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ABSTRACT: We report measurements of sputtering yields of Au for Xe and Xe  ̂

impact in the energy range 1-50 keV. It was found that non-linear effects 

exist well outside the range predicted in a recent thermal spike model.

M a n y  s p u t t e r i n g  e x p e r i m e n t s  h a v e  b e e n  a n a l y z e d  u s i n g  t h e  l i n e a r  co3^

l i s i o n  c a s c a d e  th e o r y ,  h o w e v e r ,  s e v e r a l  w o r k e r s  h a v e  r e p o r t e d  e v i d e n c e

t h a t  p o i n t s  o u t  t h a t  in c e r t a i n  c o n d i t i o n s  t h e  v a l i d i t y  r a n g e  o f  t h e

l i n e a r  c a s c a d e  a p p r o x i m a t i o n  is e x c e e d e d ,  for e x a m p l e ,  w h e n  the e n e r g y

d e n s i t y  in the c a s c a d e  r e g i ó n  is h i g h  e n o u g h  as not to a l l o w  a n y  l o n g e r

to a s s u m e  as n e g l i g i b l e  t h e  p r o b a b i l i t y  o f  c o l l i s i o n  b e t w e e n  moving atoms.

T h i s  c o n d i t i o n  is e a s i l y  r e a c h e d  u s i n g  h e a v y  m o l e c u l a r  ion b e a m s ,
1-4

a n d  r e s u l t s  u s i n g  t h e s e  p r o j e c t i l e s  h a v e  b e e n  r e p o r t e d  . To h a v e

so m e  f u r t h e r  i n s i g h t  in the e n e r g y  d e p e n d e n c e  o f  t h e s e  non-linear effects,

we  h a v e  m e a s u r e d  t h e  s p u t t e r i n g  y i e l d  of b o t h  a t o m i c  a n d  d i a t o m i c  Xe

i n c i d e n t  on  A u  at e n e r g i e s  b e t w e e n  1 a n d  50 k e V  for Xe  a n d  2.5 a n d  12

k e V / a t o m  f o r  X e 2 » u s i n g  a q u a r t z  c r y s t a l  o s c i l l a t o r  t e c h n i q u e .  T h e  g o l d

w a s  e v a p o r a t e d  o n  the f a c e  o f  the q u a r t z  c r y s t a l  at a p r e s s u r e  of 8 x 
-9

10 T o r r  or  less. T h e  c r y s t a l s  u s e d  w e r e  A T  c u t  and s i m i l a r  to t h o s e
5

u s e d  b y  E e r N i s s e  , a n d  the s p u t t e r i n g  y i e l d  w a s  c a l c u l a t e d  as:

„ k " a ,  i£ . M 1 

h 2N 1 m 2

w h e r e  k is t h e  c a l i b r a t i o n  c o n s t a n t  o f  the c r y s t a l ,  m e a s u r e d  to be 1.78 
— 8 —2 — 1

x 10 g c m  Hz , Af is t h e  f r e q u e n c y  c h a n g e  a n d  N _ „  is A v o g a d r o ' s  n u m
el V  —

b e r . and M 2  a r e  the m a s s e s  o f  i n c i d e n t  a n d  t a r g e t  atoms, respectively, 

a n d  N ^  is t h e  n u m b e r  o f  i n c i d e n t  a t o m s  p e r  u n i t  area. T h e  t e r m



ta k e s  int o  a c c o u n t  the m a s s  o f  the t r a p p e d  projectiles^" .

N 1 w a s  d e t e r m i n e d  b y  i n t e g r a t i n g  the i n c i d e n t  c u r r e n t ,  w h i l e  t h e  

m o n i t o r i n g  of  the s e c o n d a r y  e l e c t r ó n  y i e l d  p r o v i d e d  a c h e c k  o n  the 

s t a t e  o f  c l e a n l i n e s s  o f  the t a r g e t  s u r f a c e .

T h e  f r e q u e n c y  c h a n g e  w a s  m e a s u r e d  w i t h  a d i g i t a l  f r e q u e n c y  m e t e r

w i t h  an a c c u r a c y  o f  0.1 Hz. T h e  b a s e  p r e s s u r e  in t h e  h i g h  v a c u u m
- 1 0  _q

c h a m b e r  w a s  5 x 10 T o r r  a n d  c l i m b e d  to 2 x 10 T o r r  d u r i n g

i r r a d i a t i o n .  T h e  e x p e r i m e n t a l  e q u i p m e n t  a n d  t e c h n i q u e s  w i l l  b e

d e s c r i b e d  in f u r t h e r  d e t a i l  e l s e w h e r e ^  .

To  m i n i m i z e  the i n f l u e n c e  of  d o s e  e f f e c t s  o n  t h e  s p u t t e r i n g  y i e l d  

t h e  r e p o r t e d  d a t a  w e r e  a l l  t a k e n  at  l o w  f l u e n c e s ,  i.e. b e f o r e  the 

m e a s u r e d  f l u e n c e  d e p e n d e n t  i n c r e a s e  in t h e  s p u t t e r i n g  y i e l d  w a s  

l a r g e r  t h a n  the e x p e r i m e n t a l  u n c e r t a i n t y  (i.e. < 5x10'*'^ a t o m s / c m ^ )  .

