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A b stra c t

ELECTRON ENERGY LOSS SPECTRA AND AUGER SPECTRA 

OF THIN FILMS ON TRANSITION METAL SUBSTRATES

b y

Z h i b i a o  W u

A d v i s o r :  P r o f e s s o r  J. M .  D i c k e y

A1 is an  ideal  meta l  fo r  s tu d y in g  t h e  e l e c t r o n  e n e r g y  lo ss  s p e c t r a  ( E E L S )  s in ce  

b o t h  bu lk  and  s u r f a c e  p l a s m o n s  a re  p r o m i n e n t  and  a re  wel l  e x p la i n e d  b y  a nea r ly  

f r e e  e l e c t r o n  m ode l .  F o r  t h e  t r a n s i t i o n  m eta l s ,  o n  t h e  o t h e r  h a n d ,  t h e  s i t u a t i o n  is 

c o m p l i c a t e d  by  t / -b a n d  e f f e c t s  Th in  f ilms o f  A1 an d  Sn h a v e  b e e n  g r o w n  on  the  

t r a n s i t i o n  m e ta l s  Nb,  M o  and  T a  a s  s u b s t r a t e s  T h e  E E L S  m e a s u r e m e n t s  h a v e  

b e e n  t a k e n  d u r i n g  th e  g r o w t h  and  an n e a l in g  o f  t h e  f ilms F o r  ve ry  t h in  f i lms  w e  

s e e  a t r a n s i t i o n  f r o m  t h e  c h a r a c t e r i s t i c  A1 ( S n )  s p e c t r a  and  t h e  a p p e a r a n c e  o f  e x t r a  

s t r u c t u r e s  w h i c h  m a y  be  a s s o c i a t e d  w i th  t h e  i n t e r f a c e  b e t w e e n  t h e  t r a n s i t i o n  m eta l  

a n d  t h e  f i lms

S e v e ra l  Sn f i lms w e r e  s tu d i e d  to  i n v e s t ig a t e  the  g r o w t h  m e c h a n i s m ,  t h e r m a l  

s tab i l i ty ,  a n d  p o s s ib l e  a l loy  f o r m a t i o n  d u r i n g  the  a n n e a l s  A s im i la r  f o u r - s t a g e  

a n n e a l in g  b e h a v i o u r  o f  Sn f i lms on  th e  s u b s t r a t e s  Nb  and  M o  w a s  o b s e r v e d  in 

b o t h  t h e  A E S  a n d  t h e  E E L S  sp e c t r a .  T h e r e  w e r e  t h e  s y s t e m a t i c  sh i f t s  o f  t h e  

b r e a k  p o in t s ,  f o r  c h a n g i n g  f r o m  o n e  s t a g e  t o  a n o t h e r ,  t o  h i g h e r  t e m p e r a t u r e s  

w h e n  t h e  t h i c k n e s s  o f  t h e  f i lm i n c r e a s e s  T h e  ini tial  s t a g e s  o f  t h e  g r o w t h  o f  a Sn 

f ilm o n  a c lean  N b  s u b s t r a t e  h a v e  b e e n  e x a m i n e d  for  c o m p a r i s o n  w i t h  t h e



IV

t h e o r e t i c a l  m o d e l s ,  w h i c h  have  b e e n  p r o p o s e d  fo r  the  d i f f e r e n t  m o d e s  in w h i c h  a 

f ilm m a y  g r o w  d e p e n d i n g  on  t h e  r e l a t i v e  s u r f a c e  e n e r g i e s  o f  t h e  a d s o r b a t e  an d  

s u b s t r a t e  T h e  e x p e r i m e n t a l  d a t a  have  b e e n  d i s p l a y e d  a s  an  A A - t  ( A u g e r  

A m p l i t u d e  v e r s u s  d e p o s i t i o n  t im e)  plo t ,  w h ic h  is c o n s i s t e n t  w i th  t h e  S t r a n s k i -  

K r a s t a n o v  ( S K )  m o d e l  and  f rom  w h i c h  th e  a t t e n u a t i o n  l e n g th  o f  t h e  e l e c t r o n s  has  

b e e n  d e t e r m i n e d
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C h a p te r  1. In tro d u c tio n

A c o m m o n  f e a t u r e  o f  e l e c t r o n  s p e c t r o s c o p y  m e t h o d s  is the  p o s s ib i l i t i e s  o f  

g e t t i n g  a h igh  s u r f a c e  sens i t iv i ty  by t a k i n g  a d v a n t a g e  o f  t h e  sh o r t  p e n e t r a t i o n  and  

e s c a p e  d e p t h  o f  t h e  e l e c t r o n s  in so l id s  W e  u s e d  e l e c t r o n  e n e r g y  lo ss  

s p e c t r o s c o p y  (H E L S )1 1 * and  A u g e r  e l e c t r o n  s p e c t r o s c o p y  ( A E S ) l 2 ’ I  T h e  

o b j e c t i v e  o f  t h i s  t h es i s  is to  p r e s e n t  s tu d i e s  o f  s u r f a c e  p l a s m o n s  o f  p u r e  m e t a l s  

a n d  i n t e r f a c e  p l a s m o n s  ( o v e r l a y e r  p l a s m o n s )  o f  th in  f i lms by  m e a n s  o f  E E L S  

A l s o  p r e s e n t e d  a r e  t h e  e x a m i n a t i o n s  o f  the  t h e r m a l  s tab i l i ty  a n d  t h e  g r o w t h  

m e c h a n i s m  o f  t h e  thin f i lms  by  u s ing  A E S

T h e  a d s o r p t i o n  o f  m e t a l s  on  r e f r a c t o r y  meta l  s u b s t r a t e s  c o n t i n u e s  t o  b e  o f  

c o n s i d e r a b l e  i n t e r e s t  in m a n y  a re a s  fo r  s evera l  y e a r s l J 'I P e r i o d i c  m u l t i l a y e r  f ilms 

t h a t  c o n s i s t  o f  m a n y  in t e r f a c e s  and  w h ic h  d o  n o t  u sua l ly  o c c u r  in n a t u r e  h a v e  

a t t r a c t e d  m u c h  a t t e n t i o n  fo r  t ec h n ica l  a p p l i c a t i o n s  l ike a h igh  in te n s i t y  

m o n o c h r o m a t o r  fo r  d i f f r a c t i o n  e x p e r i m e n t s  In r e c e n t  y e a r s  a n o t h e r  i n t e r e s t  has  

d e v e l o p e d  in m a g n e t i c  m eta l l ic  s u p e r  l a t t i c e s  a s  a p o s s ib l e  d e v ic e  fo r  d a t a  s t o r a g e  

u s in g  th e  K e r r  effect .  C o n s e q u e n t l y  a p r o p e r  u n d e r s t a n d i n g  o f  t h e  s u r f a c e  an d  

i n t e r f a c e  p r o p e r t i e s  is n o t  on ly  o f  a c a d e m ic  i n te r e s t  bu t  a l s o  h a s  p r a c t i c a l  

a p p l i c a t i o n s .

P l a s m o n  l o s s  f e a tu re s ,  w h i c h  a r e  o b s e r v e d  a s  s a te l l i t e s  o f  t h e  n o - l o s s  p e a k s  in 

U P S ,  X P S ,  a n d  A E S ,  a r e  a lso  wel l  k n o w n  in E E L S  E E L S  is a t e c h n i q u e  w h i c h  is 

f le x ib le  a n d  is s e n s i t iv e  to  t h e  c h a r a c t e r  o f  the  s u r f a c e  a n d  c h a n g e s  in t h e  v a l e n c e  

b a n d  d e n s i t y  o f  s t a t e s  In a d d i t i o n  t h e  d e p t h  o f  the  s u r f a c e  l aye r s  s a m p l e d  c a n  be  

v a r i e d  by c h a n g i n g  th e  e n e r g y  o f  t h e  inc iden t  e l e c t r o n s  P r e s e n t  t h e o r i e s  a b o u t  

p l a s m o n s  p r o v i d e  n ice  d e s c r i p t i o n s  fo r  n e a r l y - f r e e - e l e c t i o n  m e ta l s ,  bu t  the  

i n t e r p r e t a t i o n  o f  c h a r a c t e r i s t i c  E E L S  for  t r a n s i t i o n  m e t a l s  is c o m p l i c a t e d  by the
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p o s s ib i l i t y  o f  i n t e r b a n d  t r a n s i t i o n s  F u r t h e r m o r e ,  e x t r a  s t r u c t u r e s  in the  E E L S  o f  

t h in  f i lms  a n d  s e m i c o n d u c t i n g  s u p e r l a t t i c e  ( s e m i c o n d u c t o r  m u l t i l a y e r  s y s t e m s )  

h a v e  b e e n  o f  c o n t i n u i n g  t h e o r e t i c a l  and  e x p e r i m e n t a l  i n te r e s t ! 6,71.

B e g i n n i n g  w i t h  t h e  p i o n e e r i n g  w o r k  o f  F r a n k  and  va n  d e r  M e r w e ' 8', t h e o r e t i c a l  

s t u d i e s  o f  t h e  e n e r g e t i c s  o f  ep i t ax ia l  g r o w t h ,  i n c lu d in g  M o n t e  C a r l o  s i m u l a t io n s ,  

m o l e c u l a r - d y n a m i c s  s im u l a t io n s  a n d  p h e n o m e n o l o g i c a l  m e t h o d s ,  h a v e  p r o v i d e d  an 

i m p o r t a n t  b a s i s  fo r  u n d e r s t a n d i n g  th e  g r o w t h  m o d e s  and  s tabi l i ty  o f  f i lms!8 9 ' 

E x p e r i m e n t a l l y  t h e  A A - i  ( A u g e r  A m p l i t u d e  t im e )  p lo t  o f  A E S  m e a s u r e m e n t s ,  

t a k e n  as  t h e  f ilm is g r a d u a l ly  bu i ld  up ,  p r o v i d e s  i n f o r m a t i o n  fo r  d e t e r m i n i n g  t h e  

th in  f i lm g r o w t h  m e c h a n i s m ! ' ° l  M o r e o v e r ,  by a n a ly z in g  the  A A  / p lo t  o n e  c a n  

f ind t h e  c o r r e s p o n d i n g  a t t e n u a t i o n  l e n g th  in t h e  film o f  t h e  A u g e r  e l e c t r o n s  f ro m  

t h e  a d s o r b a t e  and  th e  s u b s t r a t e ! ' '• W h e n  t h e  film is h e a t e d  th e  m ob i l i t y  o f  t h e  

a t o m s  i n c r e a s e s  s o  t h e  s t r u c t u r e  o f  t h e  film will c h a n g e  M e a s u r i n g  th e  A E S  p e a k  

s igna l  h e i g h t s  v e r s u s  t h e  annea l  t e m p e r a t u r e  will r e l e a s e  s o m e  c lu e s  fo r  a n a l y z i n g  

t h e s e  c h a n g e s
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C h a p te r  2. E x p erim en ta l

2.1 A pparatus

F i g u r e  1 s h o w s ,  s ch em a t i c a l l y ,  the  m a j o r  c o m p o n e n t s  o f  the  a p p a r a t u s .  T o  

s t u d y  t h e  p r o p e r t i e s  o f  a s u r f a c e  t h e  b a s ic  c o n d i t i o n  is tha t  the  ei>m|H>sition o f  the  

s u r f a c e  m u s t  r e m a in  c o n s t a n t ;  in o t h e r  w o r d s ,  t h e  r a t e  o f  a r r iva l  o f  r e a c t i v e  

s p e c i e s  f r o m  th e  s u r r o u n d i n g  g a s  s h o u ld  b e  as  l o w  as  p o s s ib l e  T h e  a r r iva l  r a t e  o f  

a t o m s  o r  m o l e c u l e s  f r o m  a g a s  o f  d e n s i ty  n and  w i th  an a v e r a g e  v e lo c i ty  o  i s | I J | :

3 51 x 1022 x - J L ,  (2  1 1 )
4 V m T

w h e r e  P, m,  T  a r e  t h e  p r e s s u r e ,  m as s  o f  an  a t o m ,  and  the  t e m p e r a t u r e  

r e s p e c t i v e ly .

F o r  0 2 at  T  = 3 0 0 K ,  i f  P = 1 0  <' T o r r ,  t h e n  / ( =  3.58 « 10" / c u r  ■ s, s inc e  a 

m o n o l a y e r  is a b o u t  (6  02 x lO ^cm 1)2"  = lO 'V c m 2, a ' c lean '  s u r f a c e  will b e  c o v e r e d  

w i th  a m o n o l a y e r  o f  o x y g e n  in a b o u t  30  m i n u t e s  w i th  s y s te m  p r e s s u r e  -  10 g T o r r ,  

so  f o r  t h e  s u r f a c e  s t u d y  w e  n e e d  a v a c u u m  s ys te m  w i th  p r e s s u r e  o f  10 T o r r  o r  

b e t t e r .  In  o u r  l a b o r a t o r y  a high  v a c u u m  s y s te m  m a d e  by  V a r i a n  w a s  u s e d .  T h e  

c h a m b e r  w a s  c o n s t r u c t e d  o f  s t a in le s s  s teel ,  t he  high  v a c u u m  sea l s  w e r e  m a d e  w i th  

s t a in le s s  s tee l  kn i fe  e d g e  f l a n g e s  and  c o p p e r  g a s k e t s  to  k e e p  t h e  s y s t e m  t igh t  

F o r e  p u m p i n g  t o  a p r e s s u r e  less  t h e n  a b o u t  a m ic r o n  w a s  a c c o m p l i s h e d  w i th  an oil 

f r e e  m e c h a n ic a l  p u m p  and  a V a c  S o r b  p u m p  c o n t a i n i n g  a m o l e c u l a r  s ie ve  t h a t  w a s  

ch i l led  w i t h  l iqu id  n i t r o g e n .  T h e n  th e  s y s te m  w a s  p u m p e d  by an I 10 l i t e r  pe r  

s e c o n d  i o n i z a t i o n  p u m p .  T h a t  w a s  d o n e  by  first  c lo s i n g  the  va l ve  tha t  s e p a r a t e s  

t h e  u p p e r  h a l f  s y s t e m  and  the  ion p u m p  l o c a t e d  at  the  b o t t o m  o f  the  s y s te m ,  t h e n
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Sloan

M anipulator Sample

ULTRA  HIGH VACIJVJM 

C llA M B K R

/ B\

S w eep R etarding
C ontrol ---------- i V oltage

Unit Supply

Glancing Incidence 

Llectron

.Screen

A f i m l i J i u r

RFA

M o d u la to r

A u d i o

O ' . i u l l  U o r

C o m p u te r  

( A E L A S I C onverter

F i g u r e  1 S c h e m a t i c  d i a g r a m  o f  the  v a c u u m  s y s t e m  and  e l e c t r o n i c s



s lo w ly  o p e n i n g  t h e  v a lv e  a f t e r  t h e  p r e s s u r e  o f  t h e  l o w e r  h a l f  s y s t e m  r e a c h e d  10 7 

T o r r  o r  l o w e r .  W e  h a v e  to  d o  th e  p u m p i n g  in t h e s e  t w o  s t e p s  n a y  d u e  t o  the  

c a p a b i l i t y  o f  t h e  i o n  p u m p ,  and  w e  f o u n d  th a t  s u c c e s s  is m u c h  e a s i e r  o n  g o i n g  

f r o m  t h e  f i rs t  s t e p  t o  t h e  s e c o n d  s tep  i f  w e  g iv e  the  first s t e p  a l ong  t im e  p u m p i n g  

U s u a l ly  it t a k e s  t w o  o r  t h r e e  h o u r s  fo r  the  s y s te m  to  r e a c h  the p i e s s u r e  a r o u n d  

l o w  10~7 t o  h igh  10 * T o r r  r a n g e  A t i t a n i u m  s u b l i m a t io n  p u m p  w a s  u s e d  to  help  

p u m p  d o w n  t h e  s y s t e m  t o o  T h e  c h a m b e r  w a s  b a k e d  -  200 ( '  fo r  s e v e r a l  h o u r s  

a f t e r  t h e  ion  p u m p  w a s  on  th e  w h o l e  s y s te m  T h e  b a s e  p r e s s u r e  o f  t h e  s y s te m  

c o u l d  b e  b r o u g h t  t o  l e s s  t h a n  10 g T o r r ,  and  usua l ly  the  p r e s s u r e  o f  t h e  s y s t e m  

w a s  in t h e  l o w  10 1 T o r r  r a n g e  o r  l o w e r  d u r in g  a t h e r m a l  e v a p o r a t i o n .

T h e  s a m p l e  h o l d e r  w a s  a t t a c h e d  to  a m a n i p u l a t o r  w h w h  a l l o w e d  us  t o  

p r e c i s e l y  c o n t r o l  i t s  p o s i t i o n  a n d  o r i e n t a t i o n  T h e  s a m p l e  can  be m o v e d  in to  an d  

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

sha f t  an d  c o m p r e s s i n g  o r  e x p a n d in g  t h e  b e l l o w s  T h e  m a n ip u lu iu i  \  c e n t r a l  sha f t  

w a s  e l e c t r i c a l l y  i s o l a t e d  f ro m  t h e  c h a m b e r  and  the  s a m p l e  T h e  s a m p l e  h o l d e r  w a s  

c o n n e c t e d  v ia  th ic k  c o p p e r  l e a d s  t o  h igh c u r r e n t  feed  t h r o u g h s  A p o w e r - s u p p l y  

p r o v i d e d  t h e  h igh  c u r r e n t  r e q u i r e d  to  hea t  the  s a m p l e  to  ahnoNi 2U00 C A 

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

m o n i t o r  t h e  s a m p le ' s  t e m p e r a t u r e  T h e  t e m p e r a t u r e  w a s  also m e a s u r e d  by  an 

o p t i c a l  p y r o m e t e r  t o  m a k e  th e  c a l i b ra t io n s .

