atom 13. Atom 18 then crossed the

vacancy between it and atom 3(4 , colliding with atom 34 at

timestep 150. As atom 18 passed above 34, its normal

velocity component was increased to -3689 n/sec, while its Z

component was reve rsed to 375 rn/sec. At tinmestep 155 , atom

13 was counted as a sputtered atom , also having been

sputtered by the secon d—layer mechanism affecting the motion

of atom 80.
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(6) A t o m  119. Atom 1 struck atom 40 as it

entered the crystal , driving atom 40 downward into collision

with atoms 112 and 119. Atom 119 was then driven toward

atom 120, and at timnestep 50 was driven upward by the

combination cf interactions with atoms 40 and 120. At

timestep 70, atom 119 was no longer  i n t e r ac t i ng  w i t h  atoms
40 and 120, but was deflected upward further by atom 129,

and was deflect ed in the negative X and positive Z

directions by collision with atoms 57 and 58. At timestep

90 , a tom 119 was  i n t e r a c t i n g  w i t h  no o ther  a toms , and was
traveling with an X ve loc i ty  of -2149  rn/ sec , a Y v e l o c i t y  of
— 4215 rn/sec, and a Z velocity of 3460 m/~ec. At tirnestep

105, atom 119 collided with atom 64, reversing its X

velocity and slowing its negative I velocity. By timestep

115 , atom 119 had risen to 0.157 LU above the surface , and

was interacting with no other atom . At timnestep 130 , atom

119 was counted as a sputtered atom , possessing a normal

velocity component of —3035 rn/sec. Again the squeeze
mechanism caused an atom to rise from the second layer and ,

in this case, move into the (100) channel formed by atoms

57,58,119 , and 120 , be reflected out of the the channel and

rise due to a secondary collision with another surface atom.

(7) ~~~~ ~~~~~. Atom 119 while rising to the

surf ace, collided with atoms 57 and 58 at titnestep 70. At

tiinestep 75, atom 119 passed within 0.762 LU of atom 57

causing it to rise from the surface. At timestep 90, atom

57 was no longer interacting with atom 119 , and possessed a

normal velocity component of —4312 rn/sec. Atom 57 continued

to rise, interacting with no other atoms , and was counted as

a sputtered atom at timestep 100. Again the squeeze

mechanism in the secon d layer result-ed in the sputtering of

a surface atom.
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(8 )  Atom 65. The collision of atom 119 with

atom 58 result€d in the passing of atom 58 below atom 65 at

a distance of 0 .74 8  LU at t imes tep  85. By t ime step 95 , atom
65 was no longer i n t e r a c t i n g  w i t h  a tom 58 , and con t i n u e d  to
rise with no further interactions until being counted as a

sputtered atom at timestep 105. Atom 65 possessed a normal

velocity component of —4185 nt/sec after interaction with

atom 58. Once again the squeeze mechanism in the second

lay er , combined wit h momentum coupling in tetrahedron

57,58,65,121 ,129 caused a surface sputtering event.

During the trace of the sputtering

mechanisms at 600 eV, the third and fourth layers never

contributed an active atom to the sputtering mechanism ;

however , these layers are essential to the mechanism since

the coupling of momentum in the I direction through the

tetrahedra allows the squeeze mechanism to occur without

driving the “squeezed” atom downward. The rising of two

atoms from the second layer was responsible for seven of the

eight sputtering events observed , and one event was caured

by the lateral movement of a second layer atom.

2. 1COO—e V Results

The complete 41—impact-point simulation program tin

with  bombard ing  ion energy of 1 key r equ i r ed  183 m i n u t e s  of
computer  t ime . The s p u t t e r i n g  r a t i o  ob ta ined  w i t h  t h e
surface binding energy set at 1 eV was 3.415 , with 140 atoms

being sputtered . Figure 19 shows the atoms sputtered at

th is  e n e r g y .  The  h igher  energy  b o m b a r d m e n t  caused  ar.
increase in the n u m b e r  of atoms sputtered in the seconi and

third layers and caused a fourth— layer atom (atom 225) to be

sputtered. This indicates that higher energy simulations

mus t not only increase the  l a t t i ce  size in t h e  X and Z
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directions, but must add more crystal layers in the Y H
direction in order to adeq uately contain all sputtering
events. Atom 225 was sputtered with an X velocity component

of only 29 w/sec, and a Z velocity component of 86 mnSec,

while the normal velocity componen t was —3681 mSec.

Investigation of this type event may show that the atom in

fact ransited a (100) channel while rising to the surface.
A normal velocity component of 3861 m/sec corresponds to a

kinet ic energy of 2.2 eV , a low energy sputtering event ,

which m ay be below the final value determined for the

surface binding energy by further studies. Figure 20 shows

the plot of the 1000 eV sputtering ratio vs. surface binding

energy. Again the rapi d rise of the sputtering ratio below

3 eV was observed , suggesting a binding energy above this

value . This would then eliminate many of the lower layer

sputtering events.