T h e  m e a s u r e d  s p u t t e r i n g  y i e l d s  a r e  p l o t t e d  in F i g . l ,  t o g e t h e r  w i t h  

m e a s u r e m e n t s  b y  o t h e r  w o r k  

e r s ^ ' ^  ^  for X e  o n  A u . T h e  

m e a s u r e d  d i a t o m i c  y i e l d s  

a r e  p l o t t e d  a t  the c o r r e -  

s p o n d i n g  y i e l d  a n d  e n e r g y  

per i n c i d e n t  atom. It is 

f o u n d  t h a t  d i f f e r e n c e s  

w i t h  p r e v i o u s  d a t a  lie 

w i t h i n  the v a r i a t i o n s  in- 

t r o d u c e d  b y  t h e  d i f f e r e n t  

m e a s u r e m e n t  f l u e n c e s ^ ' ^ .

A s  a t h e o r e t i c a l  e s t i ­

m a  te of the sputtering y i e l d  

in t h e  l i n e a r  c o l l i s i o n  

c a s c a d e  a p p r o x i m a t i o n , w e  

c h o o s e  the o n e  g i v e n  b y  

S i g m u n d ' s  t h e o r y  of sputter 

i n g ^ ,  w h i c h  is:

X S (E) a 
n
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Figure 1 Sputtering yields per atom for Au bombarci7
ed with Xe and Xe2 . ▼ Almen and Bruce ; A  Rosem-

8 3
berg and Wehner ;□ H  Andersen and Bay ; V  Nenado-

vic et a l ^ ; ‘O  4  EerNisse^; O  Szymonski and de

Vries1 1 ; •  Xe and O X e 2 ,this work;-------Sigmund's

theoretical prediction.



w h e r e  X is a c a l c u l a b l e  m a t e r i a l  c o n s t a n t ,  U G is the s u r f a c e  b i n d i n g
13

energy, t a k e n  as 3.8 e V  for g o l d  , S (E) is t h e  n u c l e a r  s t o p p i n g  powe r ,
14

w h i c h  w a s  c a l c u l a t e d  b y  L i n d h a r d  et al , a n d  a is p l o t t e d  in r e f.12. 

T h e  c a l c u l a t e d  s p u t t e r i n g  y i e l d s  a r e  a l s o  s h o w n  in F i g . l ,  a n d  w h e n  c o m ­

p a r e d  w i t h  t h e  e x p e r i m e n t a l  data, it is se e n  t h a t  t h e  a g r e e m e n t  is within 

t h e  s t a t e d  a c c u r a c y  of t h e  t h e o r y ,  a l t h o u g h  t h e r e  is a d i f f e r e n c e  in 

the e n e r g y  d e p e n d e n c e  s i m i l a r  to w h a t  w a s  f o u n d  in o t h e r  c a s e s  (see, 

f o r  e x a m p l e ,  f i g s . 1 7  a n d  18 of ref.12).

T h e r e  is no  p r e v i o u s l y  p u b l i s h e d  d a t a  for 'X-&2 o n  A u * H o w e v e r ,  w e

m a y  c o m p a r e  o u r  o b s e r v e d  e n h a n c e m e n t  in the y i e l d s  for m o l e c u l a r  ions
3 4

w i t h  r e p o r t e d  d a t a  on ions o f  s i m i l a r  m a s s ,  Te  and S b  , i n c i d e n t

a l s o  o n  Au. T h e  r a t i o  o f  m o l e c u l a r  t o  a t o m i c  y i e l d s  a r e  c o m p a r e d  in F i g . 2
14

as  a f u n c t i o n  of  t h e  i n c i d e n t  e n e r g y  p e r  a t o m  in r e d u c e d  u n i t s  . In 

th i s  p r e s e n t a t i o n ,  t h e r e  s e e m s  t o  b e  a d e f i n i t e  e n e r g y  d e p e n d e n c e , c h a r -  

a c t e r i z e d  by  a r a n g e  e < 0.01, w h e r e  n o n l i n e a r  e f f e c t s  a r e  l a r g e r  t h e  

h i g h e r  t h e  e n e r g y ,  a n d  by a r e g i ó n  b e t w e e n  e = 0.02 a n d  t h e  h i g h e s t  

e n e r g y  w h e r e  d a t a  e x i s t s ,  w h i c h  p r e s e n t s  a b r o a d  m a x i m u n .

A  t h e r m a l  s p i k e  m o d e l  h a s  b e e n  d e v e l o p e d  to p r e d i c t  the e n e r g y  range 

w h e r e  the n o n l i n e a r  

e f f e c t s  s h o u l d  a f f e c t  

t h e  s p u t t e r i n g  y i e l d ^ .