T h e  th in  f i lms  w e r e  g r o w n  by  t h e  t h e rm a l  e v a p o r a t i o n  m e t h o d  T h e  th e r m a l  

e v a p o r a t i o n  w a s  d o n e  by  h e a t i n g  the  e v a p o r a t e  s o u r c e  m a te r i a l  in a b a s k e t  o r  b o a t  

a b o v e  i ts  m e l t i n g  t e m p e r a t u r e ,  a f t e r  o u t g a s s i n g  o f  the  b a s k e t  oi boa t  F r o m  o u r  

e x p e r i e n c e  it is m u c h  e a s ie r  t o  c o n t r o l  t h e  e v a p o r a t i o n  r a t e  fo r  the  ' u s e d '  b a s k e t  or  

b o a t  r a t h e r  t h a n  t h e  b r a n d  n e w  o n e  B e s i d e s  it is a l so  q u i c k e r  u* p u m p  d o w n  the  

s y s t e m  t o  i ts b a s e  p r e s s u r e  a f t e r  t h e  p r e - o u t g a s s i n g  o f  the  u se d  b a s k e t ,  w h i l e  for
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a  b r a n d  n e w  o n e ,  it is a l i t t le  bi t  t r i c k y  to  c o n t r o l  the  e v a p o r a t i o n  r a t e  i f  w e  in tend  

t o  k e e p  t h e  r a t e  at  a c o n s t a n t  v a lu e  A S lo a n  m e t e r  ( O M N I  i l l )  w a s  u s e d  to  

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

T h e  d e t e c t o r  a n d  d i sp la y  s y s te m  c o n s i s t s  o f  a R e t a r d i n g  Field A n a l y z e r  ( R F A ) ,  

c o n s i s t i n g  o f  a L E E D  o p t i c s  and  a s s o c i a t e d  e l e c t r o n i c s ,  a l oc k - i n  a m p l i f i e r ,  an 

A / D  ( a n a l o g  t o  d ig i t a l )  c o n v e r t e r  a n d  a c o mp a t i b l e  I BM P C  1 he r e t a r d i n g  g r id  

s y s te m ,  as  s h o w n  in f i g u r e  1, u s e s  f o u r  g r id s  t o  i m p r o v e  t he  c o l l e c t e d  s igna l ' s  

q u a l i t y  T h e  m i d d l e s  t w o  g r id s  w e r e  c o n n e c t e d  t o g e t h e r  a nd  the  o u t e r  t w o  g r i d s  

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

a f f e c t s  T h e  e l e c t r o n  g u n  u s e d  t o  b o m b a r d  t h e  s a m p l e  w a s  a l s o  f o c u s e d  t o  

i n c r e a s e  t h e  y ie ld  o f  e l e c t r o n s  T h e  c o l l e c t e d  e l e c t r o n  c u r r e n t  f r om t h e  R F A  w a s  

in p u t  t o  t h e  l o c k - i n  am p l i f i e r  m a d e  by P r i n c e t o n  Ap p l i e d  R e s c u e d  T h e  o u t p u t  

a n a l o g  s ig n a l s  w e r e  d ig i t i z e d  by u s in g  the  L a b M a s t e H 1' 1 c o n v e r t e r  (12  bit 

r e s o l u t i o n ,  16 c h a n n e l s ,  a n d  30  K H Z  s a m p l i n g  s p e e d  m a x i m u m )  I he  b o a r d  ha s  

p r o g r a m m a b l e  ga in  w h i c h  may  be  s e l e c t e d  to be  I, In I 'j ^00 ,  w h i c h  

c o r r e s p o n d s  r e s p e c t i v e ly  t o  10 V,  1 V, 100 mV,  a nd  20  m V full s ca l e  r a n g e  T h i s  

a n a l o g  t o  d ig i t a l  c o n v e r t e r  ( A D C )  is l o c a t e d  o u t s i d e  t h e  PC and  n e a r  t h e  l o c k - i n  

a m p l i f i e r  a n d  s w e e p  un i t ,  t h e r e f o r e  the  sens i t i ve  A D C  is i so l a t ed  f r o m  in te rna l  

e l e c t r i c a l  n o i s e  o f  t h e  PC .  Th i s  a r r a n g e m e n t  o p t i m i z e s  t he  a n a l o g  s igna l  c la r i ty  

p r o v i d i n g  t h e  m o s t  a c c u r a t e  r e a d i n g s  Final ly t he  digi t al  da t a  s e i s e d  a s  t h e  r a w  

d a t a  i n p u t  o f  A E L A S  ( a b b r e v i a t i o n  of: A u g e r  E l e c t r o n  s p m  i r u s c u | i , Lab  Ana ly s i s  

S y s t e m )  w h i c h  is a s o f t w a r e  w r i t t e n  in ( '  by Dr  D i c k e y  a nd  m e l Mi A E L A S  will  

a u t o m a t i c a l l y  c h a n g e  th e  A / D  c o n v e r t e r  ga in  t o  a vo i d  l os i ng  s i gn i f i can t  b i t s  o f  the  

o r ig in a l  d a t a  d u e  to  c h a n g e s  in o r d e r  o f  m a g n i t u d e  o f  t he  input  s i gna l s  A E L A S  

c a n  s a v e  t h e  o r ig ina l  d a ta ;  s h o w  the  A E S  c u r v e  s i m u l t a n e o u s l y  wh i l e  t h e  d a t a  is 

b e i n g  t a k e n  o r  r e t r a c e  t h e  c u r v e  l ater  for  muds  sis,  d o  s o m e  bas ic  m a t h e m a t i c a l
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a n a ly s i s  s u c h  a s  S a v i t z k y - G o l a y 1151 p o l y n o m ia l  s m o o t h .  A u g e r  s ig n a l ' s  p e a k - t o -  

p e a k  h e ig h t  c a l c u l a t i o n s ;  g o  to  D O S  shell  w i t h o u t  q u i t t i n g  f r o m  A E L A S ,  e tc

2.2 General Techniques

2.2.1 Sample Preparation

T h e  s a m p l e  s u b s t r a t e  foil  w i th  d i m e n s io n s '  5 c m  x  15 c m  a n d  h igh  p u r i t y  o f  

M a r z  g r a d e 1' 61 (99  9 9 9 % )  w a s  a t t a c h e d  to  t h e  h o l d e r s  by u s in g  a s p o t  w e l d e r  w i th  

typ ic a l ly  a p o w e r  o f  2 5 0  W  and  c u r r e n t  o f  ~ 28 A fo r  Nb,  -  30  fo r  T a ,  a n d  - 3 2  A 

fo r  M o  T h e  h o l d e r s  u s e d  fo r  Nb ,  M o ,  and  T a  w e r e  th ick  foil o f  N b ,  M o ,  a n d  T a  

r e s p e c t i v e l y  to  a v o id  i n t r o d u c i n g  n e w  im p u r i t i e s  B e f o r e  b e i n g  m o u n t e d  in t h e  

e x p e r i m e n t a l  c h a m b e r  t h e  s a m p le  foil  w a s  p r e - c l e a n e d  in m e t h a n o l  f o r  30  m i n u t e s  

by u s in g  a 125 w a t t  u l t r a s o n i c  c l e a n e r  m a d e  by F i s h e r  A f t e r  t h e  s a m p l e  w a s  

t r a n s f e r r e d  i n to  t h e  U H V  s y s te m  and  th e  p r e s s u r e  o f  t h e  s y s t e m  h a d  b e e n  b r o u g h t  

d o w n  to  i ts b a s e  p r e s s u r e ,  t h e  foil w a s  c l e a n e d  by  h e a t i n g  at  t e m p e r a t u r e s  o f  

a b o u t  2 0 0 0  "C fo r  N b ,  1700 "C fo r  M o ,  a n d  2 2 0 0 °C fo r  T a ,  a p p r o a c h i n g  th e i r  

m e l t i n g  p o i n t s ,  unt i l  A E S  c a n n o t  d e t e c t  any C ,  O,  N  o r  o t h e r  i m p u r i t i e s  T h e  

h e a t i n g  p r o c e s s  w a s  d o n e  in severa l  s t a g e s  o f  2 - 3  h o u r s '  h e a t i n g  w i th  d i f f e re n t  

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

n i t r o g e n ,  a n d  t a n t a l u m  for  n io b ium ,  and  a l so  t u n g s t e n  f o r  m o l y b d e n u m  an d  

t a n t a l u m  T h e  c o n c e n t r a t i o n  o f  the  i m p u r i t i e s  is, s e p a r a t e l y ,  l ess  t h a n  4 0  p p m  

( p a r t s  p e r  m i l l ion )  fo r  t a n t a lu m ,  2 0 0  p p m  fo r  n i o b iu m  a n d  4 8 0  p p m  for  

m o l y b d e n u m 1' 61 T h e  c le a n  s u r f a c e s  o f  Al  a n d  Sn  w e r e  p r e p a r e d  by  t h e r m a l

d e p o s i t i o n  o f  a th ic k  film o f  t h e  p u r e  m eta l s ;  Al  w a s  e v a p o r a t e d  f r o m
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12 A - 3 x . 0 2 5 W |171 b a s k e t s  w h i l e  S I 9 B - T A 1' 71 b o a t s  w e r e  u s e d  fo r  t h e  d e p o s i t i o n  

o f  Sn.

2.2.2 Temperature Measurement

W e  u s e d  b o t h  a t h e r m o c o u p l e  an d  an  op t i c a l  p y r o m e t e r  t o  m e a s u r e  t h e  

s a m p l e s '  t e m p e r a t u r e s  T h e  t h e r m o c o u p l e  w a s  c o m p o s e d  o f  W - 3 % R e / W - 2 5 % R e  

w i r e s  It w a s  a l i t t le  bi t  t r i c k y  to  w e ld  t h e  t h e r m o c o u p l e  w i r e s  o n t o  t h e  d e s i r e d  

p o s i t i o n .  G e n e r a l ly  t h e  t h e r m o c o u p l e  is m o u n t e d  at  t h e  e d g e  o f  t h e  s a m p l e  

i n s t e a d  o f  t h e  m idd le ,  s inc e  i f  w e  melt  the  t h e r m o c o u p l e  t o  t h e  c e n t e r  o f  the  

s a m p le ,  s o m e  d o t s  will  b e  m a d e  on  c e n t e r  o f  t h e  s a m p l e  d u r i n g  m e l t i n g  T h o s e  

d o t s  will  l a t e r  c o n t a m i n a t e  t h e  s u r f a c e  o f  t h e  s a m p l e  a n d  w e a k e n  t h e  s a m p l e  s o  it 

m a y  m o r e  l ikely  b r e a k  w h e n  it is h e a t e d  to  a high t e m p e r a t u r e  f o r  c l e a n in g .  D u e  

t o  t h i s  k ind  o f  m o u n t i n g ,  t h e  t e m p e r a t u r e  m e a s u r e d  by th e  t h e r m o c o u p l e  is no t  

t h e  s a m e  a s  th a t  m e a s u r e d  f r o m  the  o p t ic a l  p y r o m e t e r  T h e  o p t i c a l  p y r o m e t e r  can  

b e  f o c u s e d  o n  th e  s a m p l e  and  m e a s u r e  the  h ighes t  t e m p e r a t u r e  t h a t  is u s u a l l y  a t  

t h e  m i d d l e  o f  a s a m p le ,  and  a l so  any  v a r i a t i o n  in t e m p e r a t u r e  a c r o s s  t h e  s a m p l e  

B y  m e a s u r i n g  s i m u l t a n e o u s l y  the  t e m p e r a t u r e s  f r o m  b o t h  t h e  o p t i c a l  p y r o m e t e r  

a n d  t h e r m o c o u p l e ,  v e ry  g o o d  t h e r m o c o u p l e  c a l i b ra t i o n  c u r v e s  c a n  b e  o b t a i n e d  

T h e  s a m p l e ' s  t e m p e r a t u r e s  s h o u ld  be m e a s u r e d  at  t h e  s u r f a c e  a n a ly s i s  r e g i o n ,  i f  

t h i s  is n o t  p o s s ib l e  d u e  to  t h e  p rac t ic a l  d i f f icu l t i e s  t h e  t e m p e r a t u r e s  w e r e  o b t a i n e d  

f r o m  th e  m e a s u r e d  t h e r m o c o u p l e  v o l t a g e s  S ince  t h e  o p t i c a l  p y r o m e t e r  c a n n o t  

r e a d  t h e  l o w e r  t e m p e r a t u r e s  ( < 7 5 0 ”C ) ,  t h e  e x t r a p o l a t e d  p a r t  o f  t h e  t e m p e r a t u r e -  

vo l t  c u r v e  w a s  u s e d  to  d e t e r m i n e  the  l o w  t e m p e r a t u r e s  A ty p ic a l  t h e r m o c o u p l e  

t e m p e r a t u r e - v o l t  c u r v e  is s h o w n  in f igure  2 w h e r e  all t h e  e x p e r i m e n t a l  d a t a  (in
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F i g u r e  2. A  typ ica l  t h e r m o c o u p l e  c u r v e  o f  t h e  t e m p e r a t u r e  

a s  a fu n c t i o n  o f  v o l ta ge .
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c i r c le )  a r e  wel l  f i t t e d  t o  a s t r a ig h t  l ine T h e  m e a s u r e d  v o l t a g e s  o f  t h e  

t h e r m o c o u p l e  a r e  a u to m a t i c a l l y  r e c o r d e d  by th e  c o m p u t e r  F r o m  t i m e  t o  t im e  th e  

c a l i b r a t i o n  c u r v e  w a s  c h e c k e d  d u r i n g  a run.  F o r  e a c h  r u n  a s im i la r  c u r v e  w a s  

o b t a i n e d .

2.2.3 Thermal Evaporation and Annealing

T h e  t h e r m a l  e v a p o r a t i o n  m e t h o d  w a s  u s e d  fo r  t h e  t h in  Film g r o w t h  S i n c e  t h e  

t r a n s i t i o n  m e t a l s  r e a c t  s t r o n g ly  w i th  t h e  o x y g e n ,  t h e y  w e r e  a l w a y s  h e a t e d  t o  a 

h ig h  t e m p e r a t u r e  i m m e d i a t e l y  b e f o r e  e a c h  e v a p o r a t i o n  t o  e n s u r e  a c l e a n  s u r f a c e  

T h e  S l o a n  m e t e r  m o n i t o r s  the  v a p o r  f lux w h e n  th e  e v a p o r a t e  s o u r c e  h a d  b e e n  

h e a t e d  to  h igh  e n o u g h  t e m p e r a t u r e  (Figure 3). T h e  s u b s t r a t e  w a s  m o v e d  in to  t h e  

e v a p o r a t e  r e g i o n  w h e n  a s low ,  s tab le  e v a p o r a t i o n  r a t e  had  b e e n  g o t t e n  by 

a d j u s t i n g  t h e  b o a t s  ( o r  b a s k e t s )  h e a t in g  c u r r e n t s ,  t h e n  it w a s  m o v e d  a w a y  a f t e r  the  

d e s i r e d  t h i c k n e s s  h a d  b e e n  r e a c h e d  T h e  key  po in t  d u r i n g  th e  t h e r m a l  e v a p o r a t i o n  

is t o  g e t  a r e a s o n a b l e  h igh  t e m p e r a t u r e  bu t  no t  t o o  high ,  so  t h e  e v a p o r a t i o n  r a t e  

d u r i n g  t h e  p r o c e s s  is s l o w  and  s t a b l e  W e  usua l ly  m a d e  t h e  e v a p o r a t i o n  r a t e  

m a i n t a i n e d  a t  0.1 A/s o r  0 2 A/s m e a s u r e d  by t h e  S lo a n  m e t e r  F o r  Sn,  the  

p r e s s u r e  r is e  d u r i n g  e v a p o r a t i o n  w a s  less  than  5 *  10 8 T o r r ,  a n d  w i th  a lu m in u m ,  

t h e  p r e s s u r e  i n c r e a s e d  to  9 x 1 0 "  T o r r  d u r in g  d e p o s i t i o n  T h e  A E S  a n d  p l a s m o n  

lo ss  s p e c t r a ' s  d a t a  w e r e  r e c o r d e d  w i th in  a 20  30 m in u t e ' s  p e r i o d  f o l l o w i n g  the  

e v a p o r a t i o n  T h e  d e ta i le d  e v a p o r a t i o n  c o n d i t i o n s  o f  Al a n d  Sn  a r e  l is ted in 

t a b l e  1. T h e  c o m m e r c i a l l y  ava i l ab le  e v a p o r a t i o n  s o u r c e  u s e d  w e r e  M a r z  g r a d 1161 

( 9 9  9 9 9 % )  Al w i r e s  an d  9 9 . 9 9 9 %  S n  sho t .  F o r  Al t h e  B l 2 A - 3 x . 0 2 5 W )|71 b a s k e t s  

w e r e  u s e d  w h i l e  fo r  Sn  th e  S 1 9 B - T A 1171 b o a t s  w e r e  u sed .
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F i g u r e  3. S c h e m a t i c  d i a g r a m  o f  t h e r m a l  e v a p o r a t i o n .
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Table I. Typical thermal evaporation conditions

S u b s t r a t e E v a p o r a t e  S o u r c e R a t e ( A / s ) C u r r e n t  ( A ) f

N b Al 0 .2  - 0 .3 48

N b Sn 0 1 - 0 .2 1 10

M o Sn 0 1 - 0 2 100

T a Sn 0.1 - 0 .2 105

T h e  f ilm t h i c k n e s s  w a s  m e a s u r e d  by  th e  S loan  m e t e r  t h a t  f u n c t i o n s  by  

m e a s u r i n g  t h e  c h a n g e  o f  t h e  f r e q u e n c y  c a u s e d  by  th e  g r o w t h  o f  e v a p o r a t i o n  

m a t e r i a l  on  th e  c rys ta l  h e a d  (5 M H z ,  P l a n o  C o n v e x ,  g o l d  c o a t e d  c ry s t a l  w a s  

u s e d ) .  W h e n  an  A T - c u t  c rys ta l  is p l a c e d  in t h e  f e e d b a c k  p a th  o f  an  e l e c t r o n i c  

o s c i l l a t o r ,  m e c h a n ic a l  o sc i l l a t ion  in the  s h e a r  m o d e  o c c u r s  T h e  f r e q u e n c y  o f  

o s c i l l a t i o n  is d e t e r m i n e d  by t h e  t h i c k n e s s  o f  th e  c rys ta l  a n d  t h e  e l e c t r o m e c h a n i c a l  

c h a r a c t e r i s t i c s  o f  q u a r t z  B y  B e h r n d t  et  a l [l8i, w h e n  a q u a r t z  c ry s t a l  is e x c i t e d  to  

t h i c k n e s s - s h e a r  o s c i l l a t io n s ,  t h e  p l a t e ’s t h i c k n e s s  c o r r e s p o n d s  t o  a h a l f - w a v e l e n g t h  

o f  t h e  f u n d a m e n t a l  f r e q u e n c y :

= -  ( 2 2 1 )  2 r r

W h e r e  vu is t h e  v e lo c i ty  o f  t h e  e la s t ic  t r a n s v e r s e  w a v e  in t h e  d i r e c t i o n  o f  t h e  

p l a t e  t h i c k n e s s  r a n d  C  is t h e  f r e q u e n c y  c o n s t a n t

^ Boat o r  bask e t  h ea t in g  c u rren t
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L e t  Am  a n d  p , r e s p e c t i v e ly ,  d e n o t e  t h e  m as s  and  d e n s i ty  o f  t h e  t h in  f ilm,  o n e  ha s

w i t h  A be  t h e  a r e a  o f  t h e  p l a t e  a n d  A r  be t h e  th in  film t h i c k n e s s .  E x p r e s s i o n s  

( 2 . 2  1) a n d  ( 2 .2  2)  yield:

w h e r e  / c , /  a n d  A/  is, r e s p e c t iv e ly ,  t h e  s t a r t i n g ,  e n d i n g  f r e q u e n c y  a n d  th e  

f r e q u e n c y  c h a n g e .  H e n c e  a c h a n g e  in m as s  o f  t h e  c ry s t a l  d u e  t o  t h e  d e p o s i t i o n  o f  

a th in  film c a n  be  d e t e r m i n e d  f ro m  t h e  f r e q u e n c y  shift