3. 6C0-e! 
~~~~ !2Q2~~!. c~~~~~J~ .2a

Figure 21 shows the comparison of the 1000—eV and

600—eV sputtering ratios plot ted  vs. s u r f a c e  b i n d i n g  energy .
The 1000—eV simulation proved to have a higher sputtering

ratio at each value of ~THR as might be expected , but the

values of the sputtering ratios closely approached each

other above a binding energy of 8 eV. Above this point only

the highest energy sputtering events are counted , and it is

reasonable to assume the value of ETHR is below the point

where the sputtering ratios converge .

B. (110) LATTICE ORIENTATION

The (110) lattice orientation proved very interesting

because the sputtering ratio decreased as the bombarding ion

35



energy increased. For this reason , mech anism traces were
performed not on ly at 600 eV and 1 key , but also at 2 key’.

Because the (110) orientation is a much more open lattice

than the (100) orientation, it was expected that the

sputtering ratio of the (110) orientation would be lower

than tha t of the (100) orientation. This was confirmed at

both 600 eV and at 1 keV .

Figure 22 shows the isometric projection and numbering

sequence of the (110) lattice. As was stated earlier , an

8x8x8 (110) lattice was utilized in the compute r simulation ,

but all eight half—layers are not included in the figure in

the interests of legibility of the numbering scheme.

1. 600—eV Results

The 6 0 0 — e V  sim u l a t i o n  of the  (110) o r i e n t a t i o n
u t i l i zed  139 minu t e s  of c o m p u t e r  t ime to comple te  30 impact
points.  Shots which did not  place t he  ion near t he  channe l
center  requi red  a p p r o x i m a t e l y  the sa me n u m b e r  of t imesteps
as the (100) orientation computer simulation , while shots in

which the bombarding ion transited the channel typically

required fewer timnesteps . The 600—eV simulation caused 60

atoms to sp utter resulting in a sputtering ratio of 2.00 for

a surface binding energy of 1 eV . Figure 23 shows the

sputtered atoms for the 600—eV simulation. Again , most

sputtering events took place in the first layer, with atom

95 being the only multiply sputtered atom in the second

layer.

Figure 24 shows the plot of sputtering ratio vs.

ETHR for 600—eV simulation . The sputtering ratio rises

rapidly below the value of 5 eV for the surfac~e binding

energy, and reaches a platea u value of 0.233 for binding

energies of 7, 8, and 9 eV. Four atoms were ejected with
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normal velocity components corresponding to an energy of 15

eV or greater, the most energetic ejection being atom 95

which was ejected with a normal velocity component of

—15 ,131 mn,sec when atom 23 was impacted at its center by the

bombarding ion . The ratios of I and Z velocities of atom 95

indicate that it rose 1.81 LU while transiting 0.63 LU in

the positive Z direction . Atom 95 then rose to the surface

in the channel formed by atoms 30,31 ,32 ,61 , ari d 63. The

(110) channels, therefor e, were observed to allow the escape

of lower atoms with high energies , while focusing their

ejections in a near-normal direction. Atom 23 , the next

most energetic ejection was studied in the mechanism trace

p e r f o r m e d  at the most act ive impact  point .

a. Nechan is~ Summary

The most  act ive impac t  point  in t h e  600 eV
siinulaticn occured where the ion struck atom 23 at a point

0.141 LU to the right of center and 0.2 LU above center in

the positive I direction . The single—shot simulation

required 334 seconds of computer time. Atoms 4,14 ,18 ,23,48,

and 61 were sputtered. Figure 25 illustrates the mechanisms

described in the individual atom traces.

(1) Atom 23. The Ar ion collided with atom 23

at timestep 1 and imparted negative X and Z velocity to it

while driving it downward. At timestep 20, atom 23 reached

its point of closest approach to atom 46, passing above it

at a distance of 0.54 LU. A brief interaction with atom 46

slowed &tom 23’s positive I velocity slightly. Atom 23

continued downward and in the negative X and I -direction ,

and by tmmestep 35 had reached its closest point of approach
with atom 45. The collision with atom 45 reversed the
descent of a tom 23 , while interactions with atoms 14 and 4(4

prevented direct ion changes in the Z direction. At timestep
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60, atom 23 was no longer interacting with atoms 45 ,14, or

4(4, but was interacting only with atom 12. The collision

wi th  a t o m  12 slowe d atom 23 ’ s veloci ty  in the n e g a t i v e  X
direction , reversed its negative Z velocity, and accelerated

it in the negative I d i rec t ion .  At t i r n e s t e p  80 , a t o m 23 w as
counted as a sputtered atom. At that tine, atom 23 was

still interacting with atom 12, but the computer simulation

ceased accelerating the atom because it had already risen

0.4 LU above the surface. The high energy ejection of atom

23 was a purely surface event , with the impacted atom

traveling a large distance across the surface because of the

vacancies created by the (110) channels. This large lateral

displacement is i~ot possible in close packed orientations.

(2) Atom 14 . Atom 23 , while rebounding from

atom 45, passed within 0.618 LU of atom 14. The interaction

of atom 23 and atom 14 caused 14 to rise with a velocity of

—1013 rn/sec. At titneste p 50 , atom 14 was squeezed between

atoms 23 and 15 , slowing its velocity in the negative I

direction. Atom 14 then continued to rise, and at timestep

60 was interacting wit h no other atoms. The normal velocity

of atom 14 at that time wa s —1421 ni/sec, insufficient to

cause sputtering. At timestep 120 , atom 45, which was

recoiling upward as a result of its previous impact by atom

23 , overtook the slowly r is ing a t o m  14. The r e s u l t a n t
collision slowed atom 45, but increased the normal componen t

of atom 14. At timestep 125 then , atom 14 was no longer

interacting with atom 45, and was counted as a sputtered

atom with a normal velocity component of —3600 m/sec. The

squeeze mechanism de scribed by Ha r r i son  et al [ 1 2 ]  was  t h e
primary mechani sm responsible for this surface sputtering

event .

(3) ,~tq,m 4~ Atom ‘45, after being struck by

a tom 23 , moved d o w n w a r d  unde r  a tom 14 . A t  t imes t ep  70 , a tom
45 began interaction with atom 36 , accelerating 36 upward
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and in the negative X and Z directions. At timestep 80,

atom 45 reached its closest point of approach to atom 36 and

began to recoil back under atom 14. Atom 36 was deflected

slightly by atom 35 , and by tilnestep 110 had moved into

in te rac t ion  wi th  a tom 4. A t o m  4 was accelerated u p w a r d  by
the interaction with atom 36, and was squeezed s l i g h t l y  by
interaction with atom 3 at tiniestep 115. By tintestep 125 ,
atom (4 was interacting with no other atoms , and was rising

with a normal velocity component of —2674 n/sec. At

t imestep  140, atom 14 was counted as a sputtered atom. The

p r i m a r y  mec h anism invo lved  was the  mole m e c h a n i s m  described
b y Har r i son  et al [ 1 2] .  This is d i s t i n g u i s h e d  f r o m  the
scoop or squeeze mechanism by the low angle at which the

approaching atom strikes the sputtered atom.

(4) Atom 48. Atom 1 , after striking atom 23,

continued into the second layer. Interaction with atoms

118 ,119 , and 88 deflected atom 1 into the (110) rhannel as

it passed through the second layer. At timestep 30, atom ‘3

reached its closest point of approach to atom 88, passing

w i t h i n  0.406 LU and accelerating atom 89 down ward  in to
collision w i t h  t h e  lower  p a r t  of a tom 89. Ey t im e s t e p  45 ,
atoms 88 and 89 reached the point of closest approach and

atom 89 had acquired a I velocity component of —1309 rn/sec.

At timestep 45, atom 89 was also interacting slightly with

atom 90, and was being deflected in the positive Z direction

by atom 48. Atom 89 caused atom 148 to rise from the

crys ta l . By t i m e s t e p  80 , a t o m  48 was no longer  i n t e r a c t i n g
w i t h  any  o the r  ato m , and at  t imes tep  114 5 i t  was c o u n t e d  as a
sputtered atom wit h a normal velocity component of —3430

rn/sec. The mechanism involved was primarily the deep

mecha n~~ m.

(5) At om 18. A f t e r  being def lec ted  by atcin 48 ,
atom 89 collided wi th  the  unde r side  of a tom 49.  A t o m  ~$9
t h e n  rose in the  l a t t ice  p u sh i n g  a tom 18 u p w a r d  f r o m  the
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surface .  At t imes tep  100 , atom s 49 and 18 reached  the
closest point of approach , their separation being 0.852 LU.

At timestep 105, atom 18 had acquired a normal velocity

component of —3064 m/sec, and was 0.156 LU above the lattice

surface. Atom 18 continued to rise without any other

in teractions, and was counted as a sputtered atom at

t imestep  125. The p r ima ry  mechanis m was again the  deep
mechanism caused by the rising of atom 89 from the second

layer.

(6) At2,m ~i. Atom 1 , when transiting the

secon d l ayer , ca used the  o u t w a r d m ove m en t of a t om s 118 , 119 ,
an d  83. Atom 118 moved u n d e r  a tom 95 , and  at t i m e s t e p  70 ,
collided with atom 94. Atom 9(4 moved upward , and while

still interacting with atom 118 , caused atom 61 to rise from

t h e  sur face . At t imes tep  90 , ato m 94 had reached a m a x i m u m
u p w a r d  veloci ty of —3106  m/sec , and ato m 61 had r eached a n
upward velocity of —1663 rn/sec. By timestep 110 , the

coupling of momentum from atom 118 through 94 to atom 61 was

complete , with atom 61 rising at — 14071 m/sec, and atom 9(4

having slowed to —731 rn/sec. Atom 61 continued to rise with

no f u r t h e r  in te rac t ions, a n d  was coun ted  as a s p u t t e r e d  a tom
at timestep 1(45. The mechanism was the deep mechanism

caused by atom 9(4.

Six s p u t t e r i n g  even t s  occured at  this
impact  po in t ;  t h r ee  sput t e r i n g  events  were the r e su l t  of the
deep mechanism , two sputtering events were surface events

characterized by the squeeze or aole mechanism , and the most
energetic event was characterized by a mechanism not seen in

the more close—packed lattice orientations. This large

lateral displa cement followed by one or more surface

reflections can perhaps best be described as a

mechanism . The other two su r f ace  mechanisms observed (the

sputtering of atoms (4 and 14) were the indirect result of

the “skipping ” of atom 23.
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2. 1000—eV Results

The 30—impact—point , 1—key simulation program

required 111 1 minutes of computer time, two minutes longer

than the 600 eV simulation. With the binding energy set at

1 eV , 56 atoms were sputtered , resulting in a sputtering

ratio of 1.866. The lower sputtering ratio was unexpected
at a bombarding energy of 1 key ; therefore , the mechanisms
of spu t te r ing  were again traced at the same impact  point
that was examined at 600 eV.  Figur e 26 shows the  atoms
sputtered in the 1—keV s imu la t i on .  At 1 key , the  sput te r ing
was aga in  p r i m a r i l y  a su r face  p henomenon , wi th  on ly  three
single sputs occuring in the second layer, and no atoms

being sput tered f r o m  any  l a y e r  lower than  the  second.  The
1—ke y s imula t ion  caused t he  spu t t e r ing  of f i v e  b o u n d a r y
atoms , while  the 6 0 0 — e V  s i m u l a t i o n  s p u t t e r e d  fou r  a toms  on
the  sur face  layer  b o u n d a r y .  Only two atoms were ejected
with normal velocity components corresponding to kinetic

energies grea ter  than 15 eV , as compared wi th  4 h igh  energy
eject ions in the 6 00 —eV s imula t i on .  A t  impact  poin t  0 (dead
center of atom 23) , atom 95 was ejected with a normal

velocity component  of —16 , 296 rn/sec. Atom 95 was e jected
through the same channel as it was in the 600—el simulation .

Figure 27 shows the plot of sputtering ratio vs. ETHR for

the  1 key  simula t ion.  Aga in , a rap id  rise in t h e  sput ter ing
ratio was observed below 3 el The decrease between 14 eV

and 8 eV , however , was not as gently sloping as the 600—eV
r u n .  The  sputtering ratio continued to drop fairl y rapidly
until 9 eV , at which point only the two highest—energy atoms

were sput te red .
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a. Mechanism Summary

The 1—kel single—impact—point program required

339 seconds of computer time , 5 seconds longer t h a n  the  600
eV simulation. Atoms 14,18,23,48, and 65 were sputtered , a

decrease of 1 atom from the 600 eV simulation. Two atoms

(atoms 4 and 61) which were sputtered at 600 eV , were no t
sputtered at 1 key . Atom 65 was sputtered at 1 keV , but not

in the lower—ene rgy simulation. The mechanism trace was

performed and compared at each step with the corresponding

6 0 0 — e l  p r o g r a m .  F i g u r e  28 i l lus t ra tes  the  i nd iv idua l  atom
traces.

(1) Atoa 23. At tmme step 1 , atom 23 was

impacted 0 .14 1  LU to the  r igh t  of cen te r  and 0 . 2  LU above
center in the Z direction . The impact drove atom 23

d o w n w a r d , and in the  nega t i ve  X and Z d i rect ions .  Atom 23
wa s d e f l ected slight ly by a t o m  146 , and at timestep (45 had

been deflected upward by atom 45. At timestep 70 , atom 23

was i n t e r ac t i ng  w i t h  a toms 12 and  13 , s t r i k ing  s l i gh t l y
below these a toms.  At  t imes tep  80 , atom 23 reached  t he
closest poi n t of a ppr oa ch to to a to m 12 , a n d was  def lected
u p w a r d  in a nea r ly  n o r m a l  d i rec t ion .  Atom 12 con t inued
u p w a r d , in t e rac t ing  pr i m a r i l y  wi th  a t o m  12 , and at t imes tep
100 had passed u p w a r d  ou t  of i n t e r a c t i o n  range  w i t h  a n y
a tom.  Atom 23 con t inued  upward  wit h a normal  velocity
component of —7500 m/sec and nearly zero X and Z velocities

and was counted as a sputtered atom at tiinestep 120. The

skip mechanism again caused the sputtering of atom 23, as it

did in the 600 eV simulation; however , atom 23 was not

def lec ted  upward  as much by a tom 45 and therefore impacted

slightly below ato m 12 and 13 , slowing its normal velocit y

component rather than accelerating it as was the case in the

600 eV simulation.
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(2) A~ Qm 14. Atom 23, while rebounding from

atom 45, passed within 0.601 LU of atom 14. The interaction

of atom 14 and 23, combined with slight recoils from atoms

13 and 15 , caused atom 14 to rise from the lattice. Atom 114

continued to rise , and at timestep 105 was interacting with

no other atoms . A t  t imes tep  115 , atom 114 was counted  as a
sputtered atom. Atom 14 possessed a normal velocity

component of —4 (491 rn/sec at that time. Once again the scoop

or squeeze mechanism was responsible  for a surface
sputtering event . In this case 14 was not impacted by atom
(4 5 a f t e r  being squeezed by a tom 23 , b u t  received s u f f i c i e n t
velocity from the primary mechanism itself. After being

dr iven dcwn w ar d  by atom 23 , ato m 45 came  to rest 0 . 7 1 1  LU
below i ts  in i t i a l  posi t ion.

(3) Atorn 148. Atom 1 , after striking atom 23,

continued into the second layer. At timestep 30 , atom 1

impacted a tom 88, causing a tom 88 to  move in the  posi t ive  X
direct ion u n d e r n e a t h  atom 89.  At t im e s t e p  (45 , a tom 89

started to rise from the second layer, and by timestep 50

atom 89 was acce lera t ing  a t o m  48 u p w a r d .  At t i r n e s t ep  70 ,
atom 89 reached its closest point of approach to atom 49,

rising to w i t h i n  0 .7 6 5  L U .  Atom 89 was  s lowed by a tom (4 8 ,
and by t imes tep  95 was t r av e l i n g  d o w n w a r d  toward  i ts  in i t ial
pos i t ion .  Atom (48 con t inued  to rise , i n t e r a c t i n g  s l i g h t l y
wi th  a tom 47 , and p u s h i n g  a t om 25 u p w a r d  at a ve loc i ty  too
low to cause it to sputter . By timestep 95, atom (48 was

interacting with no other atom and ~as rising with a normal

velocity c o m p o n e n t  of — 3552 a/ sec. At timestep 155 , atom 148

had risen 0.418 LU above the surface and was counted as a

sputtered atom. The mechanis m involved was essentially the

same deep mechanism involved in the sputtering of atom ~48
during the 600—el simulation. The only differenc~ was that

atom 88 was impacted more directly by atom 1 , because the

(‘3
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higher energy possessed by the A r ion preven ted its
deflection into the (110) channel.

(4) Atom 13. At timestep 90, atom 89 after

being deflected by its collision with atom 48, interacted

with atom 49. At titnestep 100, atom 49 having been

accelerated in the positive X and negative Z directions,

rose under atom 18. At timestep 120, atom 49 was at its

closest point of approach to atom 13 , passing under atom 18

at a distance of 0.836 LU. Atom 18 rose without interacting

with any other atom , and at timestep 125 possessed zero

potential energy. At timestep 135 , atom 18 was counted as a

sputtered atom , possessing a normal ve locity component of

—4230 rn/sec. The primary mechanism involved was the deep

mechanism caused by the rising of atom 89 from the second

layer , just as was the case in the 600—el sputtering event .

(5) ~~~~ ~~~~~~. Atom 1 , when colliding with atom

88 in second layer, also interacted with atom 119 ,

accelerating it in the positive X and Z direction and

driving it downward. At tirnestep 45, atom 119 moved within

interaction range with atom 120 , accelerating atom 120 in

the positive X and Z direction with a virtually negligible Y

velocity component. At timestep 65, atom 120 interacted not

only with atom 119 , but experienced grazing collisions with

atoms 97,121 , and 161 (atom 161 is located directly below

atom 97 in the fourth layer) . Atom 120 was focused then

into collision wit h atom 98, and was w i th in  i n t e r a c t i o n
range at t imestep 100. At t imes tep  100 , atom 119 had

recoiled s l ight ly , and was no longer interacting with atom

120. Atom 120 was rising slightly as a result of its

collision with atom 161 , and rose underneath atom 98. Atom

98 then rose toward the first layer , and at timestep 115

began interacting with atom 65. Atom 65 rose from the

surface interacting with only atom 98. At timestep 130 ,

atom 65 had acquired a norma l velocity component of —3246

4(4
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a/sec, and was interacting with no other atoms. At timestep

130 , atom 65 reached a heig ht of 0.499 LU above the surface

and was counted as a sputtered atom. Atom 65 was sputtered

by the deep mechanism . Essentially the same mechanism

occured in the 600 eV simulation , but the lover energy Ar

ion was deflected into the (110) channel and therefore did

not transfer sufficient momentum to atom 119. Atom 98 did ,

in fact, rise at a much lower velocity causing atom 65 to

rise. At prcgram termination , however , atom 65 was rising

wi th  a no rma l  ve locity componen t  of -877 rn/ sec and was still
0.2 LU below the lattice surface.

A toms 61 a n d  4 were spu t t e r ed  in the  600—el
simul ation , but not in the 1—key simulation . Atom 4 was not

sputtered because atom 45 was driven deeper into the

crystal , and came to rest in a lower layer , rather than

recoiling into ato m 13 as it did in t h e  600—el simulation
(Fig. 25) . Atom 61 was not spu t te red  because the Ar ion was

not deflected into the (110) channel. Atom 118 , therefore ,

did not achieve a high outward velocity. In the 1—key

simulation , atom 118 move4 into the vacancy left by atom 119

r a t h e r  t h a n  in the n e g a t i v e  X d i rec t ion . Atom 94 nev er
possessed sufficient energy to be listed .

3. 2C0 0—eV Results

The 2—key 30— impact—point program required 135

minu tes of compu ter time , Is m i n u t e s  less t h a n  t h e  600 ev
simulation. With ETUR set at 1 eV , (44 atoms were sputtered ,

r e s u l t i n g  in a spu t t e r i n g r a t io  of 1 .467.  This s p u t t e r i n g
ratio was lower than the sputtering ratio obtained in the
1—key simulation9 Figure 29 shows the sputtered atoms

obtained at 1 eV binding energy. Once again , the sputtering

was observed to be predominantly a surface phenomenon , with

two  sputtering events occuring in the second layer (atoms 95
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and 127) , and a single sputtering event occurin g in the
fourth layer (atom 223) . Two high energy ejections were

observed , occuring at the same impact points as the high

energy ejections in the 1—key program. Atom 95 was ejected

with a normal ve locity component of —16 ,020 m/sec, 176 rn/sec

slower than the 1 key event , and atom 63 was ejected at

—17 ,835 m/sec, 2,353 rn/sec more than the 1—key event. Atom

95 again exited the surface through the (110) channel , as it

did in the two lower—energy simulations. Atom 223 , the

fourth—laye r sputterin g event also exited the surface

through the same (110) channel. Only two boundary atoms

were sputtered in the surface layer , as compared to five in

the 1—key simulation , and four in the 600—el similations;

however , the sputtering of a fourth—layer atom showed that

not only must the crystal be expanded in the X and Z

directions , but more layers must be added if containment of

the events is to be achieved. The fourth—layer spil t occured

at an energy of 2.38 el , again a -relatively low energy

sputtering event . Figure 30 shows the plot of sputtering

ratio vs. surface binding energy . The rapid rise of

s p u t t e r i n g  ra t io  be l ow 3 eV is again evident , and a plateau

value of 0.133 is reached at 8 and 9 eV , similar to the
1—key case. A s ur fa c e  m i n d i n g  e n e r g y  abov e  the 3—el  point
would eliminate the lower—layer sputtering event.

a. Mechanism Summ ary

The 2—key single—shot simulation required 369

seconds of compute r time, 30 seconds longer that the 1 keV

simulation. Five first— layer atoms were sputtered , the same

number as in the 1 key simulation; however , atoms 23,48, and

65 were not sputtered at 2 kel, and atoms 4 , 12 , and 13 were

sputtered instead , indicating another change of the

predominant mechanisms . The traces of the atoms are

illustrated in figure 31. The trace of atom 23 , w hich was
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sputtered by the skip mechanism in both the 600—eV and 1—key

simulations, but not sputtered in the 2—key simulation is

also included. -

(1) 
~~~~ a~. At timestep 1 , atom 23 was

impacted by the Ar ion. Atom 23 moved over atom 146 and

collided with atom 45 moving atom 45 downward into the

crystal. Atom 23 then rebounded from atom 145, and struck

atoms 12 and 13 much as it did in the 600—el and 1—key

programs; however , atom 23 struck below these two atoms and

was deflected downward. Atom 23 was deflected further

downward by collision with atom 35, and continued down into

t he  second layer .  At t ime s t e p  160 , a to m 23 e x i ted  t h e

crystal at its left side while traveling between the second

and third layers, carrying with it 21.29 eV of kine~ic

energy after having lost ’116. L4 L4 eV of its initial kinet ic

energy by collisions within the lattice. The skip mechanism

seems, then , to be energy dependent. At higher energies the

“skipping ” atom causes too muc h surface dam age when

colliding with surface atoms, therefore moving into the

crystal rather tha n rebounding across its surface. The

absence of this mechanism at higher energies coul d , in part

at least , account for the decreased sputtering ratio at

hi gher en er gies.