T h i s  m o d e l  h a s  b e e n  a p -  

p l i e d  f o r  Xe i n c i d e n t  

on Au, a n d  e x t e n d e d  for 

X e 2 o n  A u  by  a s s u m i n g  

t h a t  t h e  e n e r g y  p e r  unit 

v o l u m e  in t h e  c a s c a d e  

is t w i c e  t h a t  of the 

a t o m i c  case, w h i c h  c o r -  

r e s p o n d s  to  a s s u m i n g  a 

100% o v e r l a p  in the cas 

c a d e s  of  t h e  i n d i v i d u a l

p r o j e c t i l e s ,  a n d  t h u s  Figure 2 The molecular-to atomic yield ratios of Au 

r e p r e s e n t s  a n  upper bound as a function of the reduced energy1Lf, for: •  Xe, 

to t h e  n o n l i n e a r  effects this work; O  Te, Andersen and Bay3 ; □ Sb, Thompson 

e x p e c t e d  f r o m  th i s  model. and Johar4 .
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In this case, the h e a t  c o n d u c t i o n  equation s u p p l i e s  us w i t h  the s c a l i n g  

f a c t o r  Tm o l =/2 Ta t o m  for t h e  t i m e  c o n s t a n t  o f  the casc a d e ,  w h i l e  the 

s l o w i n g  d o w n  t i m e  o f  t h e  p r o j e c t i l e ,  t c, a n d  r e c o i l  atoms, t ', a r e  

t a k e n  to b e  the sam e  for a t o m i c  a n d  m o l e c u l a r  p r o j e c t i l e s .

T h e  r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  a r e  p l o t t e d  in F i g . 3 ,  w h e r e  w e  

c a n  see t h a t  t h e  m e a n  energy per a t o m  

in t h e  c a s c a d e  e x c e e d s  U Q for energies 

les s  t h a n  92 K e V  for X e  a n d  17 5 K e V /  

a t o m  for X e 2 (e=0.074 a n d  0.14 r e -  

s p e c t i v e l y )  a n d  the t i m e  c o n s t a n t  of 

t h e  c a s c a d e  e x c e e d s  b o t h  t 0 a n d  t ' 

f o r  e n e r g i e s  h i g h e r  t h a n  16 a n d  13 

K e V / a t o m  (e = 0. 1 3  a n d  0.010) for Xe  

a n d  X e 2 r e s p e c t i v e l y . T h u s , a c c o r d i n g  

to t h i s  m o d e l ,  w e  s h o u l d  e x p e c t  a 

s i g n i f i c a n t  c o n t r i b u t i o n  of  nonlinear 

e f f e c t s  to t h e  s p u t t e r i n g  y i e l d  in 

t h e  r a n g e  b e t w e e n  13 a n d  175 K e V /  

a t o m  f o r  X e 2 , a n d  16 a n d  92 K e V  for 

Xe. F o r  a t o m i c  Xe, t h e r e  is no c l e a r  

i n c r e a s e  or  d e v i a t i o n  o n  the e n e r g y  

d e p e n d e n c e  t h a t  e n a b l e s  us  to d e f i n e  

a t h r e s h o l d  for the a p p e a r a n c e  of 

n o n l i n e a r  e f f e c t s ,  a n d  f u r t h e r m o r e ,  

as w a s  m e n t i o n e d  b e f o r e ,  t h e r e  is

g o o d  a g r e e m e n t  in the a b s o l u t e  valúes £igure_J. Energy density and time constant

, , , , in the thermal spikel^ Vs incident atom 
of o u r  m e a s u r e d  d a t a  a n d  c a l c u l a t e d

y i e l d s .

E x a m i n i n g  F i g . 2  it is e v i d e n t  

t h a t  for m o l e c u l a r  p r o j e c t i l e s  n o n -

l i n e a r  e f f e c t s  t a k e  p l a c e  a t  e n e r g i e s  w h i c h  a r e  w e l l  o u t s i d e  the r a n g e

p r e d i c t e d  b y  the t h e r m a l  s p i k e  m o d e l .  W e  a t t r i b u t e  t h i s  f a i l u r e  of the

m o d e l  to the no c o n s i d e r a t i o n  of d e n s e  s u b c a s c a d e s ^ , w h i c h  a r e  c o n n e c

ted w i t h  f l u c t u a t i o n s  in t h e  d e p o s i t i o n  of  e n e r g y ,  w h o s e  m a g n i t u d e  at
17

t h e  surf a c e ,  a c c o r d i n g  to a r e c e n t  c a l c u l a t i o n  , w o u l d  b e  of the s a m e

energy for Au bombarded with Xe+ and Xe^. 

t q is the slowing down time of the proje£ 

tile and U0 the surface binding energy.



o r d e r  as the m e a n  v a l u é  of  t h e  d e p o s i t e d  e n ergy, as w e l l  as to the 

s m a l l  n u m b e r  of  a t o m s  i n v o l v e d  in the c a s c a d e  a t  l o w  e n e r g i e s , w h i c h  

m a k e s  t h e  a p p l i c a b i l i t y  of the t h e r m a l  a p p r o a c h  q u e s t i o n a b l e .
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