T o  s t u d y  t h e  g r o w t h  m e c h a n i s m  o f  an a d s o r b a t e  m eta l  B on  a s u b s t r a t e  m eta l  

A,  f i r s t  I m o v e d  A in to  a p o s i t i o n ,  P AK!>, w h e r e  t h e  A E S  s ignal  t a k e n  w a s  the  

h i g h e s t ,  t h e n  t h e  s a m p l e  A w a s  r o t a t e d  t o  a p o s i t i o n ,  P rvp, w h e r e  t h e  w h o l e  s a m p l e  

w a s  e x p o s e d  to  t h e  e v a p o r a t i o n  v a p o r  f lux o f  a d s o r b a t e  B, a s  d e m o n s t r a t e d  in 

f i g u r e  3 P o s i t i o n s  P AfiS and  P FVP w e r e  m a r k e d  as  a c c u r a t e  a s  p o s s i b l e  f o r  l a te r  

r e f e r e n c e  A f t e r  t h e  initial  e v a p o r a t i o n  th e  s a m p l e  w a s  r o t a t e d  b a c k  to  p o s i t i o n  

Paes. t h e n  b o t h  A E S  and  E E L S  m e a s u r e m e n t s  w e r e  t a k e n .  L a t e r  t h e  s a m p l e  w a s  

m o v e d  b a c k  to  t h e  p o s i t i o n  P FVP fo r  the  nex t  e v a p o r a t i o n  T h e  p r o c e d u r e s  w e r e  

r e p e a t e d  unt i l  all d e s i r e d  e v a p o r a t i o n  and  m e a s u r e m e n t s  w e r e  d o n e  T h e  f i lms 

w e r e  d e p o s i t e d  a t  typ ica l  r a t e  0  1 o r  0 2 A/s in s t a g e s ,  in e a c h  s t a g e  I r e g i s t e r e d  

t h e  film t h i c k n e s s ,  t h e  A u g e r  s p e c t r a  o f  b o t h  a d s o r b a t e  a n d  s u b s t r a t e  a n d  the  

E E L S  s p e c t r a  o f  t h e  film

A f t e r  t h e  e v a p o r a t i o n  o f  t h e  a d s o r b a t e  B on  t h e  s u b s t i t u t e  A,  I s t u d i e d  th e  

a n n e a l e d  B / A  s u r f a c e  t o  ge t  m o r e  i n f o r m a t io n  a b o u t  t h e  f ilm s t r u c t u r e  a n d  th e  

p o s s ib i l i t y  o f  a l loy ing .  T h e  thin  film B /A  w a s  a n n e a l e d  at s t e p w i s e  i n c r e a s i n g

Am  -  p A  - A r (2.2 2)

A m = - C (2 2 3)
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t e m p e r a t u r e s  g u i d e d  by  r e a d i n g s  f r o m  th e  t h e r m o c o u p l e .  D u r i n g  th e  a n n e a l i n g  th e  

s a m p l e  w a s  m a i n t a i n e d  in the  s a m e  p o s i t i o n

2.2 4 Spectroscopy

A f t e r  c a re f u l  o u t g a s s i n g  o f  all c o m p o n e n t s  t h e  b a s e  p r e s s u r e  o f  t h e  U H V  

s y s t e m  w a s  in t h e  l o w  10 9 T o r r  r ange .  T h e  s a m p le ' s  p o s i t i o n  w a s  f ine  a d j u s t e d  

un t i l  t h e  s igna l  o f  t h e  f irs t  p l a s m o n  loss  p e a k  o f  E E L S  r e a c h e d  i ts  m a x i m u m  w h e r e  

t h e  p r i m a r y  e n e r g y  and  b e a m  c u r r e n t  w e r e  usua l ly  set  t o  5 0 0  e V  a n d  - 1 5  /M..  In 

o r d e r  t o  d e t e c t  t h e  bu i ld  up  o f  t h e  i m p u r i t i e s  s u c h  as  C a n d  O  d u r i n g  the  

m e a s u r e m e n t s ,  t h e  s a m p l e  w a s  c o n t in u a l ly  m o n i t o r e d  b y  t a k i n g  t h e  im p u r i t i e s '  

A u g e r  s ignal .  F o r  A A - f  m e a s u r e m e n t s  t h e  s u b s t r a t e  s p e c i m e n  w a s  r o t a t e d  o n  a 

m a n i p u l a t o r  b e t w e e n  th e  p o s i t i o n  fo r  d e p o s i t i o n  a n d  th e  p o s i t i o n  fo r  A E S  

m e a s u r e m e n t  T o  m in im iz e  s c a t t e r  in the  da ta ,  t h e s e  p o s i t i o n s  had  t o  b e  p r e c i s e l y  

l o c a t e d  by  m a r k i n g  d o w n  t h e  r e a d i n g s  o f  t h e  m a n i p u l a t o r ’s sca le s .  C h a n g e s  o f  the  

A u g e r  s igna l s  o f  b o t h  a d s o r b a t e  and  s u b s t r a t e  d u r i n g  th e  p r o c e s s  o f  t h in  film 

g r o w t h  e n a b le  o n e  to  d r a w  the  A A - /  p lo t  tha t  in t u rn  will  b e  u s e d  to  d e t e r m i n e  

t h e  f i lm g r o w t h  m e c h a n i s m 119' 22), b e s i d e s  it a l so  y ie lds  i n f o r m a t i o n  w h i c h  can  be  

u s e d  to  c a l c u l a t e  A u g e r  e l e c t r o n ’s I M F P  ( in e l a s t i c  m e a n  f re e  p a t h ) ) 23-25). In  c a s e  

o f  t h e  a n n e a l e d  A / B  s y s te m ,  at e a c h  d i f fe ren t  h e a t i n g  c o n d i t i o n s ,  b o t h  m a t e r i a l s  A 

a n d  B ' s  A u g e r  f inge r  p r in t s  w e r e  t a k e n  as  wel l  as  t h e  f i lm's  p l a s m o n  lo s s  s p e c t r u m  

F o r  t h e  s tu d y  o f  p l a s m o n  loss  p e a k  in tens i ty  v e r s u s  t h e  p r im a ry  e n e r g y ,  t h e  s a m p l e  

w a s  f ixed  so t h a t  t h e  g e o m e t r y  f a c t o r  an d  i ts i n f l u e n c e  o n  t h e  p e a k  i n t e n s i t i e s  can  

b e  e l i m i n a t e d



15

2.3 Electron Energy Spectrum

2.3.1 Auger Electron Spectroscopy

In th i s  t h e s i s  t h e  A u g e r  s p e c t r a  w e r e  t a k e n  in t h e  s e c o n d  d e r i v a t i v e  m o d e  

D u e  t o  t h e  small  s ignal  and  s t e e p ly  s lo p in g  b a c k g r o u n d  t h e  A u g e r  p e a k s  a r e  v e ry  

d i f f icu l ty  to  o b s e r v e  in t h e  o r d in a r y  c o u n t i n g  m o d e .  I n s t e a d  by s u p e r i m p o s i n g  a

m o d u l a t i o n  on  t h e  s c an  e n e r g y ,  t h e  m o r e  u se fu l  d i f f e re n t i a l  f o r m  o f  A u g e r

s p e c t r u m  is o b t a i n e d .  I f  t h e  p e r t u r b i n g  v o l t a g e  a p p l i e d  o n  t h e  a n a l y z e r  e n e r g y  is 

A E = k sin (ot, t h e  c o l l e c t e d  e l e c t r o n  c u r r e n t  isf26>:

l ( E  + A E )  =  1 ( E )  + 1'A E + — I ” A E '  + — I " ' A E 3 + — I"" A E 4 + •••
2! 3! 4'

o r  I = I„ + |  I ’k + - I ,Mk J ) s i n r y / - f ~ I ” k ; + — r ' " k 4 l - c o s 2 r y r  + (2 3 1) 
" I  8 )  V 4 48 J

w h e n  t h e  m o d u l a t i o n  v o l t a g e  A E  is smal l ,  t h e  h i g h e r - o r d e r  t e r m s  ( >  k 3) c a n  safe ly 

b e  n e g l e c t e d ,  so  w e  have:

I = In + I k sin tot -  — I " k 2 cos2g>/  h—  (2  3 .2)
4

L e t  V  be t h e  v o l t a g e  a p p l i e d  t o  the  g r id s  o f  t h e  r e t a r d i n g  f ie ld  a n a ly z e r ,  t h e n  on ly  

t h e  e l e c t i o n s  w i th  e n e r g y  h ig h e r  t h a n  E = e V  c a n  p a s s i n g  t h r o u g h  t h e  r e t a r d i n g  

f ie ld  t o  c o n t r i b u t e  t o  the  c o l l e c t e d  c u r r e n t  Th i s  g i v e s  t h e  c u r r e n t :

or

1 (E)  <* J N ( E ’) d E '  (2  3 3)
■ V

w h e r e  N ( E )  is t h e  e n e r g y  d i s t r ib u t io n  f u n c t io n  o f  t h e  e l e c t r o n s
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F r o m  e q u a t i o n  ( 2 .3  3)  w e  t h e r e f o r e  have:

N ( E ) o e I ' ( E ) (2  3 .4 )

F r o m  e q u a t i o n  ( 2 . 3 . 2 ) ,  t h e  e n e r g y  d i s t r i b u t io n  N ( E )  c a n  be  o b t a i n e d  by  tu n in g  th e  

l o c k - i n  a m p l i f i e r  t o  t h e  m o d u l a t i n g  f r e q u e n c y  eo S im i la r ly  by  t u n i n g  to  t h e  

s e c o n d  h a r m o n i c  2 ty, t h e  d e r i v a t i v e  A u g e r  s p e c t r u m  d N ( E ) / d E  is o b t a i n e d  as  

fo l l o w s :

In o u r  l a b o r a t o r y  w e  d e t e c t  t h e  s e c o n d  h a r m o n i c  2<o a n d  t h e r e f o r e  g e t  t h e  

d e r i v a t i v e  A u g e r  s p e c t r a  d N ( E ) / d E  M o s t  p e a k s  in t h e  N ( E )  c u r v e  h a v e  a l o w  

e n e r g y  tai l,  w h i l e  the  p o s i t i o n  o f  t h e  p e a k  is m o r e  rea d i ly  s e e n  o n  th e  N ' ( E )  

c u r v e l 27 T h e  A E S  m e a s u r e m e n t s  w e r e  t a k e n  in t h e  d N ( E ) / d E  f o r m  w i th  a 

p r i m a r y  e n e r g y  a n d  c u r r e n t  o f  2 K e V  and  ~ 45  \iA  T h e  p e a k  t o  p e a k  m o d u l a t i o n  

v o l t a g e  w a s  2 V

P l a s m o n  lo ss  f e a t u r e s  a r e  wel l  k n o w n  in e l e c t r o n  s p e c t r o s c o p y ,  a n d  h a v e  b e e n  

e x t e n s i v e l y  o b s e r v e d  no t  on ly  by X - r a y  P h o t o e l e c t r o n  S p e c t r o s c o p y  ( X P S ) ,  bu t  

a l s o  by  E l e c t r o n  E n e r g y  L o s s  S p e c t r o s c o p y  ( E E L S )  a n d  A u g e r  E l e c t r o n  

S p e c t r o s c o p y  ( A E S )  s inc e  t h e  p r im a ry  th e o r e t i c a l  w o r k  o f  P i n e s  a n d  B o h m l 29"121 

B y  l o o k i n g  at  t h e  n a t u r e  o f  t h e s e  p l a s m o n  e x c i t a t i o n s ,  o n e  m ay  g a in  d e e p e r  

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

m a t t e r  In t h e  E E L S  e x p e r i m e n t  the  so  ca l l ed  e x t r i n s i c  e x c i t a t i o n  o f  t h e  p l a s m o n  

o c c u r s  d u r i n g  th e  t r a n s p o r t  o f  t h e  e l e c t r o n  t h r o u g h  t h e  so l id ,  w h i l e  in t h e  X P S  an d  

A E S  e x p e r i m e n t s ,  the  o t h e r  k ind o f  p l a s m o n  e x c i t a t i o n  -  t h e  so  c a l l e d  in tr in s ic

N ' ( E )  oc I " ( E ) (2  3 5)

2.3.2 Plasmon Loss Spectroscopy
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e x c i t a t i o n  t a k e s  p l ac e  s im u l t a n e o u s l y  w i th  t h e  c r e a t i o n  o f  t h e  h o l e s  A t t e k u m  et 

a | l 33l h a d  s h o w n  th a t  in t h e  E E L S  ex t r in s ic  e x c i t a t i o n  p r o c e s s ,  t h e  s u r f a c e  p l a s m o n  

l o s s  e s p e c i a l l y  t h e  v e ry  f i r s t  o n e  ha s  h ig h e r  in te n s i t y  t h a n  in t h e  X P S  s p e c t r a  

A n o t h e r  p a r a m e t e r  e f f e c t i n g  t h e  re l a t ive  i n te n s i t i e s  o f  p l a s m o n  loss  is t h e  

e l e c t r o n s  i nc ide n t  e n e rg y ,  i .e. ,  w i th  t h e  h ig h e r  p r im a r y  e n e r g y  th e  r e l a t i v e  i n te ns i ty  

will  i n c r e a s e  fo r  t h e  b u lk  p l a s m o n  lo ss  a n d  d e c r e a s e  f o r  t h e  s u r f a c e  p l a s m o n  loss .  

T o  s e le c t  a s u i t a b l e  p r im a r y  e l e c t r o n  e n e r g y  r e q u i r e s  a b a l a n c e  b e t w e e n  t h e s e  t w o  

a n d  a l s o  s o m e  p r a c t i c a l  l im i t a t i o n s  such  a s  t h e  e l e c t r o n  g u n  c u r r e n t s .  F r o m  o u r  

e x p e r i e n c e  w e  find o u t  th a t  t h e  5 0 0 - 7 0 0  e V  e n e r g y  r a n g e  is n ice  f o r  o u r  

l a b o r a t o r y ,  a t yp ic a l  set  f o r  the  p l a s m o n  lo ss  s p e c t r u m  is E, = SOOeV a n d  I -  

1 5 ^  A

O n e  w a y  m o s t  w id e ly  u s e d  in c h e c k i n g  th e  c l e a n n e s s  o f  a s u r f a c e  is t o  t a k e  t h e  

A E S  f in g e r  p r in t s  o f  t h e  p o s s ib l e  im p u r i t i e s  T h e  o t h e r  w a y  u s e d  t o  c h e c k  th e  

bu i ld  u p  o f  t h e  im p u r i t i e s ,  e sp e c i a l l y  O  and  C, is t o  t a k e  t h e  s p e c t r u m  o f  t h e  

s u r f a c e  p l a s m o n  S ince ,  i f  t h e  s u r f a c e  o x id e  f o r m s  d u r i n g  t h e  m e a s u r e m e n t s ,  t h e  

s u r f a c e  p l a s m o n  p e a k  will  s h o w  an e n e rg y  shift  F o r  e x a m p l e ,  a l u m i n u m ' s  s u r f a c e  

p l a s m o n  loss  will  s h o w  an  e n e r g y  shift  f rom  10.2  e V  d o w n  t o  7.1 e V  in t h e  

p r e s e n c e  o f  t h e  o x i d e  a n d  s imila r  e ff ec t  fo r  o t h e r  m e t a l s l 39-34*36'. T h e  d e t a i l s  o f  

th is  k in d  o f  shif t  a re  d i s c u s s e d  in l a t e r  s e c t i o n  3 2 t o  a v o i d  d u p l i c a t i o n s  O v e r a l l  

b o t h  t h e  A u g e r  f inge r  pr in t  and  th e  p l a s m o n  e n e r g y  sh if t  will  tell  u s  t h e  s a m e  

s t o r y
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2.4 AELAS

(Auger Electron Lab Analysis System)

T h e  s o f t w a r e  A E L A S  w a s  d e s ig n e d  in t h e  p o p - u p  m e n u  f a s h i o n  f o r  e a s y  use,  

A E L A S '  m ain  t a s k  is t o  save  t h e  o r ig ina l  s p e c t r u m  in d ig i t a l  f o r m  ( it  c a n  s a v e  up  

t o  1 0 ,0 0 0  p o i n t s  in f lo a t in g  n u m b e r  f o r m a t )  A E L A S  w a s  w r i t t e n  a n d  c o m p l i e d  in 

T u r b o  C ++ l ,4l. A E L A S  a c c e s s e s  the  L a b M a s t e r  i n t e r f a c e  b o a r d  via s u b r o u t i n e  

ca l l s  t o  L a b P a d 13!. L a b P a c  is a l o w  level  s o f t w a r e  d r i v e r  w h i c h  is m e m o r y  

r e s i d e n t  I n s t e a d  o f  g iv ing  a full d e s c r i p t i o n  o f  A E L A S ,  f o l l o w i n g  is j u s t  a  b r i e f  

d i s c u s s i o n  a b o u t  i ts a n a lo g  to  d ig i ta l  c o n v e r t e r  ( A D C ) .  A n  i m p o r t a n t  t h i n g  w h ic h  

n e e d s  o u r  spe c ia l  a t t e n t i o n  w a s  m a t c h in g  t h e  A E S  s y s t e m ' s  s w e e p - s p e e d  a n d  th e  

s a m p l i n g  r a t e  o f  t h e  d ig i ta l  d a t a  It is o b v i o u s  t h a t  t h e r e  is a l w a y s  t h e  d a n g e r  fo r  

an o v e r r u n  to  o c c u r  w h e n  s a m p l in g  th e  da ta ,  w h e r e  o v e r r u n  m e a n s  t h a t  w h e n  the  

p r o c e s s  c o n t e x t  c a l c u l a t e s  it is t im e  to  b e g in  s a m p l in g  t h e  nex t  d a t a  a n d  th e  

p r e v i o u s  s a m p l in g  is still in p r o c e s s  It t a k e s  a p p r o x i m a t e l y  9 0  p s  t o  s e r v e  o n e  

h a r d w a r e  i n t e r r u p t  by th e  c o m b i n e d  e f fo r t s  o f  t h e  C P U ,  t h e  m ain  L a b P a c  s e rv i c e  

r o u t i n e  and  o n e  p r o c e s s  c o n t e x t  By t a k i n g  in to  a c c o u n t  t h e  t im e  n e e d e d  by  the  

p r o g r a m ,  w e  u s e  8 0 0  ps  f o r  t h e  m in im um  t im e  in te rva l  o f  o n e  c o m p l e t e  s e rv i c e  

c y c le  ( S e r v i c e  C y c l e  In te rva l  = 4 * I n t e r r u p t  In te r v a l )  T h a t  in t u r n  g i v e s  u s  the  

c o n d i t i o n  (2  4 2 )  fo r  the  t im e  c o n s id e r a t i o n  o f  s a m p l in g  da ta .  In  t h e  c a l c u l a t i o n  

p a r t  ( n o t  s h o w n )  t h a t  w e  did ,  let t sweep  b e  t h e  t im e  n e e d e d  fo r  a s w e e p ,  a nd  

// p o in t  b e  t h e  t o ta l  n u m b e r  o f  p o in t s  to  be  s a v e d  fo r  t h e  s w e e p .  T h e  p er io d , 

source, a n d  skip  a r e  i n te g e r  v a r i a b le s  i n t r o d u c e d  f r o m  L a b P a c  T h e  p r o b l e m  is to  

f ind  o u t  t h e  r igh t  c o m b i n a t i o n ( s )  b e t w e e n  skip, period, source, t sweep, an d  

// po in t, so  t h a t  t h e  fo l l o w i n g  r e l a t i o n s h ip  b e t w e e n  t h e m  will  ho ld
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{ sweep -  ft po\n\ x  4 x  skip x  ( period  x  \{faurcr 11) ( 2 . 4 . 1 )

w h e r e  ( period  x  " )  js t h e  i n t e r ru p t  in te rva l  B e s id e s ,  t h e y  a r e  a l s o  b o u n d e d

by t h e  f o l l o w i n g  c o n d i t io n s :

period  x 1 O'0*™ " > 2 0 0 p s  ( 2 . 4  2)

11 < Atw/re < 15 (2  4 3)

1 < period < 2 1'  ( 2 .4  .4)

I < skip < 65 ,535  ( 2 .4  5)

A n o t h e r  e x t r a  p r a c t i c a l  c o n d i t i o n  i n t r o d u c e d  by o u r  e n e r g y  s w e e p e r  g e n e r a t o r  is 

t h a t  t h e  / sweep  m u s t  b e  0 5, 1 5 ,  5 0, o r  15 m in u t e s  T h e  p o s s ib l e  c o m b i n a t i o n s  

sa t i s fy  t h e  c o n d i t i o n s  (2 4 1)—(2 4 5)  a re  l is ted in t a b l e  2 T h e  f inal  v a lu e  c h o s e n  

fo r  source , per iod  is 11 and  625 .