(2) Atom 114 . At timestep 50, atom 23, whi le
still traveling downward over atom 45 , began interacting

with ato m 14. Ato m 14 was forced upward from the lattice by

this interaction . At timestep 75, atom 23 reached its point

of closest approac h to atom 114 , passing below it at a

distance of 0.513 LU. At the same time atom 14 experienced

grazing collisions with atoms 13 and 15 , deflecting it

upward even further. At timestep 110 , atom 14 had risen

0.40 LU above the surface. Although it was still

interacting with atom 23, it was counted as a sputtered

atom . The mechanism which caused atom 114 to sputter was no
I
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longer predominantly the squeeze or scoop mechanism , hut

could be classified as the  mole m e c h a n i s m  because of the
lower impact on atom 14.

(3) A~2~ 1~. At timestep 75, atom 14

in teracted  with a tom 13 caus ing  it to move — 0 . 0 0 7  LU in the
X direction , and —0.006 LU in the Z direction , whil e ri sing
—0.004 LU. Atom 13 continued to move in the negative X,Y,

and Z directions at a very low velocity until atom 23 began

interaction with it. At timestep 100 atom 13 was passed by

atom 23 at a distance of 0.621 LU. At the closest point of

approach , atom 23 was 0.171 LU below atom 13 , thereby

accelerating atom 13 upward from the surface. Atom 13

continued to ris e, i n t e r a c t i n g  w i t h  no other atoms , an d at
timestep 130 was counted as a sputtered atom. The low

impact of atom 23 on atom 13 classifies this as a mole

mechanism also.

(4) 
~~~~ L~. After passing atoms 14 and 13 ,

atom 23 collided with the underside of atom 12 and was

sharply deflected downward. Atom 23 moved into interaction

range with atom 12 at timestep 100 , and reached its closest

point of approach at timestep 105 , passing under atom 12 at

a distance of 0.508 LU. Atom 12 was accelerated in the X

direction tc a velocity of —16 ,863 n/sec, and upward with a

velocity of —10 ,307 rn/sec. At timestep 115 , atom 12 was no

longer interacting with any atom , and it was counted as a

sputtered atom . Once again a surface atom was sputtered by
the mole mechanism .

(5) 
~~~~ ~~~. After being deflected downward by

atom 12 , atom 23 continued in the negative X direction and

at timestep 120 moved into interaction range with atom 35.

At timestep 125, atom 23 reached its closest point of

approach to atom 35, accelerating it upward into collision

with atom 4. Ato m 4 rose from the lattice interacting with
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fl3 other atom , and at timestep 1t4 0 had moved out of

interaction range with atom 35. At timestep 150 , atom 4 was

counted as a sputtered atom , possessing a normal velocity

component of —3 ,111 rn/sec. The mole mechanism caused the

transfer of momen tum from the center atom of the imc omplete
tetrahedron 14,35,36, and 68 to the upper atom (atom (4) ,

causing another surface sputter ing event. Atom ‘4 was not

sputtered in the 1—ke l simulation , but was sputtered in the

600—eV simulation. In the 600 eV simulation , however , the

recoil of atom 45 caused atom 36 to impact atom 14 and raise

it from the surface. In the 2—key case, a totally different

interaction chain was involved.

(6) A-torn 1~ . After striking atom 23 , atom 1

moved into the second layer striking atom 88. Atom 88

traveled in the positive X direction. and rose from its

position in the second layer , forcing atom 89 downward and

in the positive X direction. At timestep 80, atom 89

interacted with atom 48, causing it to rise slowly front the

crystal surface. Atom 8~ also recoiled from atom 112 , and

rose, interacting with atom 49 at timestep 130 . At titnest.ep

135 , atom 18 was lifted from the crystal surface by the

rising atom 49, and interacted briefly with atom 17, which

was moving as the result of a collision with atom 15. At

timestep 1140, atom 18 was interacting only with atom L49• At

timestep 1145, atom 18 was interacting with no other atoms

and was rising from the crystal with a normal velocity

component corresponding to a kinetic energy of 1.01 el. At

timestep 160, atom 18 was counted as a sputtered atom . The

mechanism was agai n the deep mechanism caused by the rising

of atom 89 from the second layer.

In both the 600—el and 1—ke l simulations ,

atom 48 was sputtered by the deep mechanism caused by the

risin g of atom 89. In the 2 kel simulation , howe ver , atom

88 rose above atom 89 rather than squeezing it upward , and
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atom 89 rose as the result of recoil from atom 112. This

lower energy rebound did. not accelerate atom 48 sufficiently
to cause it to be counted as a spu t te red  a tom.  In the 1—ke y
s imula t ion , atom 65 was sput t e r ed  by a tom 98 as it rose from
the second layer . In the 2—key simulation , atom 119 was not
impacted by atom 1 , and remained essentially at rest in the

crystal; therefore, atom 120 did not transfer a significant

amount of energy tc atom 98.

Although atom 65 did rise slightly, it was still below the

crystal surface at program termination.

“ •  c2!~~~~~~9a

A ccmparison of the sputtering ratios vs. ET~1R for

each bombarding energy yielded no insight into the value for
surface binding energy of the (110) orientation of silicon.

Figure  31 shows t ha t  for  a b i n d i n g  energy  below 3—e l , the
sputtering ratios of the 600—eV progra m were higher than the
1—key or 2—kel programs. Between 3 eV and 7 eV , the 1—key

program possessed the highest  sput te r ing  ra t ios , a n d  be tween
8 eV and 15 eV , the 600 el sputterin g ratios were again the

highest. At a binding energy of 7 eV , all three programs

displayed the same sputtering ratio. Comparison of the

mechanism traces showed that the skip mechanism probably

occurs only at low bombarding energies , and also that as

bom barding energy increases, surface damage caused by

driving surface atoms deeper into the crystal decreases the

num ber of surface sputtering events.

C. (111) LATTICE ORIENTATION

The (111) lattice orientation , be ing  a more open
orientation than the (100) , was expected to hav e a lower
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sputtering ratio at corresponding energies. This was

confirmed at both 600 eV and 1 keV. The sputtering ratio at

1 key was higher than the sputtering ratio at 600 el,

showing that the unexpected results encountered in the (110)

orientation were not duplicated in the (111) orientation.

Figure 33 show s isometric projection of the (111)

orientation . The fourth layer is a duplicate of the first,

and was eliminated from the figure in the interest of

leg ib iii ty.

1. ~00—eV Results

The complete 36—impact—point 600—el simulation

r equ i red  139 minutes of computer time. With the binding

energy set at 1 eV , 51 atoms were sputtered yielding a

sputtering ratio of 1.1417. All sputtered atoms were located

in the f i r s t  three layers , wi th  fou r  m u l t i p l e  a n d  three
single sputs originating in the second layer, and three

single sputtering events originiating in the third layer

(Fig. 314) . Nine atoms located on the X and Z boun daries

were sput tered , indica t ing tha t  the  l a t t i ce  d imens ions  were
too smal l  to s u f f i c i e n t ly con ta in  all events  a t  600 el.
Four atoms were ejected at energies greater than 15 el.

Three of the high energy ejections were surface layer events

(atoms 24,27,59), and one ejection (atom 171) originated in

the third layer. Atom 171 was sputtered from the third

layer with a normal velocity component corresponding to 28

eV , indicating that the open lattice allows channeling of

these third layer atoms to the surface without experiencing

har d collisions enroute.

Figure 35 shows the  plot of the  600—e l  sput t e r ing
ratio vs. ETHR . Again , the rapid rise of the sputtering

ratio below 3 eV was observed , suggesting that the bindinq

energy is above 3 eV.
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a. Mechanism Summary

A five—minute , single— impact—point program was

run with 600—eV bombarding energy, and the impact point

displaced 0.1141 LU from the impact atom center in the X

direction and 0.133 LU from the atom center in the Z

direction. At this active impact point , six atoms were

sputtered from the su r f ace  layer , a nd two a t o m s  were
sputt ered from the second layer. Figure 36 illustrates

traces of the atoms listed separately in the summary.

(1) Atoa 30. At timestep 1 , atom 39 was

impacted by the Ar ion . Atom 39 moved downward while

traveling in the negative X and Z directions , and at

tini estep 25 moved into interaction range with atom 30. Atom

30 was accelerated downward at 13 ,328 m/sec, and at timestep

35, collided with atom 85. Atom 30 recoiled upward from

atom 85 and rose beneath atom 24. At timestep 65 , atom 30

passed within 0.651 LU of atom 24 and was deflected in the

positive Z direction . After passing beneath atom 24, atom

30 collided with atom 32 and was deflected upward. At

timestep 95, the rapidly rising atom 30 interacted with atom

31 , causing its normal velocity component to be slowed from

—5729 rn/sec to —4405 n/sec. At tiniestep 110 , a brief

i n t e r a c t i o n  with  a tom 23 further slowed atom 30’s norm-al

velocity component to —2845 In/sec . At timestep 125 , atom 30

had risen 0.119 LU above the lattice surface, and was

interact ing wit h no other atoms. At timestep 114 0 , a tom 30

was counted as a sputtered atom. This interaction was the

result of a second—laler reflection ,the only pure reflection

observed in the mechanism traces performed.
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The placement of the atoms in the second and third layers

with “pseudo—channels ” to the surface makes this type of

event more probable in the (111) orientation than in the

(100) or (110) orientations.

(2) ~~~~ ~4. Atom 30, while rising to the

surface , began interaction with atom 214 at timestep 55.

Atom 30 passed below atom 24 at a distance of 0.651 LU ,

accelerating it in the negative Y direction. Atom 24 was

also accelerated in the positive X and negative Z directions

by atom 30, and at timestep 95 it was slowed by collision

with atom 16. At timestep 105 , atom 214 interacted with both

atoms 15 and 16, and was deflected toward atoms 25 and 26.

The interaction with atoms 25 and 26 at tinestep 120 slowed

atom 214’s normal velocity component to -2071 ifi/sec, reducing

its energy below the 1 el required to sputter. At tirnestep

130 , atom 24 was still 0.173 LU below the surface, and its

norma l velocity component had fallen to —1255 rn/sec. At

timestep 155, atom 79 rose under atom 24 as the result of

impact by atom 85. Atom 74 accelerated atom 214 upward , and

by tintestep 160 atom 24 was interacting with no other atom

and was rising with sufficient energy to be counted as a
sputtered atom. At timestep 165 , atom 24 was counted as a

sputtered atom. The primary mechanism which caused atom 24

to sputter was the deep mechanism caused by atom 79 rising

from the second layer . This was assisted by the reflection

of atom 30 from the second layer.

(3) Atom 31. Atom 30, after passing below atom

24, was deflected upward by atom 32. At timestep 95, atom

30 began interaction with atom 31. Atom 31 rose from the

surface, and by timestep 110 was no longer interacting with
atom 30. At timestep 120 , atom 31 was counted as a

sputtered atom . This event was also the result of the deep
mechanism.
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(4) ~~~ 2~~
. At timestep 120, atom 214 was

slowed by atom 25. The interaction with atom 24 caused atom

25 to rise frcm the crystal surface. At timestep 130 , atom

25 had risen 0.292 LU above the lattice surface and was no

longer interacting with atom 24. At timestep 135 , atom 25

was counted as a sputtered atom. Atom 24 struck atom 25 at

a point which distinguishes this event as a mole mechanism.

(5) A~2! ~J. The Ar ion (atom 1) passed

downward into the second layer after colliding with atom 39.

During its passage downward , it passed within 0.671 LU of

atom 48, causing atom 148 to rise upward under atom 47. At

timestep 35, atom 48 caused atom £47 to rise upward. Atom ‘47
was accelerated to a normal velocity of —2880 rn/sec by atom

48, and rose from the surface interacting with no other

atom. At tinestep 95, atom 47 was counted as a sputtered

atom . This type of mechanis m shows again the interaction of

nearest neighbors in the basic tetrahedra , and can best be

characterized by the deep mechanism.

(6) cm 119 . The Ar ion , after passing

through the second layer , passed within 0.391 LU of atom

175, accelerating it in the positive Z direction. The

movement of atom 175 caused atom 120 to rise under atom 119.

At tiinestep 60, atom 119 was accelerated upward. At

tirnestep 70, atom 119 was deflected slightly by atom 58, and

at timestep 75 i t  was def lected s l ight ly by a tom 56. A~
tirnestep 85, atom 119 was 0.935 LU below the surface ar i d  was
r i s ing  f r e e l y ,  i n t e rac t ing  w i t h  no o ther  a tom , w i t h  a nor m al
veloci ty componen t  of -3861 m/sec. At timestep 110 , atom

119 passed within 0.797 LU of atom 48, and was slowed to

—37147 rn/sec. By timestep 120, atom 119 was 0.3814 LU below

the surface , and w as again rising freely with a normal
velocity component of —3645 in/sec . At timestep 1145, atom

119 was counted as a sputtered atom. The prima ry sputtering

mechanism was the iole interaction of atoms 175 and 120.
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(7) Atom 63. The interaction of atoms 120 and

64 caused atom 64 to rise below atom 63. At timestep 8~),

atom 64 pushed atom 63 upward from the surface. Atom 63

interacted with no other atoms , and at timestep 105 was

counted as a sputtered atom. The mechanism was the deep

mechanism caused by atom 120.

(8) Atom 95. After colliding with atom 39,

atom 1 continued downward into the second layer . At

timestep 25, atom 1 passed within 0.4014 LU of atom 103 ,

accelerating atom 103 into collision with atom 98. Atom 103

passed within 0.508 LU of atom 98, accelerating atcin 98

downward and in the negative X and Z directions. At

timestep 115 , atom 98 entered into interaction with atom 95,

accelerating atom 95 upward , and in the negative X and Z

directions, at timestep 120 , atom 98 passed its closest

point of approach to atom 95. At timestep 130 , atom 95 had

risen —0 .175 LU, and was no longer interacting with any

a tom.  Atom 95 cont inued  to rise , and  at  t imes tep  175 was
counted as a sput te red  a t o m .  The p r i m a r y  spu t t er ina
mechan i s m was the aole m e c h a n i s m  which occurred w h e n  a tom 98
collided with the lower part of atom 95.

The mechanisms observed in the (111)

or ienta t ion  were all  of the  type  observed by Har r i son  et ml
[ 121.  Harr ison et al cited r a re  examples  of the  r e f l ec t ion
of impacted atoms from lower layers resulting in a

spu t t e r i ng  event .  Tne open n a t u r e  of t h e  ( 111)  o r i e n t a t i o n
makes  th i s  type  of event more probable  in t h e  diamond
lattice tha n in the .lose-packed fcc crystal investigated by

Harrison et al.
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2. 100 0-el Results

The 1 key simulation program required 162 minutes of

computer  t ime , 23 minu tes  longer than  the 60 0—eV s i m u l a t i o n .
A total of 56 atom s were s p u t t e r e d  w i t h  t he  b i n d i n g  energy
set at 1 key , yielding a sputtering ratio of 1.556. Figure

37 shows the atoms sputtered at this energy. All sputtering

events  occured in the f i r s t  th ree  c rys ta l  layers ; howev er ,
ten atoms were sputtered in the second layer as compared

with seven in the 600—el simulation , and six third—layer

atoms were s- uttered , twice as many as in the 600—el

simulation . Eleven boundar y atoms were sputtered , on e mor e
t h a n  in the 600 eV si m u l a t i o n .  Four a toms were e jec ted  wi th
norma l ve loc i ty  c o m p o n e n t s  co r r e spond ing  to a k i n e t i c  energy
greater tha n 15 eV. Three of the hi gh-energy spiits were

s u r f a c e  events , w h i l e  one h i g h — e n e r g y  sput o r i g i na te d  in t~ie
third lattice layer. The third—layer sput (atom 179)

traveled in the negative X direction while rising to the

sur face . Since atom 179 was located at the left edge of the

crystal , it traveled outside the lattice boundary while

rising, and might have been slowed if the lattice were

larger.

Figure  38 shows the  plot of s p u t t e r i n g  r a t i o  vs.
ETHB for the 1 key s imula t ion .  The f a m i l i a r  rise be low 3 eV

binding energy was again evident. The rate of decrease of

sputtering ratio above 3 eV was approximately the same as

the 600 eV simulation ’s rate of decrease-. The sputtertng

ratio reached a plateau of 0.250 at 9 and 10 eV , and

decrease d to 0.111 at 15 cit .

The increased s p u t t e r i n g  of deeper a toms  as the
bom barding energy increased was expected because of the

geometry of the (111) orientation. The open appearance of
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the “pseudo—channels ” is terminated in the third layer , and

r i s i ng  atoms below this depth  e n c o u n t e r  a m u c h  denser
c rys ta l .  Considerabl e d a m a g e  to the  second and t h i r d  layers
would be required to create vacancies for deepe r sputtering

events.

3. comp arison

Figure 39 shows the compar i son  of the sputtering

ratios at 600 eV and 1 key when plotted vs. ETHR. The

sputtering ratio obtained at 1 keit, which was higher at a

binding energy of 1 eV , consistently remained above the

sputtering ratio obtained at 600 eV until convergence of the

sputtering ratios at a binding energy of 15 eV. The

sputtering ratios closely approached each other above a

b i n d i n g  energy  of 8 el, again suggesting that the corre~t
value of binding energy is probably below this value. The

number of boundary atoms sputtered at 600 eV and at 1 key

indicated that the lattice m ust be expanded in the X and Z

di rec tions  in order to e f f ec t  c o n t a i n m e n t , b ut t h e  dep th  of
f o u r  l aye r s  seems s u f f i c i e n t  to con t a in  all s p u t t e r i n g
events at enErgies up to 1 keit .

D. C O M P A R I S O N  OF LATTICE O R I E N T A T I O N S

Comparison of ths sputtering ratio ’s obtained at each

orientation vs. ETHR for the 600—el and 1—key runs yielded

addit ional insight into a possible energy range for the

surface binding energy . Examination of figures 3,5, and 7

shows the (100) orientation to be the densest orientation

with highest probability of momentum reversal. The (111)

orientation has the next highest probability, and the (110)

lattice is the least dense with high probability of deep 
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penetration . This observation leads to the conclusion that

the sputtering ratios should decrease in the order: (100),

(111), (110) . Figures 40 and 41 show that the sputtering

ratios of the (111) and (110) orientations reversed their

order of sputterin g yields at a value of 4 eV in both the

600—el and 1—key simulations. The 600—eV simulation showed

another reversal of order at a binding energy of 9 eV.

These data points would then indicate that the most probable

range of binding energy exists between 4 eV and 9 eV.

E. MOMENTUN TRANS FER IN THE (100) ORIENTATION

Simulation programs were run with bombarding energies of

600 eV and 1 key for both 8x4x8 fcc copper and 8x 14 x8  silicon
diamond lattices wit h the impact point displaced 0.3 LU in

the X and Z directions from the impact atom ’s center.

Single timestep listings of the atoms were obtained , and the

spread o~ momen tu m through the crystals was traced by

following the spread of lattice atoms which possessed total

energies above 0.1 eV. The traces were terminated when a

boundary atom was found to possess a total energy greater

than 0.1 eV. In additio n, simulations were run in which the

lower energy spread of momentum (total energy > 0.0) in the

top l ayer  of both  o r i e n t a t i o n s  was  t r a ced .  Figure  142 shows
the numbering scheme of the (100) fcc crystal.

1. €C0—eV Results

a. Copper

Figur es i43-’4~ show the spread of momentu m

through the fcc lattice obtained in the 600 eV simulation.
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The momentum was seen to travel along the close—packed (110)

chain in the  su r f ace  l ayer , a n d  co r responding ly  a long the
adjacent (110) chains in the second layer. by timestep 27

(1.3(45 x 10—1-4 sec) the upper boundary atom was reached in

the surface layer. All atoms moving with an energy greater

than 0. 1 eV were observed to be boundary atoms of the (110)

channel  f o r m e d  by the ma jo r  d iagonal  in t he  crys ta l .

b. Silicon

Figures 14 9—57 show the momentum spread in the

(100) diamond lattice. The momentum spread here was also

observed to travel predominantly along the boundary atoms of

the (110) channel formed along the major diagonal. However ,

as atoms 96,102,114 , and 120 began to move, they transfered

momentum outward from the (110) channel into neighboring

channels. The momentu m spread was observed to be very

orderly, and the mechanism of the spread was observed to be

the obvious fact that a moving atom affects the motion of

its nearest neighbors . The outward spread of mom entum from

the first layer to the second was initially slowed in the

third layer , since only atoms on tne major (110) diagonal

commenced moving first. This effect was again found to have

an obvious cause, since atoms on the major diagonal were

being a f f e c t e d  by the  m o t i o n  of two nearest  n e i g h b o r s
simultaneously. An extension of the figure at  t i i n e s t ep  72

into the fourth layer showed that motion on the three

diagonals of the third layer had caused motion on the two

diagonals in the fourth layer , resembling ve ry  c losely  the
motion of the second—layer atoms. It is assumed that if a

fifth layer had been added , the first atoms to move in that

layer would have been on the major diagonal , resembling the

motion of the first layer. The boundary was reached in the

second layer at timestep 72 (3.5(4 9 x 10— i’ sec)
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The transfer of momentum along the (110) chain in the

surface layer was broken by the sputtering of atom 57.

2. 1000—el Results

a. Copper

Figures 58—63 show the momentum spread in the

fcc (100) crystal at a bombarding energy of 1 keit. AgaiP ,

momentum information was observed to travel in the surface

layer  (110)  c h a i n ;  however , the  second and t h i r d — l a y e r
transfer patterns showed an irregularity not found in the

600 eV simulation. This irregularity was foun’d to result

from the passage of the ~r ion betwee n atoms 53 and 57,

forcing these atoms in opposite directions. This collision

started a momentum transfer along a (110) chain just as the

in i t ia l  impact  s ta r ted  a t r a n s f e r  a long the s u r f a c e  (110)
chain . The bounda ry  was reached at t i m e s t e p  29 (1 . 196 x
10 14 sec)

b. Silicon

Figure s 64—73 illustrate the moment um transfer

in the diamond lattice at 1 kel  bombarding energy. The

mechansim progressed in a manner similar to the 600 eV

simulation with the exception of t w o  o f f — d i a g o n a l  a toms
moving in the surface layer. It was found that atom 142 was

being moved by the slight upward movement of atom 113 , and

atom 56 was being moved by the slight upward movement of

atom 119. This then indicated that the mom entum is

eventually spread in all directions by nearest—neighbor

interactions in the basic tetranedra . Once again the

momentum transfer in the surface (110) chain was broken by
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the sputtering of atom 57. The boundary was reached at

timestep 87 (3.337 x 10—~~ sec)

A comparison of the momentum transfer in the

(100) fcc crystal and the (100) diamond lattice showed that

the spread of momentum in the diamond lattice was typically

deeper , and that the information was spread in orthoganol

directions because of the orientation of the silicon bonds

in the basic tetrahedra. The collision chains in the

diamond lattice seemed to be more eas i ly  t e r m i n a t e d  t h a n  in
the fcc lattice, but the information spread was still

orderly , and could not be represented by a random cascade of

collisions such as would be seen in an amorphous solid.

The information spread to the lattice boundaries

was 2—3 times slower in the diamond lattice than in the

corresponding size fcc lattice, indicating perhaps that

smaller lattice sizes in the diamond lattice than in the f~ c

lattice may prove to sufficiently contain a sputtering

event.

3. Precursor Motion

In previous simulation work with fcc crystals , it

was found that the simulation conditions rapidly 4r~ nsrer

momentum to the boundaries , causing very slig~it

displacements of all atoms in the  c rys t a l .  These ve ry  smal l
disp lacemen ts, how ever , affect the subsequent motions of all
atoms because of the program ’s sensitivity to very small

displacements and velocities. These small motions would be

masked by the thermal motions of the atoms in a real

lattice, but they are one of the irritating problem s which

mu st be addressed in the simulation programs. In order to

compare the effects of these displacements in the f~c
crystal and the diamond lattice , a listing of all atoms in
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the top layer was obtained for both lattices, and the

“precursor motion” of all surface atoms were traced until
the boundaries of the surface layers were reached.

Figures 74 and 75 show the spread of mo mentum

through the first layer of an 8x4x8 fcc crystal impacted by

a 600 eV Ar ion at a point  displaced 0 . 3  LU in the X
direction and 0.3 LU in the Z direction from the center of

atom 21. As expected , the momen tum traveled along the (110)

close—packed chain , reaching both boundaries within five

timesteps (1.6811 x 10~~~ sec)

Figures 76 and 77 show the advance of the precursor

motion in the (100) diamond lattice with 600 el bombarding

energy. It was observed that one timestep (approximately ‘4
x 10 — 1 6  sec) was sufficient time to transfer momentum to

the next—nearest neighbor. The orthoganol placement of

next—nearest neighbors in the tetrahedra then allowed energy

transfer in all directions , and the outward spreading

“ripple” of momentum reached the surface boundaries in five

t imesteps  ( 1 . 8 9 4  x 1 0 ’ ~ sec) . The d i a m o n d  l a t t i ce  and  the
fcc lattice exhibited very -different behaviors in these

small—scale energy transfers, but the speed of momentum

transfer to the bo undaries was approximately the same.
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IV. DISCUSSION

A. (100) ORIENTATION

The (100) o r i en ta t ion , bei ng the  c loses t—packed of tne
three lattice orientations required the longest computer run

times and possessed the highest sputtering ratios. At a

bombarding energy of 600 eV , the sputtering events were

confined to the first three layers (Fig. 16) ; however , nine

atoms located on the X or Z boundaries were sputtered in the

first layer. Thi s indicates that at energies as low as 600

ml an 8x4x8 crystal size is inadequate. The 1 key

simulation sputtered 13 atoms located on the X or Z

boundar ie s  (Fig.  19) , 11 in the first layer , two in the

second layer , and one in the third layer. In additio n, a

l o w — e n e r gy  s p u t t e r i n g  e ven t  o r i g i n a te d  in the  f o u r t h  l ayer .
This indicates that the lattice size must be extended in the

I di rect ion if higner energy bombardments are to be

performed.