Table 2. Parameters used in AELAS to determine the sk ip

P a r a m e t e r s C o m b i n a t i o n s

s o u r c e 11

p e r i o d 625

n - p o in t  (in t h o u s a n d ) 2k ,  4k ,  6k ,  10k

t - s w e e p  ( in  m in u t e )

o6

n - m u l t i p l i e r  = n - p o i n t / 1 , 000 2, 4 ,  6 ,  10

t - m u l t i p l i e r  = t - s w e e p / 0  50 1. 3, 10

sk ip  ( i f  n - m u l t i p l i e r  = 1 0 ) 1 0 x ( t - m u l t i p l i e r / n - m u l t i p l i e r )

sk ip  ( i f  n - m u l t i p l i e r  = 12) 1 2 x ( t - m u l t i p l i e r / n - m u l t i p l i e r )
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T h e  n e x t  t h in g  w e  need  to  t a k e  c a r e  w i th  w a s  t h e  p r e c i s i o n  o f  t h e  d ig i t s  s a v e d  

in A E L A S  W h a t  w e  le t  the  A E L A S  d o  is f i r s t  r e a d  a  d a t a ,  c h e c k s  i t s  r a n g e ,  t h e n  

c h o o s e s  a s u i t a b l e  ga in  fo r  tha t  d a t a  By d o i n g  th is  A E L A S  wil l  n o t  l o s e  d i g i t ( s )  

d u e  t o  t h e  c h a n g e  o f  t h e  d a t a ' s  sca le  T h e  last  t h in g  w a s  c e r t a i n l y  t h e  t im e  

c o n s u m i n g  j o b  -  w r i t e  t h e  c o d e s  and  d e b u g  t h e m  unt i l  t h e y  w o r k .

2.5 Smoothing

2 5 .1  D i g i t a l  F i l t e r s

A p r in c ip a l  c o n c e r n  in p rac t ic a l  A u g e r  s p e c t r o s c o p y  is t o  k e e p  o r  t o  i m p r o v e  

th e  q u a l i t y  o f  t h e  r e c o r d e d  e l e c t r o n  s p e c t r u m  w h i l e  p e r f o r m i n g  th e  a na ly s i s  

q u i c k l y  S m o o t h i n g  d ig i t a l  f i l ter s  a re  v a lu a b l e  t o o l s  fo r  i m p r o v i n g  th e  s ig n a l - t o -  

n o i s e  r a t i o  o f  s p e c t r o m e t r i c  m e a s u r e m e n t s ^ 7! S e v e ra l  m e t h o d s  o f  s m o o t h i n g  

f l u c t u a t i n g  d a t a  a r e  ava i l ab le ,  o n e  w a y  u s e d  in A E L A S  is t h e  m o v i n g  a v e r a g e  In 

th i s  m e t h o d ,  o n e  t a k e s  a f ixed  n u m b e r  o f  po in t s ,  s u m  th e i r  v a l u e s  t o g e t h e r ,  t h e n  

d i v i d e s  by th e  n u m b e r  o f  p o i n t s  t o  o b t a i n  t h e  a v e r a g e  v a lu e  a t  t h e  c e n t e r  o f  t h e  

g r o u p  T o  c a l c u l a t e  t h e  nex t  a v e r a g e  va lue ,  t h e  po in t  at  o n e  e n d  o f  t h e  p r e v i o u s  

g r o u p  is  d r o p p e d ,  then  th e  next  po in t  is a d d e d  at t h e  o t h e r  e n d  o f  t h e  g r o u p ,  an d  

th e  p r o c e s s  r e p e a t e d  unt i l  all t h e  p o in t s  a r e  v i s i t ed  T h i s  m e t h o d  is no t  t h e  m o s t  

p o w e r f u l  t e c h n i q u e ,  bu t  it is s im p le  a n d  it is c l e a r  and  e a s y  t o  p r o g r a m  It is 

n o t i c e d  th a t  t h e  e n d - p o i n t s  n e e d  a s e p a r a t e  c o n s i d e r a t i o n
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2 . 5 . 2  P o l y n o m i a l  D i g i t  F i l t e r

A n o t h e r  c o m m o n l y  u s e d  m e t h o d  fo r  dig i ta l  f i l t e r ing  is t h a t  o f  l eas t  s q u a r e s  

D e s c r i b e d  by  S a v i t z k y  a n d  G o l a y l 1'!, the  f ini te  p o l y n o m i a l  f i l te r s  a r e  e s p e c i a l l y  

s u i t a b l e  t o  all t y p e s  o f  s p e c t r o m e t r y ,  t h e y  c o n s e r v e  a re a ,  s y m m e t r y ,  l ine p o s i t i o n  

( f o r  s y m m e t r i c  l ines ) ,  a n d  h i g h e r  m o m e n t s  w h i l e  y i e ld in g  a s i g n a l - t o - n o i s e  

i m p r o v e m e n t  t h a t  c a n  be n e a r  t h e  t h e o r e t i c a l  l imit o f  t h e  m a t c h e d  f i l ter.

In th is  m e t h o d  a set  o f  p o i n t s  is t o  be f i t t ed  t o  s o m e  c u r v e  d e s c r i b e d  by  a 

p o l y n o m i a l  e q u a t i o n ,  t h e  c o e f f i c i e n t s  o f  t h i s  e q u a t i o n  a r e  t o  b e  s e l e c t e d  s u c h  th a t  

w h e n  e a c h  a b s c i s s a  po in t  is s u b s t i t u t e d  in to  th is  e q u a t i o n  t h e  s q u a r e  o f  t h e  

d i f f e r e n c e s  b e t w e e n  th e  c o m p u t e d  n u m b e r s  and  th e  o r ig in a l  n u m b e r s  ( d a t a )  is a 

m i n i m u m  fo r  t h e  t o ta l  o f  t h e  o b s e r v a t i o n s  u s e d  on  d e t e r m i n i n g  t h e  c o e f f i c i e n t s  

S a v i t z k y  and  G o l a y  did t h e  d e ta i l e d  c a l c u l a t i o n s  a n d  p r o p o s e d  a s e r i e s  o f  

n u m e r i c a l  t a b l e s  fo r  t h e  s m o o t h i n g  o f  e x p e r i m e n t a l  d a t a  a n d  f o r  t h e  c o m p u t a t i o n  

o f  t h e  d e r i v a t i v e  T h e  S a v i t z k y - G o l a y  c o n v o l u t i o n  s m o o t h i n g  t e c h n i q u e  is b a s e d  

o n  f i t t i n g  an  a r r a y  o f  2 m + l  e qua l ly  s p a c e d  d a t a  p o i n t s  ( x m, "  (*,.. >*„)’ "

( j rm, y m ) t o  a  p o l y n o m i a l  o f  d e g r e e  n, ( «  < 2 m+  l ) l , 8 l:

P ( x )  = c; + c , ( j r  -  x„) + t \ ( x -  x „ ) " + " - + c n( x -  x j "  (2 .5  1)

T h e n  th e  s m o o t h e d  v a lu e  y a o f  t h e  g r o u p  at  the  c e n t e r  p o i n t  is t h e  v a lu e  g i v e n  by  

t h e  p o l y n o m i a l  a t  p o i n t  x  = xn, i .e. ,

y o = P[x = xa) = cn (2 .5  2)

T h e  o b j e c t i v e  o f  t h e  d ig i ta l  l e a s t - s q u a r e s - f i t  c o n v o l u t i o n  p r o c e d u r e  is t h u s  t h e  

d e t e r m i n a t i o n  o f  a set  o f  w + 1 c o e f f i c i en t s ,  { t ; }, s u c h  t h a t  t h e  s u m  o f  t h e  e r r o r s  a t  

e a c h  o f  t h e  o b s e r v a t i o n  p o in t s ,  E, will be  m in im iz ed ,  w h e r e  E is d e f i n e d  as  

fo l l o w s :
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E =  £ [ * - ' ■ ( * . ) ]  = S [ > , +c-,<x, -  J r „ ) + " + c „ ( * , -*„)")]  ( 2 5 , 3 )
i - m i~-m

T o  m i n i m i z e  E w i t h  r e s p e c t  t o  t h e  c o e f f i c i e n t s  { c , }, d i f f e r e n t i a t i n g  E  w i t h  r e s p e c t  

t o  e a c h  l\ and  s e t t i n g  t h e  r esu l t  equa l  t o  z e r o  g iv e s  u s  t h e  f o l l o w i n g  « + l  

e q u a t i o n s :

r l i
dc.k

= - 2 Z  [y> “ f a  + M * .  -Jfo)  + *” + Cn(X, - * o ) n) ] U  - X a)k -  0 ,

w h e r e  (k = 0 ,1 ,2 , - •■»)  ( 2 . 5 . 4 )

S o l v in g  e q u a t i o n s  (2 5 4 )  fo r  the  c o e f f i c i e n t s  ( t ; | ,  e s p e c i a l l y  t h e  c„, a n d  u s in g  

e x p r e s s i o n  (2  5 2)  o n e  ha s  t h e  s m o o t h e d  v a lu e  at the  c e n t e r  po in t

(2 5 5)
s -m

G e n e r a l  f o r m u l a e  f o r  t h e  c o e f f i c i e n t s  p3 f o r  f i t t i ng  t o  p o l y n o m i a l s  o f  d e g r e e  2 t o  

5, a s  l i s t ed  b e lo w ,  h a v e  b e e n  d e r i v e d  by se v e r a l  a u t h o r s 1391 F o r  q u a d r a t i c  o r  

c u b i c  f i ts  t h e  f o r m u l a  is:

3 (3 m 2 + 3m -  1 -  5.V2 )
p • - --------------------------------------------  ( 2  5 . 6

( 2 m  + 3 ) ( 2 m + l ) ( 2 m - I )

a n d  f o r  q u a r t i c  o r  q u i n t i c  f i ts  t h e  f o r m u l a  is

15 (15m4 + 3 0 m i - 3 5 m i - 5 0 m +  1 2 ) - 3 5 ( 2 m 2 + 2 m - 3 )  r  + 6 3 /

A ~ 4 ( 2 m  + 5 ) ( 2 m + 3 ) ( 2 m +  l ) ( 2 m  l ) ( 2 m - 3 )

T h e  c o r r e s p o n d i n g  c o e f f i c i e n t s  fo r  q u a d r a t i c  (101  p o i n t s )  a r e  l is ted in T a b l e  3 In 

A E L A S  b o t h  q u a d r a t i c -  and  q u a r t i c - s m o o t h  is ava i l ab le .

B y  a n a ly z in g  th e  e f f e c t s  o f  s ing le  l e a s t - s q u a r e s - f i t  s m o o t h i n g  o n  n o i s e - f r e e  

G a u s s i a n  l ines  W i l l s o n  a nd  E d w a r d l 19' h a v e  f o u n d  tha t  t h e  o p t i m u m  w i d t h  o f  the
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s m o o t h i n g  a r r a y  is 1.4 t im e s  t h e  full w i d t h  at  h a l f  m a x i m u m  ( F W H M )  o f  t h e  

n a r r o w e s t  G a u s s i a n  l ine o f  t h e i r  s p e c t r a  In a s im i la r  a n a ly s i s  c o n s i d e r i n g  

L o r e n t z i a n - s h a p e d  a s  wel l  as  G a u s s i a n - s h a p e d  l ines ,  E n k e  a n d  N i e m a n 1401 

c o n c l u d e  t h a t  t h e  be s t  s i g n a l - t o - n o i s e  e n h a n c e m e n t  f r o m  a s i n g l e - p a s s  ( q u a d r a t i c -  

c u b i c )  s m o o t h i n g  o c c u r s  fo r  a s m o o t h i n g  a r r a y  th a t  is t w i c e  a s  w i d e  a s  t h e  F W H M  

o f  t h e  p e a k  b e i n g  s m o o t h e d .

T o  c h e c k  th e  e ffec t  o f  po ly n o m ia l  s m o o t h  bu i l t  in t h e  A E L A S ;  w e  t o o k  an 

A u g e r  e l e c t r o n  s p e c t r u m  o f  c lean  n i o b iu m  as  o u r  o r ig ina l  r a w  d a t a  A f t e r  a d d i n g  

r a n d o m  n o i s e s  w i th  d i f f e re n t  l evel s  t o  t h e  o r ig ina l  r a w  d a t a ,  w e  s m o o t h  th e  n o i se -  

a d d e d  d a t a  T h e  e f f e c t s  o f  t h e  p o l y n o m ia l  f i l ter  on  i m p r o v i n g  th e  s i g n a l - t o - n o i s e  

r a t i o  o f  s p e c t r o m e t r i c  m e a s u r e m e n t s  a re  s h o w n  in f igu re  4 In t h e  f ig u r e ,  se r i e s  

c u r v e s  (a) ,  (b) ,  a n d  (c)  r e p r e s e n t  t h e  r a w  da ta ,  n o i s e  a d d e d  d a t a  a n d  n o i s e  a d d e d  

d a t a  a f t e r  s m o o t h  r e s p e c t i v e ly  T h e  s m o o t h  is an  1 0 1 - p o in t  q u a r t i c  o n e  ( s m o o t h  

r a n g e  o f  101 p o in t  is ~ I %  o f  the  full x - sc a l e  w h i c h  is 1 0 ,0 0 0  p o i n t s ) .  C l e a r l y  t h e  

p o l y n o m i a l  s m o o t h e s  can  m o v e  a w a y  t h e  r a n d o m  n o i s e  ( r e c o v e r  t h e  r a w  d a t a )  i f  

t h e  n o i s e  level  is r e a s o n a b l e  l o w  as  s h o w n  in f i g u r e  4-1 (c) ,  b u t  t h e  p o l y n o m i a l  

s m o o t h e s  will  fail t o  r e c o v e r i n g  the  n o i s e - a d d e d  d a t a  w h e n  th e  no i se  leve l  is t o o  

h ig h  as  s h o w n  in f igu re  4 - 4  (c)  O t h e r  i n t e r m e d i a t e  n o i s e  l ev e l s  a r e  a l s o  s h o w n  in 

f i g u r e  4 -2  a n d  f igu re  4 -3  fo r  c o m p a r i s o n  F r o m  a b o v e  t e s t s ,  by  a p p ly i n g  the  

p o l y n o m i a l  f i l ter  t o  the  s p e c t r o m e t r i c  m e a s u r e m e n t s  w e  c a n  i m p r o v e  t h e  s ig n a l - t o -  

n o i s e  r a t io ,  o r  in a n o t h e r  w o r d ,  w e  d o  in d e e d  c lean  up  a d i r t y  s p e c t r u m  by 

r e m o v i n g  t h e  b a c k g r o u n d  noise .  T o  m a k e  it u n iq u e ,  m o s t  o f  t h e  s p e c t r a  s h o w n  in 

th is  t h e s i s  a r e  in t h e i r  o r ig ina l  fo rm ,  i .e.,  t h e  s p e c t r a  w i t h o u t  a p p ly i n g  d a t a  f i l te r s  

T h e  s p e c t r a  t r e a t e d  by t h e  s m o o t h  t e c h n i q u e  a r e  n o t e d  w h e r e  t h e y  a r e  g iven  

( e x a m p l e s :  f ig u r e  4, 23 ,  2 4 )
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I t  is n o t i c e d  t h a t  t h e  s m o o t h s  m e n t io n e d  a b o v e  d o  no t  w o r k  fo r  t h e  e n d - p o i n t s ,  

b u t  s i n c e  t h e s e  e n d - p o i n t s  a re  on ly  0 1%~ I .0 %  o f  t h e  full sca le ,  p r o v i d e d  t h a t  t h e  

e n e r g y  r a n g e  o f  t h e  d a t a  e x t e n d s  wel l  b e y o n d  the  f e a t u r e s  o f  i n t e r e s t  t h e r e  will  no t  

b e  a n y  p r o b le m s .