The s p u t t e r in g  mechan i sms  observed in t he  (100)
o r i en t a t i on  (Fig.  18) were  essent ia l ly  the  same as those
observed in the fcc copper c rys ta l .  The one s i g n i f i c a n t
exception was the sputtering of atom 32 which was caused by

the movement of a third— layer atom in a direction

essentially parallel to the X ,Z plane. The t e t r a h e d r a l
arrangement of the silicon atoms allowed momentum transfer

not only to the nearest neighbor (atom 32) , but also to the

next—nearest neighbors (atoms 31 and 141) . This type of

interact ion demon strates the fact that momentum information
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can be e f f i c i en t l y  t r ans fe r r ed  from the  sur face  i n t o  deeper
crystal layers, and conversely from deeper crystal layers to
the surface, allowing these deep layers to have a major

ef fec t  on su r f ace  l ayer  interactions. This type of

interaction is another indication that the crystal depth is

inadequate.

Examination of the sputtering ratios obtained at 600 eV

and 1 kel (Figs. 17 and 20) showed a rapid increase in

low—energy sputter ing events below a surface binding energy

of 3 el. The fourth—layer sputtering event observed at 1

key b o m b a r d i n g  e n e r g y  was below the 3 eV threshold , and

therefore is not considered a significant sputtering event.

B. (110) ORIENTATION : 1

The (110) orientation exhibited the same containment

problems as the (100) orientation. At 600 eV , sputtering

events were confined to the first two layers (Fig. 23) , but

four atoms on the X or Z boundaries were sputtered. At 1

keY , five atoms were sputtered on the X Ot Z boun daries

(Fig. 26), but all s p u t t e r i n g  e v e n t s  still  occured in t h e

f i r s t  two  layers .  W i t h  t he  b o m b a r d i n g  energy set at 2 key ,

only two  X and Z bo u n d a r y  a toms were  sput tered (Fig . 29)
but a fourth-layer sputtering event occured with an ejection

energy of 2.88 eV. This indicates that the number of layers

used in the (110) simulations must be increased at

bombarding energies above 1 keV. In addition , the lattice

dimensions must be increased in the X and Z directions,

especially at lower energies .

The fact that the momentum in the (110) orientation is

directed deeper at higher energies was observed in the

mechanism traces. The mechanisms were again the same as
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those observed by Harrison et al (12), with the exception of

the skip mechanism. The skip mechanism rapidl y transfered

energy rather large distances across the lattice surface and

indirectly caused additional sputtering events by imparting

hig h velocities to at least two other surface atoms (Figs.

25 and 28) . Without the relatively open spaces created by

the (110) channels, and without the placement of the atoms

in the (110) chains located in the  lower h a l f — l a y e r  of the
surf ace, this mechanism would not be possible. The surface

demon strated a r a t h e r  “b r i t t l e” q u a l i t y ,  in t h a t  at lower ’

energies the  “ sk ipp ing ” at om s we r e r e f lect ed , b ut  at 2 — k e y
bombarding energy, the “skipping ” atom was deflected deeply

into the crystal . This deep deflection eliminated the

surface sputtering of the “skipping ” atom , and caused hiah

energy interactions in the lower layers (Fig. 31)

The comparison of the sputtering ratios obtained at 600

eV , 1 kel , and 2 keV plotted vs. ETHR (Fig. 32) showed a

cross—over of the sputtering ratio curves at binding

energies of 3 and 7 eV . A possible explanation for this

type of behavior may exist, however. As the energy of the

bombarding ion is increased , the target cross sections of

the lattice atoms increase to a point , and then become

smaller . This type of behavior could explain the increase

in sputtering ratio observed when the energy was increased

from 600 eV to 1 key , and could also explain the  lower
sputtering ratio obtained at 2 kel. In Fig. 32, the region

between 3 and 7 eV shows this type of behavior.

C. ( 1 1 1)  ORIENT ATION

At both 600 eV and 1 key bombarding energies , the

sputtering events in the (111) orientation were confined to

the f i r s t  th ree  layers  (Fi gs.  34 and 37) ; however , n i n e  X or
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Z boundary atoms were sputtered at 600 eV , and 11 were

sputtered at 1 keV . The location of the atoms at the bottom

of the “ pseudoch annels” aided in c o n t a i n m e n t  at these low
energies, but it is expected that at higher energies the

increased crystal da mage and decreased target cross sections

of these blocking atoms may necessitate crystal expansion in

the I direction.

The mechanisms observed in the (111) orientation were

all of the type described in Harrison et al (12), but the

one instance of reflection of an atom in the mechanism trace

(Fig. 36) indicates that the reflection mechanism is more

common in thE diamond lattice tha n in a fcc crystal. It is

expected that at higher energies this mechanism will become

less common beca use of lower—layer damage.

The plots of sputtering ratio vs. ETHR in the (111)

lattice simulations (Figs. 35 and 38) show the rapid rise of

l o w — e n e r g y  spu t te r ing  e v e n t s  b elow 3 e~I also. This type of

behavior was common to all three orientations, and seems to

be a very good indication that the binding energy is above

this value.

D. SURFACE EINDING ENERGY

Figures ‘40 and 141 show the comparison of the sputtering

ratios of the three lattice orientations plotted vs. ETHR.

It was observed that above a surface binding energy of ‘4 eV ,

the order of sputtering ratios at both bombarding energies

was (100) , (111) , (110) . Considering the densities of the

t h ree  la t t ice  o r i e n t a t i o ns , th i s  was the  order expec ted  for

the sputtering ratios. In the 600 eV progra m , tne

sputtering ratios of the (110) and (111) surfaces were

nearly equal above a binding energy of L4 eV , and these two
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ratios were not r ad ica l ly  d i f f e r e n t  t h a n  the  spu t t e r ing
ratio of the (100) orientation . In 1963 , Southern , Willis,

and Robinson (23 ] reported their investigation of the

bombardment of Ge and Si by 1— to 5— key Ar ions. Southern

et al reported that they did not find any significant

differences in the yields of the (100), (110), and (111) Ge

lattices except possibly at higher energies wher e the

sputtering ratios seemed to decrease in the order (100)

(111) , (110) , with the (111) and (110) yields being quite

similar. Figures 40 and t41 show this type of behavior also.

Considering exp erimental uncertainties and the possible

differences in the sputtering yields of Ge and Si, it can be

seen t h a t  the  sp u t t e r i n g  r a t ios  migh t  h a v e  been eiua l  w i t h i n
experimental accuracy at lower energies, bu t as the

bombarding energy was increased the ordering of the

different orientations became more evident. The interesting

fact is that by adjusting ETER to a value greater than ~4 eV ,

the proper ordering of the sputtering yields is obtained.

Southern et al also reported the sputtering ratio of the

(111) Si crystal orientation at 1—key bombarding energy was

a p p r o x i m a t e l y  0 . 145 .  F igu re  33 shows t h a t  this s p u t t e r i n g
rat io was ob ta ined  in t h e  1— k e V  s i mu l a t i o n  when t h e  sur face
b ind ing  energy  was ad justed to a va lue  of 6— 7 eV .
Addit ionally, Webner et al (2] reported the sputtering r a t io
of polycrystalline silicon (uncorrected for secondary

electron emission) to be approximately 0.52 at a bombarding

energy of 600 eV. The mean sputtering ratios of the three

orientations was computed for the 600 eV Ar bombardment , and

was found to be 0.567 at ‘4 eV binding energy and 0.467 at 5

eV. These rough calculations show that the sputtering

ratios obtained in the simulations agree reasonably well

with the available experimental data. Anderson (2L4 ]
reported obta in ing  a s p u t t e r i n g  r a t io  of rough ly  0 .2  for
the Si (110) surface bombarded by Ar at 200 eV. Although

this result can lead to no definite statement about the

simulation , it is reassuring that this sputtering ratio is
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below the ratios obtained in the  (110)  sur face  600 eV
simulation for binding energies between 1 eV and 10 eV . A

reasonable assumption then , based on the proper ordering of

the  (100) , (111 ) , and (110)  s p u t t e r i n g  ratios be tween  14 eV

and 9 eV , and the reasonable ordering of the (110) ratios

obtained at 600 eV , 1 keY , and 2 key between 3 eV and 7 eV ,

is that  the surface binding energy is between L4 eV and 7 eV.

E.  M O M E N T U ~1 T R A N S F E R  STUDIES

The s tudy  of the  spread of energies  g rea te r  t h a n  0 .1  eV
in the (100) diamond lattice showed that the momentum was

initially transferred along the (110) chains , but spread

outward from these chains because of the placement of

nearest  ne ighbor s  on the t e t r a h e d r o n  d iagona l s .  The  la t t ice
bo undar i e s  were f i r s t  reached in the  lower  l ayers  i’i the

diamond la t t ice  (Figs. 57 and 73) , as comp a r e d  to the

su r face  layer in fcc copper (Figs.  148 and 63)  . The m o m e n t u m
spread to the  bounda ries r equ i r ed  2 — 3  t i m e s  more t imes teps
in Si t h a n  it did in Cu. This i nd ica te s  then t h a t  th e
silicon la t t ice  m a y  con ta in  all s p u t t e r i n g  events  u t il i z i n g
a smaller lattice tha n the fcc case at corresponding

b o m b a r d m e n t  energies . Since the boundar i e s  a r e  reached

la te r , these bounda ry  condi t ions  wil l  have  a smal le r  ef f ec t
upon the sputtered ato m s , and  since the  bounda r i e s  are
reac hed in lower layers, they will have less effect on the

predominant surface sputtering events.

The “precursor motion ” in the silicon lattice (Figs. 76
and 77) was observed to spread rapidly in all directions ,
r a t h e r  t h a n  along a (110)  cha in  as it did in copper  (Figs.
714 and 75) . It was originally expected that momentum would

be t r a n sm i t t e d  deeper  into the  l a t t i ce, but  w o u l d  spread
o u t w a r d  to the X and Z boundaries more slowly. The fact
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that every atom in the surface layer was displaced by the

fifth timestep was surprisin g but , in retrospect, should

have been expected . These small displacements and atom

vibrations are masked by thermal effects, since at the end

of the fift h timestep the largest kinetic energy possessed

by any atom other than the impact atom was on the order of

10~~ eV , and atomic displacements were on the order of 10—s

LU (2.72 x 10’ angstroms) . This compute r a r t i f ac t  then  has
no physical sign ificance, but it does affect the subsequent

motions of all atoms in the lattice. These small

displacements cause the atoms to oscillate about their

e q u i l i b r i u m  posit ions u n t i l  a h i g h e r - e n e r g y  in te rac t ion
causes a larger displacement. The period of these

oscillaticns ( 10 ’s sec) is below that which would be

expected in t h e r m a l  v i b r a t i o n s .  This mot ion  is mer e ly
numer ica l noise , and must  be tolerated , but  not i g n o r e d  when
cons t ruc t ing  a s i m u l a t i o n  model . The observed precursor
mot ion  doe s, however , d e m o n s t r a t e  t h a t  d i f f e r e n t  la tt ice
configurations do transfer momentum information in radically

different ways.
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V. CONCLUSIONS AND RECOMMENDATIONS

The preliminary development and investigation of the

silicon lattice produced physically reasonable results

utilizing an acceptable amount of computer time. The

simulations performed with ion bombarding energies of 600

eV , I keY , and 2 keY resu l ted  in the  i d e n t i f i c a t i o n  of t~i~~

skip sputtering mechanism , which was not identified by

Harrison et al [12) in the fcc copper lattice. The

reflection m e c h a n i s m  was  f o u n d  to be more common in the
d i a m o n d  ( 111) o r i en ta t ion  t h a n  in the  c lo se ly—packed  fcc
c rys t a l .  Adjus tmen t  of the  b i n d i n g  energy to a value
between ‘4 and 7 eV resulted in the proper ordering of the

sputtering ratios of the (100) , (110) , and (111 ) lattice

orientaticns. The sputtering ratio of the (110) lattice was

f o u n d  to decrease as the b o m b a r d i n g  energ y was increased to

2 key as a result  of the  decreased t a rge t  cross sections of
the  la t t ice  atom . A l a t t i ce  siz e of 256 a toms  was fou nd
inadequate to contain all sputtering events at a. bombarding

energy as low as 600 eV , but was deemed large enough to

conduct p r e l i m i n a r y  b o m b a r d m e n t  s i m u l a t i o n s .  The spread of
momentum in the diamond lattice was found to be 2—3 times

slower in the  d iamond  l a t t i ce  t h a n  in the  fcc la t t ice . The
initial studies performed should be continued and expanded

upon . Wehner et al [1) have gathered data on the

temperature dep endence of the sputtering yields of silicon ,
and the ejection patterns obtained from the (100), (110) ,

and (111) orientations. The computer program presently has
the capability to randomly displace the lattice atoms as a

function of lattice temperature , and with slight

modi f ica t ions  could be m a d e  to gather statistical data on

the ejection dir ections of the sputtered atoms. Since
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exper imenta l  data are read i ly  ava i l ab le  in these areas , the
extension of the silicon investigation into these areas is

reccmmended .

A. LATTIC E MODE L

The lattice models of the three orientations do not

presently include the bulk relaxation of the lattice surface

layers .  Harr ison et al [1 14 ] inc luded  s u r f a c e  layer
relaxation in their i~nproved fcc copper model and foun d that

emission directions were modified slightly by the relaxation

process , and  the  e n e r g y  d i s t r i b u t i o n  of t he  s p u t t e r e d  a tom s
was m o d i f i € d  s l i g h t l y .  it  is reco mm ende d  t h a t  sur face
relaxation be applied to the silicon lattice also.

The potential  a p p r o x i mat i o n s  u t i l i zed  in t h e  s i m u l a t i o n
programs yielded physicall y reasonable lattice beh aviors at

the b o m b a r d m e n t  energies i nves t iga t ed ;  however , the
re la t ive  error  of the  Si_ Si+1 p o t e n t i a l  increases above ten
percent  at po ten t i a l  energies  above 10 k ey .  If  h i g h  energy
bombardments are to be simulated , it would be advisable -to

improve the approximation at small atomic separations.

Inclusion of an attractive potential region could prove to

be ex t remely  d i f f i c u l t, a n d  perhaps  over soph i s t i ca ted .  In
order to properly include an attractive potential region ,

the directional effect of the potential function would also

have to be included . If, in fact, this could be

accomplished it is expected tha t  the  computer  run  t ines
involved in simu lating the bomba rdment of a suitable lattice

size could become prohibitive. It is expected that ~-
‘ne

inclusion of an attractive potential region would not

materially affect the identification of the sputtering
mechanisms , but, as pointed out by Harrison et al [14), the

inclusion of an attractive potential would eliminate the use
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of a binding energy term , whic h is a conv en ien t ad justable
param eter.

The problem of adequate containment of all sput tering

events remains unresolved. While the 256 atom lattice was

deemed large enough for preliminary studies, it is

recomended that the lattice size be increased until further

lattice size increases do not affect the sputtering ratio

obtained at a given bombarding energy. The value of ETHR

can then be adjust ed to obtain a sputtering ratio which

conforms to available experimental data.

Preliminary diamond lattice investigations snowed that

reasonable  spu t t e r ing  r a t i o s  wer~ o b t a i n e d , a n d  correct
ordering of the sputtering ratios of the (100) , (110) , and
(111 ) o r i en t a t i ons  were  o b t a i n e d  w i t h  th e  b i n d i n g  e n e r g y  set
between 4 and 7 eV. Further investigations of sputtering

with larger lattice sizes should be performed , and the

results correlated with available experimental data in order

to further localize t he  b ind ing  energy va lue .

B. DYNAMICS

The sputtering events observed at bombarding energies of

óOO eV , 1 keY, and 2 keY were observed to be predominantly

surface events , with almost all spu t t e r ing  events occuring
• within the first three lattice layers. The squeeze, scoop,

aole, and deep mechanisms reported by Harrison et al [12)
were observed to be essentially the same in the diamond

lattice as in the fcc crystal. The (110) diamond lattice

orientation exhibited a mechanism by which a surface atom

was displaced across a (110) channel opening, a n d was
reflected from surface atoms, sputtering with a high

velocity. This mechanism was described as a skip mechanism.

_  • • •  - - . 5~~~~~~~~~~~-~~~~~~~~~~~~~ - - . 5~~~ 
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The (111) orientation showed the reflection of a surface

impact atom from second and third—layer atoms, a mecha nism
reported only rarely in the fcc lattice. tn all

orien tation s, the efficient transfer of momentum to all

atoms in the basic silicon tetrahedron was noted. It is

recommended that the energy dependence of the skip and

reflection mechanisms be investigat ed in order to verify

their decreasing importance at higher bombarding energies.

The sputter ing ra t ios  of all t h r ee  o r i en t a t i ons, but
especially the (110) orientation , should be studied as a

function of b o m b a r d i n g  e n e r g y .  The poin t  at which the

decreased target cross sections of the lattice atoms cause

decreased sputtering ratios should be determined , and these

data correlated with available experimental data. This will

aid in the determination of the surface binding energy.

The investigation of the momentum spreading mechanism in

the (100) orientation showed that the momentum initially

spreads along the (110) chains , much as it does in the fcc

lattice , but the tetrahedral arrangement of the lattice

atoms spreads the momentu m orthogona l to the (110) diagonal ,

and allows the efficient transfer of momentum to the lower

layers. Boundar y atoms were reached in lower layers before

the boundary atoms in the surface layer were reached. The

momentum spread required 2-3 times as many timest.eps in the

8x4x8 diamond lattice than it did in an 8x14x8 fcc copper

lattice impacted at the same ene rgy .  The small a m p l i t u d e
“precursor motions” in the surface layer were found to

spread to all directions in the surface layer , rather than

along the (110) diagona l as it did in the fcc lattice . The

speed at which the “precursor motions ” spread to the

boundaries was found to be approximately the same in the

diamond lattice and the fcc lattice.
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Further investigation of the momentum spread in the (110)

and (111) may provide additional insight into the dependence

of the sputtering ratios upon the atomic arrangement of

various lattice ty pes.

Further investigation of the diamond lattice co uld prove

fruit ful in the understanding of the problems and mechanisms

invol ved in semiconductor etching, ion implantation , and

depth profiling.
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APPENDIX A

DIAMON D LATTICE SUBROUTINES

COY

Direction cosine of the bombarding ion ’s velocity.

D B INAX , D B Z fl AX
Upper boundary limits for the target impact area .

DX , DY ,DZ

Unscaled d i s p l a c e m e n t  d i s t ance  c om p o n e n t s  -of
second atom at a given lattice site.

I,J ,K
In teger  index  va r i ab les .

ILL
The number of the last atom in the first layer.

IN
Index  in teger  var iab le  in D L 1 1 1  s u b r o u t i n e  a tom
placement.

IT ,JT ,KT

Index var iables  used in the genera t ion  of an
atom s X ,Y ,Z c3Drdin a tes .

ITT
An odd-even integer used to determine atom site

location .
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IX , IT, IZ
The num ber of x ,y, z, planes in the crystal.

JTS
Variable  used in DL1 11 sub rou t ine  to de t e rmine  the
Z coordinate of a g iven  a t o m .

JTT

Index var iab le  in DL 111  sub rou t ine .

L
Number assigned to the second atom at a given
lattice site.

LD
N umber  of the  n e x t — t o — h i g h e s t  n u mb e r e d  mobile
a tom.

LL
The highest numbered atom in the entire crystal.

Number assigned to the first atom at a given

lattice site.

Ri

Distance from lattice impact point to the

bombard ing  ion ’s in i t ia l  pos i t ion .

ROE

Lattice nearest-neighbor distance.

RXI (I) , HI (I) ,RZI (I)
Initial position of the Ith atom in the lattice

(used to reposi tion the a tom before the  next
impact )

k
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SC!, SC!, SCZ

The x ,y , z la t t ice scale fac tor s use d t o c onver t
t he  genera ted  la t t ice to match a real crystal.

SI

Reciprocal of the  square root of 2 .0  (used to
avoid repeated divis ion)

SPDX , SPDZ

The f rac t ion of t h e  target  impact  area t h a t  the
impact points are incremented.

SSPDZ

SPDZ divided by 3.0 (used in DLlllsubroutine to

avoid repeated d iv i s ion)

SScz
SCZ divided by 3.0 (used in DL 111 subroutine to

avoid repeated d iv i s ion)

zp

Unscaled Z displacement variable used in DL11 1

subrou t ine  to center  the  l o w e r — l a y e r  a t o m s  in the
equi la teral  t r iangles  form ed by the  s u r f a c e  atoms.
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S (.BPruTI’-I~ 
r)L1) )

C
C DL1 00 GENEQ~

AT
~~ A D I~ . M0N !~ L~~TT!C~ IFS! f

~1~~ (IOu )
C ORI -N Th1 !3N . A SIMPLE ~~C E C E N T~ QED CtJB !C L~~TT !CEC IS GEN RATED , ~ND T~-1~~ 4 ~AN •i~ DC IT  IC’N ’~L 

A 1 M  I; AD~ E fl  TO
C EACH !..gTT!C~ S I T ~ DI SDL~C~ D (1/2,1.12,1/2,) ‘U .

CCMMON /COMl/ RX (60O) ,PY(~~OO),QZ (6OO),LCj~~(600).LL,LO
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~lFfr ,PFIV ,~~PJ T
C3MMON/C~ M4/iX,iY, !Z,IXP ,tY P , IZ P ,SCX,S~ Y,SCL, D~ E 0 ,

2’~ EX,R BZCCr~MCN/Cfl’17/P1,LSS,S7X ,SPL,C°x,Coy,:oz,Y LAx (20 ),T ’L
CGMMON /CPM9/ IDX, ID Y,I~~Z,Oxr ,~~YT ,DZ ,T9OX, TP2y, PC’Z
CC P~’MflN/C0M11/RXI (o00),RYI(60O),RZj (.’,3O)CC ?~M-T)N/COM2 3/ .PDX ,SPDZ, fl 3XMA X,O B Z~iAXI-

r S E T  I~~P~ C ~R-~ PAR ~TER~C
L = 3
SP C X = 0 .  125
spt z= u. 125
CI~XM.~X= 1.)
CEZM /~X=O .JcC •x=1.0
SCv=1 • r)
SCZ=1 •)

C
C REGI N I L - A T T T C~ G T N ~~R~ T I 3N

TP~~ LA TT TC~ IS G~ N~ RA T~ D FIRST ~~ Tk~ X 0IR~~~
TT 1N.

C ~~~~ ~‘~4 H~ Z ~)I ~~~C T T  ON. U°~~ C”MPL — 

~ 1 ~~~~~
C ~, N~ W L~~YE’~ IS P, GUN IN TH~ ~N C R E A S I N G  V 0I~~~~~~ T — J N .
C
C

M=2
M= 3
IF (LSS.EQ.3) M=3
DX=O . 5
DY=O. 5
DZ=O. 5
J T = J
Y=— SCY
DC’ 60 J=i,:v
y~ y+SCy
KT =0
Z=— SC Z
OC 50 V = 1 ,~~Z
z=z+S Cz
IT= 0
x=— Sc x
DC 40 I=1, ’X
x =x+sCx
ITT =1 T+J’~+ KT
IF (P~T— (TTT/2)~~2) 39,30,3930 FX (M)=X
RY (M) =Y
RZ(M) Z
RX! (M)=X
RV I ( M ) = Y
P.2! (M)=Z
L =M
R X ( M )  =~ X ( L ) +DX
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RY ( M ) = ~ V ( L ) + D V
RZ (M )~~PZ(L)+DZP X I ( M ) = R X ( M )
PVI (M)=RV(M)
P21 (M)=RZ (M)
M=M+ 1

39 C~ONT INU E
I T= 1’~+ 1

43 CONTINU E
KT=KT +1

5C CON TINUE
IF (JT .Q.0) ILL=~1—l

I~~(JT.~~Q.IDEEP) LO=M— I
~O CON TINU E

LL= M— I
I~~(LD. Q.) ) LD=LL—1.
IF (CCY.E0.O.0 ) GO ‘J 120
P 1=RCE/ABS(COY)
P. ~TU P N

120 R1=1.5
R E TUR N
EI’.D

S L E P O UT IN E  ~~l I O

t~L 1 l J  GE~IE CA T~~ ~ DI.A 4~’ND LA TT ICE I-N TH (110)
CRIFN T~.’IOr~!. A C-~A !N  O~ A~~~fS IS F~~ 5T ~~~~~~~~~~ I N
‘I- E X ~~I~~ECT ION , ~~4fl THEN TH SAME CH4~~N I S
G E N ~ RA ’ EO ‘ER E~~I~’I~ D I S~~L~~C~~D I N  TH~ Z DIC~ ’~~~JN .W~-~~4 A L~ YF- R IS ~ iLL~~~, ~,-r SA~4E Cr~~

TN
~ ~~~ ~~~~~~~~~~IN THE NEXT LAY~ R S T A R T I N G  A ’  C~IFFE~~ENT I N IT IA L

X ~ND 2 PJSIT !nNS

CC~~MCN/C PMl /RX(~~-D0),~~V (eOO),~~z(60o),LCuT (-c-) -1),LL,L )
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~I. F f r ,  PF !V , T POT
C~JM MON/C0M4/IX,IY ,IZ,IXD ,IVP ,!ZD ,SCX,SCY,SCZ,It)~~~P,2PEX, RBZ
CC,~MCN/COM7 /21,LSS ,cPX ,SPZ,C 2X, I~’JY,C.flZ,V !.AX (2O),ILL
CCMMON /COM9/ IDX, VDV ,IPZ,DXT,~~YT ,DZ’ ,TP1X ,TPOY, P1Z
CC~”4CN/COM1l/PX I (6J3),RVI (o0)),SZI (633)
CCMMCN / C0M23/ SPDX ,S~~JZ,DBx MAx ,DB ZM~ X
SE T IMO8C T AREA PA~~ M T ~ RS

SI =1.0/ SQRT ( 2 . 0 )
LC= 0
sCx=S I
SCY =S I
SCZ=1 .3
C 3XMAX= 1.0
CPZMAX=2 .0
SPOX=OBXMAX /5..)
S PO Z=DBZ MA X / 5  .0
D X = S I
CY=).)
DZ=0 .5
e~~C-IN LA TT C~ G~ N E ~ A~~IO N -

M=3
J T 0
V =—SCY
DC 60 J 1,IV
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Y= Y +SCY
KT=O
z = — S Cz
D’ 50 K = 1 , IZ
Z= 2+5 Cl
1-? =0
x = — S Cx
DC 43 I = 1 , IX
x=x +sCx
I~~( I T — ( I T / 2 ) ’ ~2) 2 1 , 1 1,2 1

11 !F JT—(JT/2)~~2) 40,12,401.2 IF KT— (K~ /2)~~2) 40,30,4021 I F JT_ (JT/2)~~2) 22,4),2222 IF KT— (K~ /2)~~2) 30,40,303C RX (M)=X
RX (M)=X
~Y M )=Y
R\’ (M)=V
R Z  M ) = Z
P2 (M)=Z
L =M

° X ( M )  = RX (  L )  +f.)X
R X I  (~~)=RX (M )
R Y ( M ) = R Y ( L ) +OY
R’i’I (M)= ~ V (M )
RZ (M) =~~ Z (L)+flZ
P11 (M)=PZIM)
M=M+ 1