Table 3. Savitzky-Golay coefficients P, (quadratic, an 101-point array)

P[ 01 = -0 .014131 P12 51 = 0 .0 1 3 1 7 8 P|  5 01 = 0 .022281 P[ 7 51 = 0 .0 1 3 1 7 8

PI 1|  = - 0 .0 1 2 6 8 9 P12 61 = 0 .0 1 3 8 9 2 P[5 1 ] = 0 .0 2 2 2 6 6 P[76]  = 0 . 0 1 2 4 3 5

P|  21 = -0.01 1276 P1271 = 0 014 5 7 6 P | 521 = 0 022 2 2 3 P [ 7 7 1 = 0,01 1663

P[ 31 = - 0 .0 0 9 8 9 2 P[28]  = 0 015232 P[ 5 3 1 = 0 . 0 2 2 1 5 0 PJ781 = 0 . 0 1 0 8 6 2

P[ 4] = - 0 .0 0 8 5 3 8 P12 91 = 0 .0 1 5 8 5 8 P [ 5 4 |  = 0 .0 2 2 0 4 8 P|  791 = 0 . 0 1 0 0 3 2

P[ 5 1 = -0 0 0 7 2 1 2 P [301 = 0 016455 P[55 | = 0 . 0 2 1 9 1 7 P[ 80] = 0 , 0 0 9 1 7 3

P |  6 | = -0 0 0 5 9 1 6 P |3  11 = 0 .0 17023 P15 6 1 = 0 .0 2 1 7 5 7 P|  8 11 = 0 . 0 0 8 2 8 4

P|  7 |  = -0 0 0 4 6 4 9 P | 321 -  0 .0 1 7 5 6 2 P | 5 7] = 0 0 2 1 5 6 7 P |8 2 ]  -  0 . 0 0 7 3 6 7

P[ 81 = -0 00341 1 P [ 331 = 0 0180 7 2 P [ 581 = 0 0 2 1 3 4 9 P [ 8 3 1 = 0 0 0 6 4 2 0

P[ 9] = - 0 .0 0 2 2 0 2 P | 3 4 1 = 0 018552 P|591 = 0 021 101 PJ8 4 1 = 0 0 0 5 4 4 4

PI 101 ^  -o 0 0 1 0 2 2 P [ 3 5 | = 0 , 0 1 9 0 0 4 P16 0 1 = 0 0208 2 4 P|  85 | = 0 , 0 0 4 4 3 9

P i l l ]  = 0 0 0 0 1 2 8 P [ 3 6 1 = 0 .0 1 9 4 2 6 P| 6 1 ] = 0 .0 2 0 5 1 9 P[ 8 6 1 = 0 .0 0 3 4 0 5

P [ 12 ] = 0 .0 0 1 2 5 0 P [ 3 71 = 0 .0 1 9 8 1 9 P f 62 J = 0 0 2 0 1 8 4 P[87]  = 0 0 0 2 3 4 2

P|  13|  = 0 0 0 2 3 4 2 P | 3 8 |  = 0 .0 2 0 1 8 4 P [ 631 = 0 0198  19 P|  8 81 = 0 . 0 0 1 2 5 0

P 1 1 4 1 = 0 .0 0 3 4 0 5 P[ 3 91 = 0 .0 2 0 5 1 9 P [ 6 4 1 = 0 0 1 9 4 2 6 P [ 8 9 1 = 0 .0 0 0 1 2 8

P|  151 = 0 0 0 4 4 3 9 P[401 = 0 020824 P| 6 5 | = 0 019 0 0 4 P|  901 = -0 0 0 1 0 2 2

P | 16] = 0 0 0 5 4 4 4 P14 1 | = 0 .021 101 P | 66] = 0 018 5 5 2 P[9 1 ] = - . 0 0 2 2 0 2

P|  17|  = 0 . 0 0 6 4 2 0 P|421 = 0 .0 2 1 3 4 9 P[67]  = 0 018 0 7 2 P19 2 ] = - 0 .00341  1

P[ 181 = 0 . 0 0 7 3 6 7 P( 4 31 = 0 021 5 6 7 P [ 6 8 1 = 0 017 5 6 2 Pf 93 | = - 0 . 0 0 4 6 4 9

P [ 19] = 0 .0 0 8 2 8 4 P[441 = 0 021 7 5 7 P[6 9 |  = 0 .0 1 7 0 2 3 P19 4 1 = -0 0 0 5 9 1 6

P [201 = 0 0 0 9 1 7 3 P [ 4 5 1 = 0 .0 2 1 9 1 7 P | 7 0 | = 0 .0 1 6 4 5 5 P[951 = -0 0 0 7 2 1 2

P12 1 ] = 0 0 1 0 0 3 2 P J46 |  = 0 022048 Pi 7 1 1 = 0 .0 1 5 8 5 8 P [ 9 6 1 = -0 0 0 8 5 3 8

P12 2 1 = 0 0 1 0 8 6 2 P [ 471 = 0 0221 5 0 P [ 7 2 1 = 0 .0 1 5 2 3 2 Pf 97]  = - 0 .0 0 9 8 9 2

P [ 2 3 |  = 0 0 1 1 6 6 3 P [ 4 8 J = 0 022223 P | 7 3 1 = 0 0 1 4 5 7 6 P|  9 8 1 = -0 01 1276

P[241 = 0 .0 1 2 4 3 5 P |4 9 i  = 0 0222 6 6 P| 7 4 1 = 0 ,0 1 3 8 9 2 P|  9 9 1 = -0 0 1 2 6 8 9

Pf 1001 = -0 014131
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(4-1)

(•>

(4-2)

Figure 4. Sm ooth  e f fec t  on random  noise: (a) original raw 

data, (b) n o i s e - a d d e d  data, (c) n o i s e - a d d e d  data  a f ter  an 

101- p o i n t  quartic  smooth.



27

Continued from figure 4  : ( 4 - 3 )  and ( 4 - 4 )
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Chapter 3. Theory

3.1 Auger Electron Spectroscopy (AES)

A u g e r  e l e c t r o n s  w e r e  f i rs t  d i s c o v e r e d  in 1925 by P i e r r e  A u g e r  w h o  s a w  t h e i r

t r a c k s  in a W i l s o n  C l o u d  C h a m b e r  and  e x p la in e d  t h e i r  o r i g i n ! 11. A u g e r  E l e c t r o n

S p e c t r o s c o p y  ha s  e m e r g e d  as  o n e  o f  t h e  m o s t  s e n s i t iv e  m e t h o d s  o f  s u r f a c e

a n a ly s i s  a n d  h a s  b e e n  w id e ly  a c c e p t e d  d u e  t o  t h e  r e l a t i v e  s im p l ic i ty  o f  t h e  L E E D -

A u g e r  a n d  c y l ind r ic a l  m i r r o r  a n a ly z e r s  ( C M A )  T h e  m e t h o d  h a s  f o u n d  w i d e s p r e a d

a p p l i c a t i o n  in t h e  f ie lds  o f  m e ta l l u rg y ,  s e m i c o n d u c t o r  t e c h n o l o g y ,  t h in  f ilm

a na ly s i s ,  a n d  f u n d a m e n t a l  s u r f a c e  phys ic s

A u g e r  e l e c t r o n  s p e c t r o s c o p y  is a c c o m p l i s h e d  by i r r a d i a t i n g  t h e  s u r f a c e  o f  a

so l id  w i t h  a p r im a r y  e l e c t r o n  b e a m  w hi le  e n e r g y  a n a ly s i s  is p e r f o r m e d  on  t h e

r e s u l t a n t  s e c o n d a r y  e l e c t r o n s  An  initial  c o r e  ho le  in a shel l  o r  subshe l l  ( e n e r g y

E v) c r e a t e d  e i t h e r  by  in c id e n t  p h o t o n s  o r  e l e c t r o n s  m a y  b e  f i l led w i t h  e l e c t r o n s

f r o m  an  o u t e r  shell  ( e n e r g y  E s ) T h e  t w o  p o s s ib l e  f i l l ing p r o c e s s e s  a r e  p h o t o n

e m i s s i o n  a n d  A u g e r  e m i s s io n  as  s h o w n  in f ig u r e  5 In  t h e  p h o t o n  e m is s io n ,

p h o t o n s  w i t h  e n e r g y  f t v = E v ~ E s a r e  e m i t t e d ,  w h i l e  in t h e  A u g e r  e m i s s io n ,  t h e

e n e r g y  r e l e a s e d  is t r a n s f e r r e d  via the  e l e c t r o s t a t i c  i n t e r a c t i o n  t o  a n o t h e r  b o u n d  

e l e c t r o n  ( e n e r g y  E v) t h a t  t h e n  e s c a p e s  f ro m  th e  a t o m  T h i s  o u t g o i n g  e le c t i o n ,  t h e

so c a l l ed  A u g e r  e l e c t r o n ,  has  an  e n e rg y  of:

E au*c, = E v -  E„ -  Ev -  I (3 1 1 )

w h e r e  I is t h e  h o l e - h o l e  i n t e r a c t io n  e n e r g y  a n d  E v, E A, a n d  E y a r e  t h e  n o r m a l  o n e -  

e l e c t r o n  b i n d in g  e n e r g i e s  T h e s e  a r e  u sua l ly  t a k e n  to  b e  t h o s e  m e a s u r e d  in X P S
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A u g e r  e le c t r o n

Photon

( a ) ( b )

F i g u r e  5 T w o  p o s s ib l e  p r o c e s s e s  fo r  f il ling an inne r  shell  e l e c t r o n  v a c a n c y :  

( a )  A u g e r  e m is s io n ,  (b )  p h o t o n  em is s io n
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( X - r a y  P h o t o e l e c t r o n  S p e c t r o s c o p y )  a n d  t h e r e f o r e  i n c l u d e  o n e - h o l e  r e l a x a t i o n  

e f f e c t s  a l r e ady .  T h e  I, t h e r e f o r e ,  l u m p s  t o g e t h e r  t h e  t w o - h o l e  e n e r g y  e f f e c t s  

w i th in  t h e  m a t e r i a l  u n d e r  s tudy .  It m a y  b e  d iv id e d  in to  t w o  t e r m s :

I = H  -  S (3 1 2 )

w h e r e  H  is t h e  h o l e - h o l e  i n t e r a c t io n  e n e rg y  in the  f r e e  a t o m  an d  S t a k e s  a c c o u n t  

o f  t h e  s c r e e n i n g  p o l a r i z a t i o n  o r  r e l a x a t i o n  e f f e c t s  o f  t h e  so l id  s t a t e  e n v i r o n m e n t  

T h e  A u g e r  e l e c t r o n  e n e r g y  is d i rec t ly  r e l a t e d  t o  c o r e  l eve ls  o f  t h e  p a r e n t  a t o m ,  it 

is d e p e n d e n t  on ly  on  th e  e n e rg y  leve ls  o f  the  a t o m  a n d  d o e s  no t  d e p e n d  on  the  

e n e r g y  o f  t h e  e l e c t r o n  th a t  c a u s e d  th e  init ial  i o n i z a t i o n  In t h e  A u g e r  r a d i a t i o n l e s s  

d e - e x c i t a t i o n  p r o c e s s ,  t h e  a to m  is left in t h e  f inal s t a t e  w i th  t w o  h o l e s  ( v a c a n c i e s ) ,  

i f  o n e  o f  t h e  final  s t a t e  h o l e s  l ies in t h e  s a m e  shell  as  t h e  p r i m a r y  h o l e  ( a l t h o u g h  

no t  in t h e  s a m e  subshe l l )  t h e  t r a n s i t i o n  is r e f e r r e d  t o  a s  a C o s t e r - K r o n i g l 27-41! 

t r a n s i t i o n .  T h e  n u m b e r  o f  c o r e - h o l e s  p r o d u c e d  d u e  t o  t h e  e l e c t r o n  i m p a c t  in the  

v a r i o u s  s u b s h e l l s  o f  t h e  s a m e  shell  is p r o p o r t i o n a l  t o  t h e i r  o c c u p a t i o n  n u m b e r ,  fo r  

e x a m p l e ,  t h e  init ial  d i s t r i b u t io n  o f  c o r e  h o l e s  in t h e  L -she l l  s h o u ld  be a r o u n d  1:1:2 

f o r  2 s  2 p , , 3:2 p 2 v D u e  to  t h e  fact  that  t h e  C o s t e r - K r o n i g  s a te l l i t e  p r o c e s s  

i n v o lv e s  m i g r a t i o n  o f  c o r e - h o l e s  b e t w e e n  th e  s u b s h e l l s  a n d  t h e r e f o r e  c h a n g e s  the  

c o r e - h o l e  d i s t r i b u t i o n  and  to  t h e  fac t  th a t  i ts  t r a n s i t i o n  r a t e s  a r e  m u c h  h i g h e r  t h a n  

t h e  n o r m a l  A u g e r  t ran s i t io n s ,  the  C o s t e r - K r o n i g  t r a n s i t i o n  is s ig n i f i c a n t  and  

i n f l u e n c e s  t h e  r e l a t i v e  in tens i t i e s  o f  t h e  A u g e r  l ines  As  s h o w n  in f i g u r e  6, i f  an 

L ]  shell  ha s  a v a c a n c y ,  t h e  L 2 to  L |  t r a n s i t i o n  ( C o s t e r - K r o n i g )  will  b e  rap id  

t h e r e b y  r e d u c i n g  M  e l e c t r o n  to  L]  v a c an c y
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3.2 Plasmons

P l a s m o n s  a r e  q u a n t i z e d  o s c i l l a t io n s  in the  d e n s i t y  o f  an  e l e c t r o n  g a s .  T h e y  

w e r e  d i s c o v e r e d  in io n iz e d  g a s e s  by  L a n g m u i r l 42). S u c h  o s c i l l a t i o n s  c a n  be  

e x c i t e d  by  s h o o t i n g  in a p h o t o n  o r  a c h a r g e d  pa r t i c l e .  W h e n  e l e c t r o n s  p a s s

t h r o u g h  o r  r e f l ec t  f ro m  a thin  film, t h e  r e f l e c t e d  o r  t r a n s m i t t e d  e l e c t r o n s  m ay

s h o w  an e n e r g y  lo ss  e qua l  t o  i n t e g e r  m u l t ip l e s  a n d  c o m b i n a t i o n s  o f  t h e  p l a s m o n  

e n e r g i e s .  T h e  p l a s m o n  e n e r g i e s  d e p e n d  u p o n  th e  d e n s i t y  o f  t h e  e l e c t r o n  g a s  and  

w h e t h e r  t h e y  a r e  t h r e e  d i m e n s io n a l  f l u c t u a t io n s  -  t h e  bu lk  p l a s m o n s ,  o r  t w o  

d i m e n s i o n a l  f l u c t u a t i o n s  a t  the  s u r f a c e  -  the  s u r f a c e  p l a s m o n s ,  o r  l o c a l i z e d  

f l u c t u a t i o n s  at  an i n t e r f a c e  -  t h e  in te r fa c e  p l a s m o n s

T h e  f r e q u e n c y  d e p e n d e n t  d ie l e c t r ic  c o n s t a n t  £ (to ,k ) is u s e d  t o  d e s c r i b e  t h e  

d y n a m i c  e le c t r i ca l  p r o p e r t i e s  o f  a m e d i u m  Le t  atp d e n o t e  t h e  f r e q u e n c y

d e t e r m i n e d  by

(op -  [4 rrNe2 / m) (3 .2 1)

w h e r e  m, e is t h e  e l e c t r o n  m as s  and  c h a r g e  r e s p e c t i v e l y  a n d  N is t h e  f r e e

e l e c t r o n ' s  d e n s i t y  D e r iv e d  by N o z i e r e s  P i n e s 1411 t h e  e l e c t r o n s '  i n e l a s t i c  s c a t t e r i n g  

f r o m  a sol id  c a n  be  e x p r e s s e d  in t e r m s  o f  e((o,k),  w h i c h  is a c o m p l e x  f r e q u e n c y -  

d e p e n d e n t  f u n c t i o n ,  as  f o l l o w s

g ( a ) , 0 )  = l -  / " C° p~   4 ~   (3  2 2)
& - 1  Tt<°~ ~

w h e r e  a>p is t h e  f r e q u e n c y  g iven  by ( 3 .2 .1 ) ,  f a is t h e  o s c i l l a t o r  s t r e n g t h  that  

d e s c r i b e s  t h e  f r e e - e l e c t r o n  c o n t r i b u t i o n  to  t ' ( (u ,0)  a n d  ga is t h e  r e c i p r o c a l  o f  the  

r e l a x a t i o n  t im e  T h e  las t s u m - t e r m  in (3 2 2)  is d u e  t o  t h e  c o n t r i b u t i o n s  o f
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i n t e r b a n d  t r a n s i t i o n s  o f  f r e q u e n c y  ft), w i th  o s c i l l a t o r  s t r e n g t h  / ,  a n d  d a m p i n g  

c o n s t a n t  g  o f  t h e  y - th  i n t e r b a n d  t r a n s i t i o n  T h e  / t's f o l l o w  t h e  s u m  r u l e  o f  t h e

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

(3.2.3)
j "

T h e  i m a g in a r y  p a r t  o f  f ( f t ) ,0 )  is s im ply  a m e a s u r e  o f  t h e  n u m b e r  o f  s t a t e s  a v a i l a b l e  

fo r  rea l  t r a n s i t i o n s  F o r  f r e e - e l e c t r o n  m e ta l s ,  <o «  ail w h e n  to ~  eop, t h e r e f o r e

t h e  las t  t e r m  o f  e x p r e s s i o n  ( 3 . 2 . 2 )  is neg l ig ib le  smal l ,  t h e n  t h e  d i e l e c t r i c  c o n s t a n t  

e(f t ) ,0)  o f  t h e  f ree  e l e c t r o n  g a s  is o b t a i n e d  as:

ft)
(3 2 4 )

f t ) ,

or:  e( q})=  1-------~ +
ft)

oil
ft)■V ft) T

+
or r  ft)

Oil
V

w h e r e  r  1 = is t h e  d a m p i n g  r a t e  T h e  las t  t e r m  o f  t h e  a b o v e  e x p r e s s i o n  is small  

fo r  f r e e  e l e c t r o n s  T h e  e x p r e s s i o n  t h e r e f o r e  b e c o m e s  t h e  w e l l - k n o w n  f r e e  

e l e c t r o n  d i e l e c t r i c  c o n s t a n t  r e l a t i o n s h ip

to'
£:(ft),0) = I  ^

w
( 3 . 2 . 5 )

It is wel l  k n o w n 1421 tha t  the  c o n d i t i o n  fo r  a bu lk  p l a s m o n  r e s o n a n c e  o c c u r s  fo r  

a f r e q u e n c y  ft) at  w h i c h  e(ro) = 0, t h e n  the  e l e c t r o n  e n e r g y  lo s s  d u e  t o  the  

e x c i t a t i o n  o f  t h e  b u lk  p l a s m o n  c a n  be  easi ly  g o t t e n  f ro m  e q u a t i o n  ( 3 . 2 . 1 )  an d

( 3 .2 .5 ) :
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( 3 . 2 . 6 )

F o r  c a l c u l a t i o n  o f  t h e  s u r f a c e  p l a s m o n  en e rg y ,  c o n s i d e r  a  s e m i - i n f in i t e  e l e c t r o n  

g a s  t e r m i n a t e d  in a p l a n e  s u r f a c e  and  u se  t h e  d i s p e r s i o n  r e l a t i o n s h i p  fo r  t h e  

d i e l e c t r i c  c o n s t a n t  o f  t h e  f ree  e l e c t r o n  g a s  ( 3 . 2 . 5 ) ,  o n e  c a n  s o l v e  t h e  L a p l a c e ' s  

e q u a t i o n  by  a p p ly i n g  the  e l e c t r o m a g n e t i c  b o u n d a r y  c o n d i t i o n s  at  the  

s u r f a c e - v a c u u m  in te r f a c e ,  i .e. ,  t h a t  the  n o r m a l  c o m p o n e n t  o f  t h e  e l e c t r i c  

d i s p l a c e m e n t  v e c t o r  s h o u ld  b e  c o n t i n u o u s  at t h e  i n t e r f a c e ,  o n e  o b t a i n s  the  

f o l l o w i n g  e q u a t i o n :

F r o m  e q u a t i o n s  (3 2 5)  and  (3 2 7)  t h e  e n e rg y  los t  d u e  t o  t h e  e x c i t a t i o n  o f  a 

s u r f a c e  p l a s m o n  is o b t a i n e d 1441:

F o r  an  e v e n  m o r e  g e n e r a l  c a se ,  c o n s i d e r  the  m eta l  is no t  b o u n d e d  by  th e  

v a c u u m  a n y  m o r e ,  bu t  by a d i e l e c t r i c  m e d i u m  w i th  t h e  d i e l e c t r i c  c o n s t a n t  s, f o r  

e x a m p l e ,  an  o x i d e  l aye r  a b o v e  t h e  m eta l .  T h e  f o l l o w i n g  f o r m u l a  wil l  t h e n  be 

o b t a i n e d  f o r  t h e  e n e r g y  lo ss  d u e  to  t h e  e x c i t a t i o n  o f  a s u r f a c e  p l a s m o n :

S imi la r ly ,  by a p p ly i n g  t h e  e l e c t r o m a g n e t i c  b o u n d a r y  c o n d i t i o n s  at  t h e  p l a n e  Z -  0 

b e t w e e n  m e t a l  1 at Z > 0 and  m e ta l  2 a t  Z < 0 o n e  has  t h e  e n e r g y  lo s t  d u e  t o  t h e  

e x c i t a t i o n  o f  a n  i n t e r f a c e  p lasm on :

f ( ( u , 0 )  = -1 (3 2 7)

(3 2 8)

(3 2 9)

AE + (ft£0 *  = ^ [ < A E J 3 +(AE J ' ] (3 2 10)
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w h e r e  A E hl an d  A E b; d e n o t e  t h e  bu lk  p l a s m o n  e n e r g y  o f  m e ta l  I a n d  m e ta l  2 

r e s p e c t i v e l y  F r o m  th e  a b o v e  fo rm u la e ,  m e ta l s  w i th  c o n d u c t i o n  b a n d  e l e c t r o n  

d e n s i t i e s  in t h e  r a n g e  o f  l O ^ - l O 29 e l e c t r o n s / m ? will s h o w  p l a s m o n  l o s s e s  in the  

o r d e r  o f  a f ew  e l e c t r o n  v o l t s  T h e  e x c i t i n g  pa r t i c l e  m ay  g e n e r a t e  m o r e  t h a n  o n e  

p l a s m o n  a s  it p a s s e s  t h r o u g h  the  sol id  a n d  so  s u f f e r s  m u l t i p l e  p l a s m o n  l o s s e s  

T a b l e  4  l is t s  s o m e  m e t a l s 1 p l a s m o n  loss  e n e r g i e s  c a l c u l a t e d  by  u s in g  a b o v e  

f o r m u l a e  ( a s s u m i n g  th a t  t h e  s- and  t / -band  e l e c t r o n s  a re  f ree) .