40 IT=IT+l
T KT+ 1.

5) CCNTI’IU E
IF (JT .-~~.O) t L L = -M — 1
JT JT .j. 1.
I F(JT. Q.IDE~ P) LO~ M—1

60 CQ~ TINUJ E
LL=M— 1
1F(LD .E~~.0) LD=LL—1!F (CCY.E0.0.0) GO TO 120
R1= ROE/ABS (C’:’Y)
P~~TUR N120 P 1=1.5
P~~TURN

SI..BROU TINE OL1II
C
C
C D L I I I  G~ MERA TES ~. 01~.M0MD LA~ T~~C E  ~M ‘~f til l )
C ORIEN~ ATI 1N . TH~ A T O M S  A R~ PL A C E D  IN P~~JP5 ~T ~~CHC LATTICE StTE, WI TH GENERA ION ~ !RST T~ 

T~~~~ X ~ 4D T
C IN Ti-i~ Z DI~~~CTION. WHEN THE C IR ST L~ Y~~ ‘S ~~MPL~~

’
C ~~ E SEC CND LAYER ATOMS ~R PL4 C~~fl DIR~~~~LY ~~~~~~~~~~~~~~~

C T~~E CENTP-JIOS QF TH~ EQUIL~~T R&L T
~~I A N G L E S  ~~~~~~C B~v THE F I R S T  L A Y ~~R A T O M S. H~ THI RD LAY~~R A~~J’1S A~~EC PLACED BENEAT H T - ~F~ S~~C~ N D L A Y ~~ C ENT PO I DS.  HE ~OU PTH

C LAYER IS A O E P EA T  OF TH~ F IRST L4 Y E ~~.C
C

CCMMON/Co~l1/sX (6Oo) .~~V(6QJ) ,RZ(600) ,LCJT (600) ,LL,L~CCMMflN /C .OM2/R0~ ,SOF2, RD~ M ,4C,PAC ,PPTC,PTC, PFPT~~,RPTC ,1F,~,PFIV ,
TPO1

COMMON/C3M4 /IX ,IY,IZ,IX P,TYP ,YZP ,SCX ,SCY ,SCZ,1) P,
2ReX ,RBZ
CCMMCN/COM7/R1,LSS,S PX,SPZ,COX,C~ V,COZ,vLAX (2O), ILL
CCMMON/CO M9/ IDX,ICV ,IDZ,JX T ,DV , DZ T ,TDJX , TP-JY,TPOZ

80

- . - —,- # .5 _ .~~, 
.,.. • _ 4

.5 ~~ - - .5 ~~~ -.5 - -~~~
‘. • . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



CCMMON /COM1l/ PXI (60O),RYI(’SOO ),~~ZI (5OO)CCMMC’NICOM23/ SPDX,SPOZ,05XM.4X,0BZ~’U,XCU”MON/ C0M26/SSPDZ
C
C SET IMPA CT A R~I4 P A R A M E T E R S
C

LD= 3
SCX=1 .J/S QRT (2.))
SCV=2.0/S QPT (3 .0)
SCZ=SQRT ( 1.5)
SEC Z=SC 2/3.0
D B Z MA X = 2 • 0C E XMAX= 1.0• 
~PDX=DBXM4X /5 .3SPDZ=DB Z M A X / l O .  0
S S P DZ = S P D Z / 3 . 3
DX =0.0
D~ =RflE
Cz =J •)

C
C BEGIN LA TICE GEN E RA ~~I.0NC.

J T = O
M= 3
Y = — S C Y
DC 60 J 1,IY.Y = ,Y +sCY
K~ =0J’S=JT+JT/3
z=—SC z
DC 50 K=1 ,IZ
Z=Z+SCZ

x = — S C x
CC 40 I=1, TX
x~~x+s Cx
IN=IT+JTS+KT
IF (IN— ( IN/2)*2) 39,33,39

30 R X ( M ) = X
R X I ( M ) = R X ( M )
P Y ( M ) =Y
RY I ( M ) = RV ( - ’ 1 )
I F ( J T _ 3 * ( J T / 3 ) )  31, 35 ,31

31 JTT=JT
32 J TT =JT T — 3

IF (JTT ) 33,35,32
33 JTT=JT +3

ZP=J TT
P.2 (M) =l+Z~~ SSCZ
P Z I (M) = P Z ( M )
GO TO 37

35 R Z (M)= Z
Rh (M )=RZ (M)

37 L=~’

~X (M ) ‘ X (L)+DX
PX !(M)=RX (M)
RY(r .i)=PY (L)+DY
RVI(M )=RY (M)
RZ(M )=RZ(L)+OZ
RZ! (M )=RZ (M)
M=M +l

39 CCF’TINUE
IT=IT +l

~i- ) CONTINU E
K T = K T +1 .5

50 C C N T T N U E
!F (JTT. ’~Q.O) TLL= M— 1.
J T =JT +l
IF (JT •E Q• IDE~ P) LD=M— 160 CC~ TINIJ E
LL=M— 1
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I c ( L D . E C . 0 )  LD=LL — 1
l’ (COY.EQ.3.3) GO T~] 12)
Rl=ROE /ABS (CJY)
R E TURN

12-) P1=1.5
R E TURN
END
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A P P E N D I X  3

E N E R G Y  S U B R O U T I N E

A
Exponen t i a l  Bohr  po ten t i a l  parameter  in Si—Si
interaction.

B

Exponential Bohr potential parameter in Si-Si

i n t e r a c t i o n .

DIST
Va riable used a l t e r n a t ely as t he  square  o~ the
distance between two a toms , a n d as the  d ista n ce
betwee n two  a toms .

DRX ,DR Y ,DRZ

X ,Y,Z componen t s  of the  d i s p l a c em en t  vector
be tween  two a tom s.

E X A , EXB
Exponential Born—Mayer potential parameters in

Si—Si in te rac t ion .

I

Index.

‘p
Index .
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J

Index.

LCUT (I)
Integer which indicates whether the Ith atom has

exited t h e  sides or bot tom of the c r y s ta l , has
risen f rom the  c rys ta l  su r f ace , or is s t i l l  w i t h i n
the crystal.

LD
Number of the next—to—highest numbered mobile

atom.

LL

Highes t n u m b e r e d  a tom in the  l a t t i c e.

PA ,PB

Bohr ex p o n en t i a l  coef f ic ien ts  in  Ar—Si
interact ion.

PAD , PBD
Trans i t i on  p o ten t i a l  e x p o n e n t i a l  c o e f f i c i e n t s  in
Ar—Si interaction.

PB IA , P EX B
Born—Mayer exponential coefficients in Ar—Si

interaction.

PFIV

0 .5

POT

Potentia l energy generated between  a toms  by the i r
interaction.

8L&
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PPE (I)
Potential en ergy of the Ith atom.

PPTC
Ar—Si interaction potential evaluated at

nearest—neighbor separation.

PTC
Si—Si interaction potential evaluated at

nea re s t—ne ighbor  separa t ion .

PVBN
B o r n — M a y e r  ter n of the  A r — S i  i n t e r a c t i o n
potential.

ROE

Nearest—neighbor dista nce.

ROE2
N e a r e s t — n e i g h b or  d is tance  squa red .

RO BA
Cross—over po in t  of t h e  B on r  and 8orn —~’fayer
portions of the Si—Si interaction approximation.

RO E B
Cross—over  point  of the Bohr  and Born -Mayer
port ions of the Ar—Si  i n t e rac t ion  po ten t i a l
approx ima t ion .

R OEC

Trunca t ion  d i s t a n c e  of the  A r — S i  i n t e r a c t i o n
potential (set a t  nea re s t -ne ighbor  d is tance)
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HO BC 2
Ar—Si t r u n c a t i on  dis tance squared .

SAVE
One—half of the potential energy generated by the

interaction of two atoms.

91(1) ,RY(I) ,R Z ( I )
X , Y ,Z coord ina tes  of t he  It h  a t o m .

T POT

Total potential energy of all atoms.

ZN AX , TN AX , Z MA X
Ma ximum X ,Y ,Z coordinates of any atom w h i c h  could
interact with the atom being evaluated.

XN IN ,Y N I N , Z M IN
M i n i m u m  X , Y ,Z co o rd ina t e s  of a n y  atom w h i c h  could
interact  wi t h the  a tom being e v a l u a t e d .
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SIBROU TINE E N B V G Y
1.
C
C THIS SUBROUT INE C A L C J L A ’~ES THE MUTU*.L ~~

‘T
~~N ’TI~~LC ENERGIES OF INTERACTING ~TtOMS. THIS SUP~~JU T T \~

F 
~S -A N

C A DA PT ION OF TH~ MUNDKI~R H I G H — S P E E D  V~~RS I ON WI ~~~C TWO—BRANC H A PPRO XI MATI ONS OF ~HE POTEN T IALS .
Cr

CO M M O M/C O M 1/ RX (  600)  , RY (6 0 0 )  ,R Z (6 00 )  ,LCUT (6 0 3 )  ,LL,L’)
CCMNON/COM2/S 3E,ROE2, ROEM ,AC,~~AC ,PPTC ,DTC,PCPTr ,FPTC ,

1F~ ,PFIV ,TPc]
T

CCMMON/CO M3/E X~~, EX B , FXA,PE XA , PEXB, P F X ~~,THE~~MCOM M0N/ COMS/FX ( 600) , ~~
y (  500) , FZ ( 600) , P?:(  600)

CCMMON/COM22/RO5 A ,R1EB,R0EC .~~flEC2,C PO,CP1,CP2,C?3,Cc0,2C ~1 ,C F2 ,C GO 1,CGO2 ,CG~~1 ,0GS2CLMMCN/ C0M24/ PA ,PB, 240,PBO ,A ,B,PFA D,CVFD
C
C BCM BA R DI NG ION~ LA T ’ T ! C E  ATO M :NT~~RA c 139 CO M~ UT~~~IGN
C

1=1
I~~(LCU T (I).N~~.)) GO ~O 23)Xfr!N=RX (I )— ~ flEC
XMAX= RX ( I )+PJcc
‘1~ IN=RY (I )—RJ EC
YMAX= RY ( I )+R-1E~ZM !N=RZ ( r ) — - ~O E C
Z M A X ~~R Z ( ) +~ O~~DC 195 J = 2 , L L
I~~( L C U T ( J ) . N~~.)) GO ~3 19 5
I~~( R V ( J ) . G E . Y M A X ) GO ‘T O 195
!F (RY (J).LC .YMI~J) ( n  Tc] 195
IF (PX(J ).G’T .XM~ X ) GO ‘O 1.95
IF (RX(J ).LE .XMIN) GO ‘TO 195
IF (P.Z(J).GE.ZMAX ) GO TO 195
IF (RZ(J ).LE.ZMIN) GO TO 195
DRX=RX (J )— ~~X (I)DRY=RY(J)—RY( I)
DPZ=RZ ( J)—RZ ( I)
DI ST=DR X 2+ORY~~~2+D~ l~~~2I~~(DIST .GE.RJEC2) GO lD 195
D !ST=SQRT (DIST)
P~,B M=EX D (PEXA+P EXB *D~ ST)—~ PT C
I F (DIST .GT .~~3EB) C~”~~~-’J 1.75
pflT Fxp (pA+pB*D !$T)/~~J ST+PVBMGO Tfl 180

175 PCT=EX P(°4O+P8O~~DIST )+PVBM180 TPOT=TPOT +P0T
SAVE= PC IV*POT
PPE (I )=PPE (fl+SAVE
PPF (J)=PPE( J) +SAVE

195 CCNTINU~2C c ]  CO NTINUE
C LATTICE ATOM IN TERACTION COMD :JTA ION .
C

DC 30) !=2,LD
I~~( L C U ’ T ( I ) . N E . 3 )  GO J 300
IP=I +1
XMA X=RX (I ) +R~ EXMIN= RX (I )—ROE
YMAX= RY (I) +RO~Y?~’1N=Rv(I )—RaEZ MA X=RZ C I
Z M I N = R Z ( I ) — ~ C’~DC 295 J = ! P ,LL
IF (LCUT (J).N~ .0) GO TO 295
I~~(RY (J).G ~~.YMAX ) G O ’ ~fl 295
IF (RY(J).LE .YM!N) GO T1 295
IF (RX (J).GE .X4AX ) GO ~0 295
IF (QX (J).LE.XM!N) GO T O 295

• IF (FZ (J).GE .ZMAX ) GO Tc] 295
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IF (RZ(J).l.,E.ZMIN) GO Tc]  295
DRX=RX (J )—RX (I)
DQY=RY (J)—RY( I)
DRZ=RZ ( J)—SZ ( I)
D !ST=D RX 2#O RY~~~2+ D2Z**2 -I F ( D I S T . G E . R O E 2 )  Gfl T~~ 295
DI ST = S Q R T ( D I S T )
PDT = FX P ( E X A + FX B~~0 I S T ) — P ’ T C
I F ( D T S T .G T . ’~OE4 )  GO 3 280
PCT =EX P (A +B*OI S T )  ID! S T+POT

280 T PCT =TPC T + O C T
SAVE PFIV~~PCTPPE (I )=PPE( !)+SAVE
POE (J) ppE (J)+SAVE

295 CON TI N U E
3)3  CONT INU E

DC 310 I=1,LL
IF (LCUT(1).EQ .)) GO ~ fl 11)
TPCT=T POT+P~~~( I)31.0 CON’T !NtJE
RET URN
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A P P E N D I X  C

STEP S U B R O U T I N E

A

Exponent ia l  Bohr po t en t i a l  pa rame te r  in Si—Si
interact ion.

AC
Si—Si expon ential force coefficient obtained by

differentation of the  B o r n — ~ aye r  po ten t i a l  t e rm .

B

Exponen t i a l  Bohr po ten t i a l  pa rame te r  in Si-Si
interact ion.

CVED
Rat io  used to conver t  forces to M KS u n i ts .

DFF
D i f f e r e n c e  be tween  the  sepa ra t ion  d is tance  of two
a toms  and force  t r u n c a t i o n  d i s tance  ( R O E C - D I S T ) .

DIST
Variable  used a l t e r n a t e l y  as the square of the
distance between two a toms , and  as t he  d is tance
between two a toms.

DEl , DRY , DRZ
X ,Y,Z compon ents of the displacement vector
betwee n two atoms.
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HA , EXB
Exponential Born—Mayer potential parameters in

Si—Si interaction.

PA
Direc t iona l  force componen t  ( force  m u l t i p l i e d  by
direction cosine)

PBN
Force te rm ob ta ined  by d i f f e r e n t a t i o n  of the
Born—Mayer ter m in the Ar—Si interaction.

FM

~Iinimum force given to an atom , atoms having

forces exerted on them which are less than FM have

their forces set to zero.

POD
Force di vided by d is tance.

FORCE

M a g n i t u d e  of t h e  r epu ls ive  fo rce  be twee n two
atom s.

FPTC

Si—Si force  evaluated at nea re s t—ne ighbor
dista nce .

P X ( I )  ,F Y ( I )  ,FZ(I )
X , Y , Z force  components  exer ted on the I t h  a t o m .

PIA
Si-Si exp onential .  force coe f f i c i en t  obta ined by
d i f f e r e n t a t i o n  of the Bohr po ten t ia l  t e r m .
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I

Index .

‘p

Index .

Index .

LCUT (I)
Integer which indicates whether the Ith atom has

exited t h e  sides or bo t tom of the  crys ta l , has
risen from the crystal surface , or is still within

the crystal.

LD
N umber  of the n e x t — t o — h i g h e s t  n u m b e r e d  mobi le
atom.

LL
Highest numbered atom in the lattice.

PA ,PB
Bohr exponential coefficients in Ar—Si

interaction.

PAC
Ar—Si exponential force coefficient obtained from

d i f f e r e n t a t i o n  of B o r n — M a y e r  i n t e rac t ion
poten t ia l .

P AD , P 3D
Transiti on potential exponential coefficients in

Ar— Si interaction.

91
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PEXA ,PBIB
B o r n — M a y e r  e x p o n e n t i a l  coe f f i c ien t s  in Ar—Si
in teract ion.

PYAD
Ar—Si  B o r n — M a y e r  force  exponen t i a l  coef f ic ient
obtained f rom d i f f e r e n t i a t i o n  of the B o r n — M a y e r
t ransi t ion poten t ia l .

“Iv

0 .5

PFPTC

Ar—Si  force eva lua ted  at t ru n c a t i o n  po in t  (ROEC)

PFXA
A r — S i  fo rce exponen t i a l  c o e f f i c i e n t  ob ta ined  by
differentation of the Bohr potential term.

PPE (I)
Potent ia l  energy  of t h e  I th  a t o m .

POT
Potent ia l  ene rgy  generated be tween  a t o m s  by the i r
in terac t ion.

P PTC 
-

Ar—Si interaction potential evaluated at

nearest—neighbor separation.

PTC
Si—Si interaction potential evaluated at

neares t -ne ighb or s epa ra t i on .
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PVB M
Born—Mayer term of the Ar—Si interaction

potent ia l .

ROE

Nearest— neighbor distance.

ROE2 
.5

Nearest—neighbor distance squared.

RO B A
Cr oss—over po in t  of the Bohr  and B o r n — M a y e r
por t ions  of the Si—Si  i n t e r a c t i o n  a p p r o x im a t i o n .

ROEB

Cross—over  po in t  of the Bohr  and B o r n — M a y e r
por t ions  of the A r — S i  i n t e r a c t i o n  po ten t ia l
approx i m a t i o n .

HO EC

Trunca t ion  d i s t a n c e  of the  A r — S i  i n t e r a ct i o n
po ten t ia l  (set at n e a r e s t — n e i g hbo r d i s t an ce )

ROEC 2
Ar—Si  t r unca t i on  d is tance  s~j u a r e d .

ROEN

Atomic sepa ra t ion  distance a t  which  ave rage ,
ra ther  t h a n  i n s t a n t a n e o u s  force  between a t o m s  is
calculat ed .

SAVE
One—hal f  of the po ten t i a l  energy  gene ra t ed  by the
interaction of t w o  a toms .
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RX(I) ,RY (I) ,RZ(I )
X ,Y ,Z coordinates  of the  Ith  a t o m .

TPOT

Total potentia l energy of all atoms.

IN AX , TM AX , Z MAX
M a x i m u m  X ,Y ,Z coordina tes  of any  atom w h i c h  could
interact wit h the atom being evaluat ed .

ThIN ,TM IN ,ZNIN
M i n imu m X ,Y,Z coordinates of any atom which could

interact with the atom being evaluated.
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S~.. B P . O U ’ T T N E  S ’EP
C
C
C THIS SUBQOUTINr CA LCULA ’TE S TH~ F-J~ C~ S E ’ T W E E ~ ~~~~~M3
C ‘THIS IS THE ~!AMON D LAT TIC~ APA PTION flF ‘TH’T MUNPK’JR
C HIGH — SPEFO VERSION 4 ! ’T H ThRE~~~aP4 NCH A P P P O X ~ M~~~~O N S
C OF ~HE FORCE FUNC ICNS .
C
C

CCMMON /1OM 1/~ X (6OO) ,RY(6O)) ,RZ(600),LC’JT (600) ,LL,LD
CCMMON/COM2/RO~ ,~~OE2,R M ,A C , P ~.C ,PPTC ,~~‘TC,PcPT . ,FPTC ,1F~ ,PFIV ,TPC’TCOMMONICO M~~/c XA ,EXB ,FXA ,P E X A ,P~~XB ,PcX~~,TH~

oy
COM~40N/COM5IFX (6O0), Y (6OO) ,~~Z (6OO),PP ( 600)
COMMON/COM22/~~J~ t~ ,RO~~B, ROEC ,Rfl~~C2,CP0,CP1,CD2,r73,C~~0,2CF1,C F2,CG~~1,C D2,CGB1, ’~G32CCMMON / M24/P4,QB ,P~~D,pB0,A ,B,P F A C , C V~ oC

C BC M BAR D INC IC N — LA T T I C E  A T O M  INT~~~ AC~~~~’\I ~ OM .~U~~ 1 ON
C

1=1
I F (LCUT (I).NE.)) GO ’TO 2))
X M A X =RX (I )+~ OEC
X M IN=RX C I )—~.O~ C’
VMA X= R Y (I )+~ OE C
‘y’M IN=RY (I )—~ flE’
Z M A X = R Z  ( I  )+~ OEC
Z~~IN= RZ ( T ) — R O E C
DC 195 J=2 ,LL
I F ( L C U T ( J ) . N~~.)) GO 0 195
IF (RY (J).GE.YM~ X ) G O ’ T~ 195
IF (RV (J ).L~~.YMIN) GO Tf l  195
I F (RX(J ).GE.X~ AX ) GO ‘T

~~ 195
IF(~~X (J).LE.XMI’? ) GO T9  195
1FC PZ (J).GE.ZM .~X) GO ‘Tf l  ~ 9c
I F ( R Z ( J ) . L E . L M  N) GO ‘T O 1.95
DRX= RX (J)— ~~X( IDRY=RY (J)— RY( I
DP Z = R Z ( J ) — S Z ( !
DI S T2= O P X*~~2+D~ Y~~~2+1P Z~~~2I~~( D I S T 2 . G E .RO O 2 )  CT) ‘TO 1.95
DIS T =SQR T (0 IS 12
IF (DIST.GT. ROEM ) GO -Q 165
FBM=EX P (PFX~~+PEXB~~D13T )I F(DIST.GT .~~OE B) GO ‘.0 l7~
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~CC TO 1 80

175 F U R C F = E X P ( P FA D ÷ P B D * D I ST ) ÷ ~~~M
GC TO 180

1 65 DFF=~ OTC—D IST
IF(DFF .LT .1.OE— 1 3) G~’ 

Ti 195
FOPCE= (EX P (P~ C+ PEXB~ DIST )_P~~PTC )/DFF
IF (FM.GT.F~~RCE ) G~ 

‘T
~~ 195

130 ~CD= F1~ C E/ D ! S T
F.A=FOD*DPX
- X C  I )=~~X ( I 1— FA
f~X(J)= FX(J)+ FAF 4 =~ OD *DR Y
FY ( I)=FV ( I )—~ A
FY (J)= ~ Y(J )+FA
FA=FOD*DRZ
FZ (I )=FZ (I )—FA
Z (J) =F Z( J) +F4

1~~ C O N T ~ NtJF
23)  CONT INU E

C
C LA TTICE AT OM IN ’ T~~RA C T ION OO MPU’T.~’.IflN.

DC 300 I=2,LP
I~~(LC UT ( !) . N E.3)  G 0 0  ~flI P=T+1
X”~t .X= RX( I )+~ ‘J~
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XMIN =RX (I)—ROE
YMAX=RY ( I )+RQE
YMIN=RY (I )—R3E
Zt~AX= RZ (I )+ROEZMIN=SL (I)—R ~ E
DC 295 J=IP ,LL
I F ( L C UT ( J ) . N~ .O) GJ TO 295
IF (RY (J).GE .YMAX) GO 10 295
IF (RY J).LE.YMIN) GO ‘O 295
I~~(RX J).GF .XM~ X ) GO T~~ 295
IF (RX J).L~~.XMIN ) GO T9 295
IF (PZ~ J).G~~.ZM8X ) GO TO 295
IF (RZ(J).L~~.LMIN ) GO TO 295
DRX=RX ( J)—RX ( I)
DRY=RY ( J ) — ~~Y ( I)
DRZ=RZ (J)—RZt I)
o I~’T2=DRX**2+DRY**2+DRZ**2IF (DIST2.GE .~ OE2 ) GO TO 295D I S T = S Q R T ( D !S T 2 )
IF( D IST .GT.~~OEM) GO TO 265
FJRC E= SXP C F XA+~ X3 ST
IF (DIST.GT.POEA ) GO 0 275
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~GO TO 275

2~~5 DFF=R 3~ —D IST
IF( DFF .LT .1.)~ — 1~~) GO 10 295
FQRC~ = ( E X P ( . A C + F X 3 * O I S T  )—~ P T C ) f D ~~F!F(F M.GT .FOR C F)  GO T j  295

2 7 5  FOD = FO RCE/ OI ST
F~~=FOD~ DRX
FX (J ) FX ( J ) + F~~
~X (I)=FX(I )—~ AF~~=F0D~ DRY
FY (J)=FY (J)+~ A
FV ( t)=FY ( I )—FA
~A= FOD* DRZ
FZ(J)=FZ(J)+FA
FZ (I)=FZ(I )—FA

2S~ CONTINUE
3) J  CCNTINU E

RETURN
ENC
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Figure 3 — Silicon La ttice , (100) Surface
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Figure 5 — Silicon La tt ice , (110) Surface
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Figure 16 — (100) Orientation , 600—eV Sputtering Events
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Figure 44 — 600—eV Momentum Spread in Coppe r (Time~ tep 5)
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F i g u r e  46 — 6 0 0 — e V  M o m e n t u m  Sprea d in Copper ( r im es t ep  20)
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Figure  48 — 6 00— eV M o m e n t u m  Spread in Copper ( r im e s t e p  27)
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Fi gure 52 — 600—eV Mom entum Spread in Silicon

(T iines tep  30)
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Figure 53 — 600—eli Mom entum Spread in Silicon

(Timestep 140)
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Figure 54 — 600-eV M o m e n t u m  Sp read  in S i l icon

(Times tep 50)
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Figure 55 - 600-eV Momentum Spread in Silicon

(T im es tep  6~~)
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Figure 56 - 600—eli Momentum Spread in Silicon

(Timestep 70)
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Figure 5 7  — 600— el i  M o m e n t u m  Spread in Si l icon
( T i m e s t e p  72)
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F i g u r e  58 - 1— ke li M o m e n t u m  Spread in Copper (r i m e s t e p  1)
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Figure 59  — 1—ke y  M o m e n t u m  Spread  in Copper ( r iinestep  5)
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Figu re  60 — 1—ke y M o m e n t u m  Sprea d in Copper ( T i m e s te p  15)
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Figure 6 1  — 1—ke y  M o m e n t u m  Spread in Copper ( T im e st e p  20)
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Figure 6 2  - 1-keY M o m e n t u m  Sprea d in Copper ( r im e s t e p  26)
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F igure  6 3  — 1 — k e Y  M o m e n t u m  Spread in Copper ( T im e s t e p  29)
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Figure 64 — 1-ke V Momentu m Spread in Silicon (Timestep 1)
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Figure  65 - 1 — k e Y  M o m e n t u m  Spread in Silicon (Pimestep 10)
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Figure  66 — 1 — k e Y  M o m e n t u m  Spread in Silicon (TinIestep ~~ 0)
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Figure 67  — 1 — k e Y  M o m e n t u m  Spread in  Sil icon (Tiwes t -e p 30)
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Figure 68 — 1—keY Momeutuni Spread in Silicon (rimestep 40)
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Fiaure  69 — 1—keY Momentum Spread in Silicon (Timestep 50)

165

- - -5 - --



5- - 5- -5—

Figure 70 — 1 — k e y  M o m e n t u m  Spread in Silicon (Timestep 60)
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Figure  71 — 1—ke Y M o m e n t u m  Spread in Silicon (rimestep 70)
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Figure 72 - 1 — k e y  M o m e n t u m  Spread in Silicon (Timestep 80)
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Figure 73 — 1—keY Moment um Spread in Silicon (Timestep 37)
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Figure 75 — 600—eli Precursor Motion in Copper
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Figure 76 — 600—eV Precursor Notion in Silicon
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Figure 77 — 600—e li  Precursor Not ion in Sil icon
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