T a b l e  4.  P r e d i c t e d  p l a s m o n  e n e r g i e s  ( e V )

P a r t  1: bu lk  and  s u r f a c e  p l a s m o n  e n e r g i e s

M a te r i a l Bu lk  P l a s m o n S u r f a c e  P l a s m o n

N b 19 6 13 9

M o 23 1 16 3

T a 19 6 13.9

Sn 12 7 8 9 6

Al 15 8 1 1 2

P a r t  2 i n te r fa c e  p l a s m o n  e n e r g i e s

A l /N b S n / N b S n / M o S n / T a

17.8 16 5 18 6 16.5
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N o w  let u s  t a k e  a lo o k  o f  an  i n t e r e s t i n g  c ase  o f  t h e  m e t a l - t h i n - f i l m - v a c u u m  

s a n d w i c h e s .  C o n s i d e r  a semi  inf ini t e  m e ta l  in t h e  h a l f  s p a c e  o f  z  < 0  w i th  a thin 

film l ay e r  in t h e  r e g io n  o f  0 <  z < r  and  th e  v a c u u m  in t h e  r e g i o n  o f  z  > r, ( t h e  so 

c a l l ed  s t e p - f u n c t i o n ) ,  let  htom a n d  hto  ̂ d e n o t e  the  b u lk  p l a s m o n  e n e r g y  o f  the  

s u b s t r a t e  m e t a l  a n d  t h e  th in  f ilm r e s p e c t i v e ly  a s  d e f in e d  in e q u a t i o n  (3 2 6 ) ,  t h e n  

th e  t w o  d i e l e c t r i c  f u n c t i o n s  are:

T h e  e l e c t r i c  s c a l a r  p o t e n t i a l  d i s t r i b u t io n  set  up  by  a c la ss ica l  c h a r g e  w a v e  

b o u n d  to  t h e  i n t e r f a c e s  m u s t  b e  z e ro  at inf ini te  d i s t a n c e  a n d  s a t i s fy  t h e  L a p l a c e ' s  

e q u a t i o n  w i th in  the  s u b s t r a t e  m eta l  and  th e  thin  f i lm L e t ' s  u s e  t h e  C a r t e s i a n  

c o o r d i n a t e s  x a n d  y para l le l  to  t h e  i n t e r f a c e s  and  z n o r m a l  t o  t h e m ,  t h e r e f o r e  the  

e l e c t r i c  p o t e n t i a l s  in t h e  t h r e e  r e g i o n s  m u s t  h a v e  th e  fo rm s :

w h e r e  A  is t h e  a m p l i t u d e  o f  t h e  r u n n in g  w a v e ,  k is i ts  w a v e  n u m b e r ,  a n d  B, C,  an d  

D  a r e  c o n s t a n t s  to  be  d e t e r m i n e d  At  e a c h  in te r f a c e ,  t h e  b o u n d a r y  c o n d i t i o n  

h o l d s  A t  p l a n e  z -  0 ,  t he  c o n t i n u i t y  o f  the  t r a n s v e r s e  e le c t r i c  f ie ld .

E m -  e( fo,0 )  -  1 -  a n d  f.  =  f ( m  01 = 1 -  — (3 .2 .1  1)

Vm( x ,z , t )  -  c o s ( * x  -  cot)(Aek l ), z < 0

y/t( x , z j )  -  cos (* j r  -  w O ( B e * 1 + C e  *1 ), 0 < z < v

y/v( x ,z , t )  -  c o s ( * x - ( u / ) ( D r  r)),

d x  d x
z 0

gives :  B + C -  A

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

(3 2 12)
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dz
d y %

-  £ .  — —

d z

g ives : B - C  =
r \

\  " i  /

A (3 2 13)

S im i la r ly  at p l a n e  z ~ r ,  t h e  b o u n d a r y  c o n d i t i o n s  give:  

B e *' + Ce k' = D (3 2 14)

(3 2 15)

T h e  f o u r  e q u a t i o n s  (3 .2 .1  2 ) —(3.2 .1  5) can  be  u s e d  to  d e t e r m i n e  t h e  e i g e n v a l u e s  

a n d  t h e  c o n s t a n t s  B, C, and  D  in t e r m s  o f  A. T h e  e i g e n v a l u e s  a r e  o b t a i n e d

t h r o u g h :
I -  y e 2 k  t

1 + y e 2 k  r (3  2 16)

a n d (3 2 17)

C o m b i n e s  (3 2 16) w i th  (3 2 17) o n e  has:

co* - (  1 2 A  , \ ( i  2— to* + CO, j ■ CO" H — CO' \ - C O -
U  ) 2 1 2 I

CO.
1 + - H +  

)

0 ). e 2k i = 0

w i th  t h e  c o r r e s p o n d i n g  s o lu t i o n s

- . 1 : 1 2
W = 4 ta'* + 2 a>‘

+ - ( O '  

1 2  '
1 -

cor

<o.
2 k  t ( 3 . 2  18)

i j

F o l l o w i n g  a r e  severa l  l im it ing  c a s e s  o f  the  e i g e n v a l u e s  g iv e n  by e q u a t i o n  (3 2 18) 

(i) Very thick- and thin-films.
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In  t h e  t h i c k  f i lm l imit c a se ,  e 2kT - >  0 ,  e q u a t i o n  (3 2 , 1 8 )  g i v e s  t w o  s o lu t i o n s :

Snd W(2) = V 2 ^ <y"' +<° 2'^

T h e s e  t w o  e ig e n v a lu e s ,  no t  s u rp r i s ing ly ,  a r e  e x a c t ly  t h e  s a m e  as  g i v e n  by  

e q u a t i o n s  (3 2 .8 )  a n d  ( 3 . 2 . 1 0 )  w h e r e  o n e  is t h e  s u r f a c e  p l a s m o n  lo s s  o f  

f i l m - v a c u u m  i n t e r f a c e  a n d  th e  o t h e r  is t h e  i n t e r f a c e  p l a s m o n  lo s s  o f  f i l m - m e t a l  

i n t e r f a c e

In t h e  t h in  f i lm l imit  ca se ,  e 2kT ->  1, e q u a t i o n  (3 2 18) g i v e s  u s  t h e  f o l l o w i n g  

t w o  e i g e n v a l u e s

(0<"  " 7 ?  and  "<2>= "■

T h e s e  t w o  e i g e n v a l u e s  a l so  o b t a i n e d  f r o m  e q u a t i o n s  (3 2 .8 )  a n d  (3 2 6 )  o n e  o f  

t h o s e  is t h e  s u r f a c e  p l a s m o n  loss  o f  the  m e t a l - v a c u u m  in t e r f a c e  a n d  t h e  o t h e r  is 

j u s t  t h e  b u lk  p l a s m o n  lo ss  o f  t h e  film

(ii) Film bounded by a vacuum on both sides.

In t h i s  ca se ,  t h e  em = 1 t h e n  (om = 0, so  f ro m  e q u a t i o n  (3 2 18)  o n e  has:

<o0)A2)^ ^ m X \ ± e  t r )t ;  ( 3 . 2 . 1 9 )

T h e s e  f o r m u l a e  o b t a i n e d  by S i m m o n s  and  S c h e i b n e H 45! p r e v i o u s l y ,  p r e d i c t  the  

s p l i t t i n g  o f  t h e  s u r f a c e  p l a s m o n  lo ss  d u e  to  t h e  s u r f a c e  o s c i l l a t i o n  at  t h e  t w o  

b o u n d a r i e s

S o  f a r  w e  h a v e  c o n s i d e r e d  on ly  t h e  nea r ly  f r e e  e l e c t r o n  a p p r o x i m a t i o n  fo r  

E{(o,k)  I m p r o v e m e n t s  in t h e  t h e o r y  r e q u i r e  a t r e a t m e n t  o f  t h e  e l e c t r o n - e l e c t r o n  

i n t e r a c t i o n s  a n d  t h e  e l e c t r o n - i o n  i n t e r a c t io n s  T h e  l a t t e r  r e q u i r e s  a b a n d  s t r u c t u r e  

c a l c u l a t i o n  to  d e t e r m i n e  t h e  las t  t e r m  in e q u a t i o n  3 2 2 F o l l o w i n g  fo r  e x a m p l e
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I b a c h l 46!, t h e  l o ss  f u n c t i o n  1 (o),k)  w h i c h  d e s c r i b e s  t h e  d i s t r i b u t i o n  o f  e n e r g y  

l o s s e s  is:

I  'I ( r u , * ) < x - I m { -------------k  ro > 0  (3 2 .2 0 )
[f(w,*) J

In  t h e  c a s e  o f  w e a k  d a m p i n g ,  i n se r t i n g  th e  e x p r e s s i o n  (3 2 4 )  f o r  £ (a t ,k ) f o r  t h e  

f r e e  e l e c t r o n  gas:

— U - .
t ,k )  J 2

~ l m <  . , , } = — <ov £ ( a > -  <ap ) ( 3 . 2 . 2 1 )
[ f  ^

It b e c o m e s  c le a r  th a t  t h e  l o ss  f u n c t io n  ha s  a p o l e  a t  (ov w h i c h  c o r r e s p o n d s  t o  the

B P - l o s s ,  i . e . ,  a p o l e  at t h e  p l a s m o n  f r e q u e n c y  T h e  c o r r e s p o n d i n g  s u r f a c e  loss  

f u n c t i o n  is e x p r e s s e d  as!46!:

1 (3 2 2 2 )
[ f ( a > , * ) +  IJ

a n d  t h e  a s s o c i a t e d  l o s s e s  a r e  t h e  s u r f a c e  losses .  F o r  w e a k  d a m p i n g ,  t h e  p o s i t i o n  

o f  t h e  p o l e  in t h e  l o ss  f u n c t i o n  lies a t  R e { e ( n ; ) }  = - 1 ,  w h i c h  c o r r e s p o n d s  t o  t h e

S P - l o s s  c o n d i t i o n ! 47! U s i n g  th is  f o rm a l i s m ,  o u r  e a r l i e r  r e s u l t s  fo r  t h in  f i lms  can  

a l s o  b e  r e t r a c e d l 48l. T h e  d e r i v a t i o n  o f  an  e x a c t  f o r m u l a  fo r  t h e  d i e l e c t r i c  f u n c t i o n  

o f  a h o m o g e n e o u s  e l e c t r o n  g a s  ( o r  Je l l iu m )  ha s  n o t  ye t  b e e n  a c c o m p l i s h e d ! 42! 

S e v e ra l  a p p r o x i m a t e  f o r m u la e ,  fo r  e x a m p l e ,  t h e  L i n d h a r d l 49! f o r m u l a  b a s e d  o n  the  

R P A  ( r a n d o m  p h a s e  a p p r o x i m a t i o n )  h a v e  b e e n  s u g g e s t e d  a n d  h a v e  b e e n  u s e d  to  

d e t e r m i n e  th e  c o r r e s p o n d i n g  loss  func t ions!*0!
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3.3 Electron Inelastic Mean Free Path (1MFP)

W h e n  an  e l e c t r o n  p a s s e s  t h r o u g h  a so l id  it c a n  have  m a n y  w a y s  o f  lo s in g  

e n e r g y ,  t h e  m ain  p r o c e s s e s  a re  s in g l e -p a r t i c l e  e l e c t r o n  e x c i t a t i o n s  a n d  p l a s m o n  

s c a t t e r i n g  i f  w e  n e g le c t  p h o n o n  s c a t t e r i n g  fo r  t h e  e l e c t r o n  r a n g e  ~ 5 0 e V - 2 K e V  

T h e o r e t i c a l  c a l c u l a t i o n  o f  t h e  s c a t t e r in g  c r o s s  s e c t i o n  a n d  t h e  i n e l a s t i c - m e a n - f r e e -  

p a t h  ( I M F P )  h a v e  been  p e r f o r m e d  usua l ly  fo r  id ea l i z e d  f r e e - e l e c t r o n  m a t e r i a l s  

T h e  so  c a l l ed  u n iv e r s a l  c u rv e ,  w h i c h  is a p lo t  o f  I M F P  v e r s u s  e l e c t r o n ' s  k in e t i c  

e n e r g y  a s  g i v e n  in f igu re  7 [51l (d e t a i l s  a b o u t  o u r  d a t a  ★ a re  g i v e n  in s e c t i o n  4 . 4 )  

s h o w s  a b r o a d  m in im u m  n e a r  50 e V  T h a t  can  be e x p la i n e d  a s  f o l l o w s  At  l o w e r  

e n e r g i e s  t h e  s c a t t e r i n g  is d u e  t o  s in g l e -p a r t i c l e  e x c i t a t i o n ' s  w h i l e  a s  t h e  e n e r g y  

i n c r e a s e s  ( a b o v e  th e  p l a s m o n  en e rg y ,  typ ica l ly  -  15 e V )  t h e  s c a t t e r i n g  is 

d o m i n a t e d  by p l a s m o n  c r e a t i o n  d u e  to  t h e  i n c r e a s e  o f  th e  p l a s m o n  s c a t t e r i n g  c r o s s  

s e c t i o n 1521 A t  h i g h e r  e n e rg i e s  b o th  s c a t t e r i n g  c r o s s  s e c t i o n s  d e c r e a s e .  T h e  

u n i v e r s a l i t y  t h e n  b e c o m e s  c le a r  f rom  the  a b o v e  m e c h a n i s m  o f  v a l e n c e  b a n d  

e l e c t r o n  e x c i t a t i o n  a n d  th e  fact  t h a t  e l e c t r o n  d e ns i ty  in t h e  v a l e n c e  b a n d  is a lm o s t  

t h e  s a m e  fo r  m o s t  m a te r i a l s ,  w h ic h  is a b o u t  0  25 e l e c t r o n / A 5. H o w e v e r  the  

s c a t t e r  in t h e  e x p e r i m e n t a l  d a t a  p o in t s  s h o w n  in f i g u r e  7 p r o b a b l y  d o e s  r e f l ec t  the  

d e t a i l e d  m a te r i a l  d e p e n d e n c e

T h e  I M F P  is g i v e n  b y 1531

* [mfp = E k /  * M, ( 3 . 3 . 1 )

w h e r e  E k is t h e  e l e c t r o n  e n e rg y ,  k i ts m o m e n t u m ,  an d

(3 3 2)
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Figure 7 Experimental determinations o f  the IMFP (electron inelastic mean free path) 

in several materials. The symbols designate the experimental technique employed 

in obtaining each measurement: XPS(x), UPS(o), AES(A)ls ,l.
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In e x p r e s s i o n  ( 3 . 3 . 2 ) ,  e(ct),k) is the  c o m p l e x  d i e l e c t r ic  c o n s t a n t  w h i c h  d e p e n d s  on  

m o m e n t u m  t r a n s f e r  k and  e n e r g y  loss  = E 4 -  E q k in an  ine la s t i c  s c a t t e r i n g

e v e n t .  T a n u m a  et  a l [5° 51 p r o p o s e d  a n e w  g e n e r a l  f o r m u l a  b a s e d  on  t h e  R F A  

( r a n d o m  p h a s e  a p p r o x i m a t i o n )  fo r  the  I M F P ' s  fo r  2 0 0 - 2 0 0 0  e V  e l e c t r o n s  in 

so l ids .  T h e i r  c a l c u l a t i o n s  p r e d i c t  I M F P ' s  o f  less  than  30  A. O v e r a l l  t h e  fac t  tha t  

I M F P ' s  a r e  on ly  a f e w  m o n o l a y e r s  fo r  t h e  e l e c t r o n s  e n e r g y  r a n g e  5 0 - 2 0 0 0  e V  

im p l i e s  t h a t  e l e c t r o n s  w h i c h  e s c a p e  m us t  o r ig i n a t e  f ro m  and  s a m p l e  o n ly  a f ew  

l a y e r s  c l o s e  t o  t h e  s u r f a c e  T h u s  A E S  and  E E L S  a re  v e ry  s e n s i t i v e  to  t h e  s u r f a c e  

c o n d i t i o n s  a n d  u se fu l  t e c h n i q u e s  in t h e  s u r f a c e  s tudy

A n o t h e r  t e r m  o f t e n  u s e d  in te r c h a n g e a b ly  w i th  t h e  I M F P  is t h e  A L  w h i c h  has  

t h e  s a m e  o r d e r  o f  m a g n i t u d e  a s  t h e  I M F P  T h e  a t t e n u a t i o n  l e n g t h  ( A L )  is an  

e x p e r i m e n t a l  v a lu e  d e r i v e d  f ro m  film o v e r l a y e r s  T h e  a t t e n u a t i o n  in a l ay e r  o f  

t h i c k n e s s  d  is e d'A w h e r e  X. is t h e  A L  T h e  s a m p l in g  d e p t h  o f  A E S  is d e t e r m i n e d  

by  t h e  e s c a p e  d e p t h  o f  A u g e r  e l e c t r o n s ,  w h i c h  is t h e  p r o d u c t  o f  t h e  A L  a n d  th e  

c o s i n e  o f  t h e  a n g le  d e f in e d  by a n a ly z e r  d i r e c t i o n  and  t h e  s u r f a c e  n o r m a l  S e a h  

an d  D e n c h [561 h a v e  m a d e  an ana ly s i s  o f  A L  m e a s u r e m e n t s  a n d  p r o p o s e d  a r e l a t i o n  

b e t w e e n  t h e  e l e c t r o n  e n e rg y ,  E t , and  th e  AL,  as  fo l lows:

538 \-------
A = — — a  + 0 41^ /a ’ E k (3 3 3)

E*

w h e r e  a  is t h e  a v e r a g e  m o n o l a y e r  t h i c k n e s s  ( in  n m )  d e f in e d  by:

a -  ( t 0 27A / p « N a)  ̂ (3  3 4)

w i th  t h e  c o m m o n  m a t e r i a l s  c o n s t a n t s  A is t h e  m o le c u la r  w e i g h t ,  n is t h e  n u m b e r  

o f  a t o m s  in t h e  m o le c u le ,  p  is the  m as s  d e n s i ty  and  N* is A v o g a d r o ' s  c o n s t a n t  

F r o m  r e l a t i o n  ( 3 . 3 . 1 )  it is c lea r  t h a t  AL is in r a n g e  o f  4 - 2 0 A  f o r  t h e  e l e c t r o n s ’



k i n e t i c  e n e r g y  in t h e  r a n g e  50 e V  to  2 K e V  S e v e ra l  a u t h o r s 1' 4* " 1 h a v e  p o i n t e d  

o u t  t h a t  t h e  I M F P  m a y  e x c e e d  th e  AL by a b o u t  u p  t o  3 0 % ,  b e c a u s e  t h e  c o n d i t i o n s  

c l o s e  t o  t h e  s u r f a c e  m ay  di ff e r  f ro m  the  e n v i r o n m e n t  in t h e  in te r io r .  N e v e r t h e l e s s  

T a n u m a  et  a l |54,57( s h o w  tha t  t h e  fo rm u la  p r o p o s e d  by  Se a h  a n d  D e n c h 1' 61 g iv e s  

r e s u l t s  c l o s e  t o  t h e i r  and  o t h e r  c a l c u l a t i o n s  fo r  e n e r g i e s  l ess  t h a n  a b o u t  5 0 0  e V

3.4 Thin Film Growth Modes

In t h e  r a n g e  f ro m  s u b m o n o l a y e r  c o v e r a g e  to  s e v e r a l  m o n o l a y e r s ,  q u a n t i t a t i v e  

s u r f a c e  p r o p e r t i e s  d e p e n d  c ruc ia l ly  o n  an  a c c u r a t e  ana lys i s  o f  t h e  a d s o r b e d  a t o m s ,  

so  it is i m p o r t a n t  t o  d i s t i n g u i s h  the  d i f fe ren t  p o s s ib l e  g r o w t h  m o d e s  o f  a t h in  film 

B a u e r 1®1 p r o p o s e d  a t o p o l o g i c a l  c l a s s i f i ca t io n  and  th e  c o m m o n  t h r e e  t y p e s  o f  thin 

f i lm g r o w t h  m o d e s  are:  (1 )  F r a n k - v a n  d e r  M e r w e  g r o w t h  ( l a y e r - b y - l a y e r  F M  

m o d e )  in w h i c h  th e  d e p o s i t e d  f i lm c o m p l e t e s  o n e  m o n o l a y e r  o f  c o v e r a g e ,  t h e n  the  

s e c o n d ,  e t c . ,  ( 2 )  S t r a n s k i - K r a s t a n o v  g r o w t h  ( l a y e r - p l u s - i s l a n d i n g  SK  m o d e )  in 

w h i c h  th e  f i rs t  l aye r  c o m p l e t e l y  c o v e r s  t h e  s u r f a c e  o f  t h e  s u b s t r a t e  a n d  s u b s e q u e n t  

l aye r s  f r o m  i s l a nds  o f  d e p o s i t e d  m ate r i a l ;  (3 )  V o l m e r - W e b e r  g r o w t h  ( c o m p l e t e -  

i s l a n d in g  V W  m o d e )  in w h i c h  t h e  m a te r i a l  i m m e d i a t e l y  f o r m s  i s l a n d s  on  the  

s u r f a c e  ( f i g u r e  8 )  C o n s i d e r a t i o n  o f  t h e  r e l a t i v e  m a g n i t u d e s  o f  t h e  a d s o r b a t e ,  

s u b s t r a t e ,  a n d  in te r fac ia l  s u r f a c e  f ree  e n e r g y  l ea ds  t o  t h e  a b o v e  d i s t i n c t  g r o w t h  

m o d e s 191 T o  d o  so,  c o n s i d e r  t h e  e n e rg y  d i f f e r e n c e  b e t w e e n  t h e  t w o  e p i t a x ia l  

o v e r l a y e r  a r r a n g e m e n t s  d e p i c t e d  in f igu re  8 (b ) ,  let  ya, y t a n d  yt d e n o t e  the  

s u r f a c e  f ree  e n e r g y  p e r  uni t  a re a  at  t h e  o v e r l a y e r - v a c u u m  i n t e r f a c e ,  the  

o v e r l a y e r - s u b s t r a t e  i n te r fa c e  an d  the  s u b s t r a t e - v a c u u m  i n t e r f a c e ,  r e s p e c t i v e l y  

W i t h o u t  lo ss  o f  ge n e ra l i t y ,  o n e  may  a s s u m e  th a t  t h e  V o l m e r - W e b e r  c lu s t e r  

o c c u p i e s  h a l f  t h e  av a i l ab l e  s u r f a c e  a re a  A It f o l l o w s  i m m e d i a t e l y  tha t
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FM mode

n n n n
n r n m n w n w n « p ^ p in * p ip f p * ip p v |iip ii |p « « f i|

VW mode SK mode

f ig .  8 ( a )

FM VW

f g  8 ( b )

F i g u r e  8. ( a )  S c h e m a t i c  i l l u s t r a t i o n  o f  th in  f i lm g r o w t h  m o d e s ,  ( b )  D e p i c t i o n  

o f  t w o  e p i t a x i a l  o v e r l a y e r  a r r a n g e m e n t s  f o r  F M  m o d e  a n d  V W  m o d e .
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a e  = - e vw = ( r B + y , ) A - ^ ( r „  + r l + 5 0  a

o r  A E  = -~ (y0 + y 1- y 1) A  ( 3 . 4 . 1 )

T h e r e f o r e ,  t h e  c o n d i t i o n  A y  -  yo + y t -  y t < 0 will  f a v o r  t h e  c o v e r i n g  o v e r  o f  t h e  

s u b s t r a t e  by  s p r e a d i n g  o f  the  c o n d e n s a t e  ( w e t t i n g  o r  F M  m o d e ) ,  A y  > 0 will  f a v o r  

n o n - w e t t i n g  ( V W  m o d e ) ,  an d  A y  -  0 will  f a v o r  t h e  m i x t u r e  c a s e  ( S K  m o d e )  F o r  

S K  m o d e ,  o n e  a s s u m e s  tha t  A y  = Q is ini t ia l ly s a t i s f i e d  f o l l o w e d  by A y >  0 at  a 

c e r t a i n  t h i c k n e s s  A p p r o x i m a t e  v a lu e s  m ay  b e  k n o w n  fo r  yn a n d  y% bu t  r a r e ly  fo r  

yx W h e n  a h igh  s u r f a c e  e n e r g y  m eta l  is d e p o s i t e d  on  a l o w  s u r f a c e  e n e r g y  meta l ,  

o n e  w a y  to  m in im iz e  t h e  s y s t e m  e n e r g y  is c e r t a in ly  t h e  a g g l o m e r a t i o n  o f  the  

a d s o r b a t e  t o  r e d u c e  t h e  s u r f a c e  a r e a  o f  t h e  h igh  s u r f a c e  e n e r g y  m a te r i a l ,  w h i c h  is 

w h y  t h e  V W  g r o w t h  m e c h a n i s m  is u s u a l ly  a s s u m e d  in s u c h  s i t u a t i o n  T h e  

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

p r o b l e m ,5ft'61', w h i c h  d e p e n d s  c r i t ic a l ly  on th e  e p i t a x ia l  r e l a t i o n s  b e t w e e n  th e  t w o  

c ry s t a l  l a t t i c e s  (m i s f i t )  and  th e  d e g r e e  o f  s t r a in  as  d e s c r i b e d  by  B a u e r  a n d  va n  d e r  

M e r w e 1*1 a n d  o t h e r s 1621; it s h o u ld  be  n o t i c e d  tha t  t h e  a b o v e  e s t i m a t e  is on ly  

q u a l i t a t i v e l y  u se fu l  s ince  w e  h a v e  c o m p l e t e l y  n e g le c t e d  an y  e f f e c t s  t h a t  m ig h t  

a r i s e  f r o m  t h e  a n i s o t r o p y  o f  t h e  s u r f a c e  t en s io n

E x p e r i m e n t a l l y  t h e  A E S  p e a k - t o - p e a k  h e ig h t s  o f  b o t h  t h e  a d s o r b a t e  a n d  t h e  

s u b s t r a t e ,  r e c o r d e d  a s  a f u n c t i o n  o f  the  e x p o s u r e  t im e  o r  c o v e r a g e  is k n o w n  to  

g i v e  i n f o r m a t i o n  c o n c e r n i n g  t h e  m e c h a n i s m  o f  t h e  d e p o s i t i o n  p r o c e s s e s 16**64' T h e  

F M  g r o w t h  w a s  f irs t  a n a ly z e d  by G a l l o n 110' w h o  s h o w e d  th a t  in l a y e r - b y - l a y e r  

g r o w t h  t h e  s igna l  f ro m  n c o m p l e t e d  a b s o r b e d  layers ,  I* \  is g i v e n  by:
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( 3 . 4 . 2 )

T h e  s y m b o l s  in a b o v e  e x p r e s s i o n  w i th  o t h e r s  fo r  l a t e r  u s e  a r e  d e f i n e d  as  f o l l o w s  

IA’: t h e  t o t a l  A u g e r  s igna l  f r o m  t h e  f irst  a d s o r b e d  m o n o l a y e r ,

1A’: t h e  t o t a l  A u g e r  s ignal  f rom  n c o m p l e t e d  a d s o r b e d  laye r s ,

IAC): t h e  t o t a l  A u g e r  s igna l  f ro m  a ve ry  th ick  (b u lk )  a d s o r b e d  layer ,  

fs0): t h e  t o t a l  A u g e r  s ignal  d u e  to  t h e  c lean  s u b s t r a t e  s u r f a c e .

Is"’: t h e  t o t a l  A u g e r  s ignal  d u e  to  t h e  s u b s t r a t e  c o v e r e d  w i th  n c o m p l e t e d  l aye r s  

o f  a d s o r b a t e ,

a A: th e  t r a n s i t i o n  c o e f f i c i en t  o f  a t t e n u a t i o n  o f  t h e  a d s o r b a t e  A u g e r  p e a k

t h r o u g h  a m o n o l a y e r  o f  a d s o r b a t e  ( d u e  to  in e l a s t i c  s c a t t e r i n g  o f  t h e  A u g e r  

e l e c t r o n s  a s  t h e y  t r a v e r s e  t h e  o v e r l a y e r s ,  t h e  i n te ns i ty  d e c r e a s e s ) ,  

cr£ : t h e  t r a n s i t i o n  c oe f f ic i en t  o f  a t t e n u a t i o n  o f  t h e  s u b s t r a t e  A u g e r  p e a k  d u e  to

th e  p r e s e n c e  o f  a m o n o l a y e r  o f  a d s o r b a t e  

W i t h  a b o v e  de f in i t i o n s ,  let  u s  c o n s i d e r  a film o f  n c o m p l e t e d  l a y e r s  ( in  c a s e  o f  F M  

m o d e ) .  T h e  A u g e r  s ignal  c o n t r i b u t e d  by e a c h  ind iv idua l  l ay e r  is: IA’ ( f r o m  t h e  t o p

layer ) ,  ( a £ )  ( f r o m  th e  s e c o n d  t o p  layer ) ,  •••, lA) - ( a ^ )  ( f r o m  th e  b o t t o m

layer ) ,  e tc  T h e r e f o r e  t h e  s u m  o f  t h e s e  t e r m s  g iv es  t h e  t o ta l  A u g e r  s igna l  r e a c h e s  

t h e  a n a ly z e r ,  i .e. ,

o r C  = I ' M - ( « ! ) ■  ■ ( > - « : ) (3 4 3)

and i r  = r ; ’ ■ ( ! - < ) (3 4 4)
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C o m b i n e  e q u a t i o n s  (3 4 . 3 )  and  ( 3 .4 .4 ) ,  on e  g e t s  ( 3 . 4 . 2 ) .  S im i la r ly  f o r  t h e  A u g e r  

s igna l ,  d u e  t o  t h e  s u b s t r a t e  c o v e r e d  w i th  n c o m p l e t e d  l aye r s  o f  a d s o r b a t e ,  o n e  

has:

Is"1 = ( « £ ) "  Is" ( 3 . 4 . 5 )

Le t  0Q , d e n o t e  t h e  f r a c t i o n a l  c o v e r a g e  as  t h e  f i rs t  l ay e r  fo rm s ,  t h e n  th e  c o v e r a g e  

&0 , d u r i n g  t h e  f o r m a t i o n  o f  t h e  f irst  l aye r  can b e  e x p r e s s e d  as:

( 0 S « | , , S 1 )  ( 3 . 4 . 6 )
A * S  *S

w h e r e  IA a n d  l s a re  t h e  A u g e r  p e a k  s igna l s  c o r r e s p o n d i n g  to  t h i s  c o v e r a g e  

Sim i la r ly  6, . = 1 + ^  I a- ^  , ( l < 0 , , < 2 )  ( 3 . 4 . 7 )
A A  .S

w h e r e  6\ 2 is t h e  f r a c t i o n a l  c o v e r a g e  as  the  s e c o n d  l aye r  fo rm s .  W e  c a n  g e n e r a l i z e  

a b o v e  t w o  f o r m u l a e  ( 3 . 4 . 6 )  a n d  (3 .4  7)  fo r  t h e  f o r m a t i o n  o f  t h e  n- t h  l aye r s ,  as  

fo l l o w in g :

i „  f  * 11 I _ i1" 11
I) („. = « - l  + “r ; ----7—p  = // — 1 H—pr— . ( n -  I < 6L .. r-. *  « )  (3 4 8)( *  U »*> w(n)  _  | ( n  1) i ( n )  _  t ( n  1) v ' n /  v f

T h e  e q u a t i o n  (3 4 8)  d e s c r i b e s  t h e  e n d p o i n t s  o f  a s e r i e s  o f  s t r a i g h t  l ines ,  e a c h  

o f  w h i c h  r e p r e s e n t s  t h e  g r o w t h  o f  a s ingl e  layer ,  c h a n g e s  o f  s lo p e  o c c u r  b e c a u s e  

e a c h  s u c c e s s i v e  a d s o r b a t e  l aye r  c a u s e s  m o r e  a t t e n u a t i o n  T h e  c u r v e s  f r o m  (3 4 8) 

a r e  s h o w n  in f igu re  9 ( a )  w h i c h  is ca l l ed  an  A A - /  p l o t  T h e  b r e a k s  s e e n  in the  

f i g u r e  a r e  on ly  d i s c e r n ib l e  i f  t h e  s t i c k in g  c o e f f i c i e n t  is c o n s t a n t  F o r  c h a n g i n g  

v a l u e s  o f  t h e  s t i c k in g  c o e f f i c i e n t  w i th  c o v e r a g e  th e  c u r v e s  w o u l d  b e  s m o o t h  and  

w o u l d  no t  d i sp la y  t h e  b r e a k s  w h e n  a m o n o l a y e r  is c o m p l e t e d
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A n  a l t e r n a t i v e  o f t e n  u s e d  is t o  p lo t  t h e  r a t i o  o f  t h e  A u g e r  p e a k  i n t e n s i t i e s  o f  

t h e  s u b s t r a t e  a n d  a d s o r b a t e  as  a f u n c t i o n  o f  c o v e r a g e  ( t h e  so  c a l l ed  Is / IA - 1 

p l o t )  F r o m  e q u a t i o n s  ( 3 ,4  3) t o  (3 4 5)  w e  h a v e  ( 3 . 4 . 9 )  a n d  (3 4 . 1 0 )  f o r  t h e  f irs t  

t w o  m o n o l a y e r s  a n d  g e n e r a l i z e d  ( 3 ,4  11) fo r  t h e  H-th layers .

I' 1 ^I =  i f(» _  i _  . I
*S * S  | ( | )  V 1 M S /  •

•  A

( 0  < 6<  1) (3  4 9 )

U =
°c.

1(0)  „ A

( l < 0 < 2 )  ( 3 4 1 0 )

i s = C ( o J ) " ' +  c s L r i - o ? )[i « r l(l>) ( n *  \
n 1

_ “ s ( i - o £ )
_  w { < )

i,

w h e r e  ( » - ! < # < « )  ( 3 . 4  11)

T h i s  k ind  o f  Is / IA — / p lo t  will  in ge n e ra l ,  a lso  p r o v i d e  a s e r i e s  o f  c u r v e s  w i th  

b r e a k s  at  e a c h  c o m p l e t e d  l ay e r  but  t h e  c u s p s  a re  h a r d e r  t o  d e t e c t  t h a n  th e  b r e a k s  

in A A - t  p l o t s 1101

A E S  w a s  u s e d  in this  th es i s  t o  i n v e s t i g a t e  the  init ial  s t a g e s  o f  th in  f i lm g r o w t h  

by  r e c o r d i n g  t h e  A u g e r  s igna l s  f r o m  b o t h  t h e  a d s o r b a t e  a n d  t h e  s u b s t r a t e  a s  a 

f u n c t i o n  o f  c o v e r a g e  ( A A - t  p lo t )  T h e  p lo t  o f  p e a k - t o - p e a k  h e ig h t  v e r s u s  the  

a d s o r b a t e  c o v e r a g e  ( A A - r  c u r v e )  will  s h o w  a se r i e s  o f  s t r a i g h t  l ines  w i th  b r e a k s  

f o r  F M  m o d e  ( f i g u r e  9 a )  a n d  on ly  o n e  b r e a k  f o l l o w e d  by  a s m o o t h  e x p o n e n t i a l  

c u r v e  fo r  S K  m o d e  ( f i g u r e  9 b )  and  no b r e a k  bu t  a s m o o t h  c u r v e  fo r  V W  m o d e l ' ° l
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C h a p te r  4. Results  and  Discussion

F o r  a b b r e v i a t i o n s  w e  will  u se  t h e  n o t a t i o n s  SP ,  B P ,  IP,  a n d  2 S P  f o r  S u r f a c e  

P l a s m o n ,  B u l k  P l a s m o n ,  I n t e r f a c e  P l a s m o n ,  a n d  d o u b l e  S u r f a c e  P l a s m o n  

r e s p e c t i v e l y  in th is  c h a p t e r  and  la t e r  d i s c u s s i o n s  A l s o  i n t r o d u c e d  is t h e  f ir s t-  

pair  w h i c h  s t a n d s  fo r  t h e  f irst  p e a k  ( S P l - l o s s )  a n d  th e  s e c o n d  p e a k  ( B P  1- lo s s )  o f  

a p l a s m o n  lo s s  s p e c t r u m

F i r s t  w e  will  e x a m i n e  in de ta i l  a s im ple  m e ta l  Al a n d  a t yp ic a l  t r a n s i t i o n  m eta l  

T a  T h e  n e a r l y - f r e e - e l e c t r o n  m e ta l ,  s u c h  as  a l u m i n u m ,  p r o v i d e s  us  an  ideal  an d  

e a sy  s y s t e m  f o r  s tu d y i n g  p l a s m o n  e f f e c t s  b e c a u s e  t h e  c o o p e r a t i v e  e x c i t a t i o n s  a r e  

wel l  d e f i n e d  a n d  w e a k l y  d a m p e d .  It a lso  g iv e s  u s  a c h a n c e  t o  t e s t  t h e  t h e o r e t i c a l  

d e s c r i p t i o n s  o f  p l a s m o n  e x c i t a t i o n  and  e f f e c t s  in t h e  thin f i lms  a n d  i n te r f a c e s ;  

t h e r e f o r e  a l u m i n u m  w a s  c h o s e n  t o  be s tu d i e d  f irst  n o t  on ly  fo r  p r a c t i c a l  r e a s o n s  

bu t  a l s o  in t h e  h o p e  tha t  i ts s im p le r  e l e c t r o n i c  s t r u c t u r e  w o u l d  be  an  a d v a n t a g e  t o  

u n d e r s t a n d  t h e  p r o c e s s e s  i n v o lv e d

T h e  p u r e  a lu m in u m  ( th i c k  Al e v a p o r a t e d  o n  a s u b s t r a t e  m e ta l ) ,  N b  (fo i l ) ,  T a  

( fo i l )  a n d  M o  ( fo i l ) ' s  E E L S  p l a s m o n  lo ss  s p e c t r a  h a d  b e e n  t a k e n  as  w e l l  as  t h e  

a n n e a l e d  A l / N b  s y s t e m  T h e  c l e a n  Sn, a n n e a l e d  S n / N b ,  S n / M o  a n d  S n / T a  w e r e  

a lso  s t u d i e d  by u s in g  the  s a m e  t e c h n i q u e s  T h e  s u r f a c e  p l a s m o n  e n e r g i e s  a r e  

f o u n d  t o  b e  10 9, 10 2, 10 1, I I  S, 1 1 4  e V  for  Al, Sn ,  Nb ,  T a ,  a n d  M o  

r e s p e c t i v e l y  T h o s e  e n e rg i e s  a r e  not  t h e  s a m e  bu t  a r e  c l o s e  t o  t h e  t h e o r e t i c a l  

v a lu e s  c a l c u l a t e d  f r o m  t h e  f o r m u la e  d e r i v e d  in s e c t i o n  3 2 ( t a b l e  4)  w h e r e  t h e  

s u r f a c e  p l a s m o n  is p r e d i c t e d  t o  o c c u r  at A E b / - J l . O u r  e x p e r i m e n t a l  r a t i o  

A E b / AE,  is, r e s p e c t i v e ly ,  1.44,  1 36,  1 85,  1 .62,  1 93  f o r  Al, Sn,  N b ,  T a  a n d  M o ;  

t h e s e  a r e  c lo s e  to  t h e  p r e d i c t e d  rat io ,  1 41,  fo r  Al and  Sn  bu t  d i f f e r  fo r  the  

t r a n s i t i o n  m e t a l s
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F o r  t h e  v a c u u m - t h i n - f i l m - m e t a l  s a n d w i c h ’s s y s t e m s ,  t h e  e x i s t e n c e  o f  t h e  IP  

w a s  p r e d i c t e d  b y  F e r r e l h 44', a n d  s im ila r  p r e d i c t i o n  a n d  e x p e r i m e n t a l  o b s e r v a t i o n s  

in s o m e  s e m i c o n d u c t i n g  s u p e r l a t t i c e  s y s t e m s  w e r e  g i v e n  by  G i u l i a n  a n d  Q u i n n  et 

a ||7,6J-69) \ y e s t u d i e d  th e  A l /N b ,  S n /N b ,  S n / T a  a n d  S n / M o  s y s t e m s  w i t h  t h e  

r e s u l t s  t h a t  t h e  I P - l o s s  s h o w s  c le a r ly  in A i /N b  film a n d  is o b s e r v a b l e  in o t h e r  

f i lms.  T h e  I P - l o s s  e n e r g i e s  o f  A l /N b ,  S n /N b ,  S n /T a ,  S n / M o  a r e  f o u n d  to  b e  16 5, 

16 .2 ,  15 8, a n d  15 6 e V  O n ly  the  f irs t  t w o  I P - l o s s  l ines  a r e  v i s ib le  in t h e  s p e c t r a  

a n d  w e  b a s e  o u r  a n a ly s i s  on  th e s e  f irst  t w o  p e a k s  due  to  the  s igna l  in te ns i t i e s .

4.1 Characteristic EELS of Al and Ta

4 . 1 . 1  A I ' s  c h a r a c t e r i s t i c  E E L S

In o r d e r  t o  g e t  t h e  p l a s m o n  lo ss  s p e c t r u m  o f  c l e a n  a l u m in u m ,  w e  g r e w  an 

a l u m i n u m  f ilm o f  t h i c k n e s s  3 0  A o n  the  Nb  s u b s t r a t e  by  t h e r m a l  e v a p o r a t i o n  T h e  

t h e r m a l  d e p o s i t i o n  r a t e  w a s  typ ica l ly  1 A/s and  th e  film d e p o s i t i o n  w a s  c o n t r o l l e d  

by  a q u a r t z  m o n i t o r

F i g u r e  10 s h o w s  the  c h a r a c t e r i s t i c  p l a s m o n  lo ss  s p e c t r u m  f r o m  a c l e a n  Al 

s u r f a c e  u s in g  a b e a m  o f  inc iden t  e l e c t r o n s  o f  e n e r g y  601 e V  an d  b e a m  c u r r e n t  14 

/ /A .  A  s e r i e s  o f  s p e c t r a  a t  d i f f e re n t  inc iden t  b e a m  v o l t a g e s  in t h e  r a n g e  3 0 0 - 1 5 0 0  

e V  w e r e  a l s o  t a k e n ,  the  c o m p a r i s o n  an d  d i s c u s s io n  o f  t h e s e  s p e c t r a  a r e  t h e  t o p i c  

o f  n e x t  s e c t i o n ,  w e  will  a n a ly s e  on ly  a s ing le  s p e c t r u m  ( f i g u r e  10) in th is  s e c t i o n

(i) the first-pair:

O u r  e x p e r i m e n t a l  r e s u l t s  o f  c lean  a lu m in u m  s h o w  th a t  t h e  f i rs t  B P -  a n d  S P -  

lo s s  f e a t u r e s  r is e  at 10 9 and  15 7 eV  r e s p e c t iv e ly  an d  f o l l o w e d  b y  s ix pe a k s :  

22 0,  26  6, 3 1.2, 4 2 .1 ,  4 6  4, and  62 3 e V  in t h e  high e n e r g y  lo ss  r e g i o n  F r o m
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s e c t i o n  3 .2  i f  t h e  B P - l o s s  h a s  an e n e rg y  o f  15 7 e V  t h e n  by s u b s t i t u t i n g  e -  1 and  

A E b = 15.7 e V  in to  t h e  f o r m u la  A E t = A E b / V 2 ,  t h e  t h e o r e t i c a l  S P - l o s s  e n e r g y  at 

t h e  i n t e r f a c e  ( h e r e  it is the  A l - v a c u u m  i n t e r f a c e )  s h o u l d  be 1 1 1  eV.  T h e  f a c t s  

t h a t  t h e  e x p e r i m e n t a l  m e a s u r e d  B P -  a n d  S P - l o s s  e n e r g i e s  15.7 a n d  10 9 e V  a re  

v e ry  c l o s e  to  t h e  p r e d i c t e d  v a lu e s  15 8 and  11.2  e V  ( t a b l e  4 )  p r o v i d e s  g o o d  

s u p p o r t  f o r  t h e  t h e o r e t i c a l  m o d eU 44! d i s c u s s e d  in c h a p t e r  3 f o r  t h e  c a s e  o f  t h e  

n e a r l y - f r e e - e l e c t r o n - m e t a l ,

(it) the high order loss peaks:

T a b l e  5 l is ts  t h e  p o s s ib l e  p r e d i c t e d  p l a s m o n  p e a k  p o s i t i o n s  a l o n g  w i th  t h e  

e x p e r i m e n t a l  o b s e r v e d  v a lu e s  In o r d e r  t o  c h e c k  the  p l a s m o n  lo ss  p e a k  p o s i t i o n s  

o t h e r  t h a n  th e  f irs t-pa ir  w h ic h  w e  j u s t  d i s c u s s e d ,  w e  n e e d  t o  f ind th e  p o s s ib l e  

c o m b i n a t i o n s  m a d e  up  o f  A E h and  AE,  I n s t e a d  o f  u s in g  th e  t h e o r e t i c a l  v a lu e s  

15 8 a n d  1 1 2  e V  a s  c a l c u la t e d  in s e c t i o n  3 2, w e  u s e  o u r  e x p e r i m e n t a l  o b s e r v e d  

v a l u e s  15 7 ( B P - l o s s  e n e r g y )  and  10 9 e V  ( S P - l o s s  e n e r g y )  t o  b u i ld  up  th e  

c o m b i n a t i o n s  T h e  r e s u l t s  a re  l is ted in c o lu m n  3 o f  t a b l e  5 F i rs t ,  f r o m  t a b l e  5 

c o l u m n  3, o n e  m ig h t  e x p e c t  to  o b s e r v e  t h e  in teg ra l  m u l t i p l e  p l a s m o n  l o s s e s  at 

1 0 .9 ( S P 1 ) ,  15 7 ( B P 1 ), 21 8 ( 2 S P ) ,  26  6 ( S P 1 B P I ) ,  3 1 4 ( B P 2 ) ,  32  7 ( S P 3 ) ,

37  5 { S P 2 B P 1 ) ,  42  3 ( S P 1 B P 2 )  and  47  1 (B P3) ,  e t c  , bu t  on ly  t h e  f o l l o w i n g  p e a k s  

s h o w  up:  1 0 .9 ( S P  1), 15 7 ( B P  1), 26 6 ( S P 1 B P 1 ) ,  3 1 . 2 ( B P 2 ) ,  4 2 1 ( S P 1 B P 2 ) ,

4 6  4 ( B P 3 ).

O n e  r e s u l t  t h a t  can  be  seen  c le a r ly  f r o m  tab le  5, is t h a t  t h e  c o m b i n a t i o n s  m a d e  

u p  o f  i n te g r a l  m u l t ip l e  S P - l o s s e s  a r e  no t  o b s e r v e d ,  s u c h  as  37  5 ( S P 2 B P l )  and  

3 2 . 7 ( S P 3 ) ,  w h e r e a s  the  2 S P  loss  is s een  as  a s h o u l d e r  i n s t e a d  o f  a real  p e a k  W e  

w o u l d  e x p e c t  t h a t  t r ip le  o r  q u a r t i c  S P - l o s s e s  s u p e r p o s e d  o n t o  t h e  m ain  B P - l o s s  

w o u l d  h a v e  ve ry  l o w  re l a t i v e  in te n s i t i e s  T h e  S P - l o s s e s  a r e  m o r e  l ikely  t o  h a v e  

h igh  in te n s i t i e s  fo r  a s ing le  loss  tha t  h a p p e n s  nea r  t h e  m e t a l - v a c u u m  in t e r f a c e
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w h i t e  t h e  m a in  B P - l o s s e s  may  u n d e r g o  s o m e  in te g ra l  m u l t ip l e  l o s s e s  d e e p e r  in t h e  

i n t e r i o r  T h i s  o b s e r v a t i o n  is ve ry  he lp fu l  in j u d g i n g  th e  I P - l o s s  l ines  in l a t e r  

a n a ly s i s  o f  t h in  f i lms

S e c o n d ,  it c a n  b e  c lea r ly  s e e n  f rom  f ig u r e  10 a n d  t a b l e  5 t h a t  all t h e  t h r e e  

p e a k s  c o n t a i n i n g  th e  SP  sa te l l i te ' s  loss ,  l abe led  as  a, d, / ,  a p p e a r s  e x a c t l y  at 10 9 

e V  m e a s u r e d  f r o m  t h e i r  p r e v i o u s  m ain  B P  p e a k  p o s i t i o n  T h e s e  t h r e e  p e a k s  ( w i th  

S P  s a te l l i t e s )  c a n  be  d e c o m p o s e d  as fo l low s ,  a. 10.9  ( S P 1 ) ,  t / : 2 6 . 6 = 1 0 .9 + 1 S 7 

f S P l B P l ) :  / : 4 2 . 1 ^ 10 9 +3 1 2 ( S P I B P 2 ) ;  O n  the  o t h e r  h a n d ,  t h e  m u l t i p l e  m ain  

B P - l o s s  p e a k s  a r e  no t  o b s e r v e d  at  e x a c t ly  t h e  e x p e c t e d  p o s i t i o n s  « A E hl T h e s e  

t h r e e  p e a k s  A, e, g  t h a t  a re  c o m p o s e d  o f  on ly  t h e  B P - l o s s e s ,  d o  n o t  s h o w  up  at the  

e x a c t l y  i n t e r v a l s  o f  15 7 eV  ( th e  m e a s u r e d  B P - l o s s  e n e r g y  c o r r e s p o n d e d  t o  ihe  

B P  1 - lo ss ) ,  i n s t e a d ,  they  s h o w  u p  (w i th  sh i f t s )  at: A: 1 5 .7  ( B P  I ); e :3 1 . 2 - 1 5 . 5 + 1 5 7  

( = B P 2 ) ,  g 4 6  4 =  15 2 +3 1 2 ( = B P 3 )  I f  w e  t a k e  in to  a c c o u n t  t h e  l o w e r  i n te n s i t i e s  

o f  m u l t i p l e  S P - l o s s e s  m e n t i o n e d  b e f o r e  i m p o s e d  o n t o  t h e  m ain  B P - l o s s ,  it m ay  

g i v e  us  o n e  r e a s o n  w h y  t h e  m ain  B P - l o s s e s  ( o t h e r  t h a n  t h e  v e ry  f i r s t )  s u f f e r  a shif t 

in p o s i t i o n  ( f r o m  15 7 t o  15 5 and  15 2 e V )

A n o t h e r  c a u s e  o f  t h e  sh if t ing  c o u ld  be  an o x id e  f ilm on  th e  a l u m i n u m  s u r f a c e  

T h i s  is n o t  t h e  c a se ,  s inc e  for  an  o x i d e  a lu m in u m  s u r f a c e  t h e  r. is n o t  e q u a l  t o  1 

( v a c u u m )  any  m o r e  bu t  s o m e  o t h e r  v a lue  l a rg e r  t h a n  1 I f  o n e  t a k e s  e = 3  65 

( S t e r n  et  a l l44!) fo r  the  o x id e  s u r f a c e ,  t h e n  t h e  s h i f t ed  S P - l o s s  e n e r g y  wil l  b e  7 1 

e V  w h i c h  is c o n s i s t e n t  w i th  P i re a u x ' s  X P S  e x p e r i m e n t a l  re su l t ,  7 2 e V l 29l  B u t  we  

c le a r ly  d o  no t  s e e  t h e  7 .2  eV  p e a k  in o u r  s p e c t r u m ,  so  t h e  shif t  is n o t  d u e  to  the  

o x i d e  In a d d i t i o n ,  t h e  fac t  t h a t  t h e  o b s e r v e d  S P - l o s s e s  d o  n o t  s h o w  an  o x i d e -  

shif t  m e a n s  t h a t  t h e  a lu m in u m  s u r f a c e  is c l e a n  d u r i n g  t h e  e x p e r i m e n t ,  a n d  on  the  

o t h e r  h a n d  th is  p r o v i d e s  u s  w i th  a n o t h e r  m e t h o d  to  m o n i t o r  t h e  p o s s ib l e  

c o n t a m i n a t i o n  o n  t h e  s u r f a c e  e spec ia l ly  o x y g e n  and  c a r b o n
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T h e  S P - l o s s  e n e r g y  10 9 e V  m e a s u r e d  in o u r  l a b o r a t o r y  is c l o s e  t o  the  

p r e d i c t e d  v a l u e  11.1 eV.  T h e  S P - l o s s  e n e r g y  o b t a i n e d  by P i r e a u x  et  a l l29) by 

u s in g  X - r a y  e x c i t e d  p h o t o e l e c t r o n  s p e c t r o s c o p y  ( X P S )  is 10.3 e V ,  a n d  by 

S e y m o u r  et  a h 70! u s in g  E E L S  is 10.5 e V

T a b le  5. P l a s m o n  loss  p o s i t io n s  o f  Al ( e V )

E x p e r i m e n t a l
O b s e r v e d

L a b e l s  in 
F i g u r e  10

S e m i - t h e o r e t i c a l
C o m b i n a t i o n s

E x p l a n a t i o n  o f  
C o l u m n  3

10 9 a 10,9 S P I

15.7 b 15 7 BP1

2 2 .0 + c 2 1 8 2 S P

2 6  6 d 26  6 S P I B P  1

3 1 2 e 3 1 4 B P 2

no+ - 32 7 SP3

no - 37  5 S P 2 B P 1

42  1 f 42 .3 S P 1 B P 2

4 6 . 4 g 47  1 B P 3

+ 22 0: obse rved  as a ' sh oulder '  in the  spec t rum

 ̂ no: not ob se rved  in the  sp ec t ru m

* no ta t i o n s  Tor c o lu m n  1 
SP; S ur f ace  P l a s m o n  loss,
BP: Bulk  P l a s m o n  loss,
S P I :  S ing le  Su r f ace  P la sm on  loss,
2SP: D o u b le  Sur f ace  P l a sm o n  losses,
SP1 BP1 :  s ing le  Sur face  P l a sm o n  loss im pos ed  on a main  Bulk P l a sm o n  loss



5 5

a: 1 0 9
E ,=601 eV

b 15.7 

c: 22 0
d :  2 6  6

i d * 1 0 *t o  *

-0 0- 8 0 -20 0
E n erg y  L oss (eV)

Figure 10. P lasm on  loss  sp e c tr u m  of Al using  a b e a m  of  

inc id en t  e l e c tr o n s  of energy 601 eV, where  a, b, c, etc, ,  

are m ea su red  from the e la s t ic  peak pos i t ion  o; and the  

su r fa ce  p lasm on  sa te l l i te s  are ind icated  by 10 9.



56

4.1.2 Dependence of the Plasmons Intensities 

on the Electron's Primary Energy

T h e  S P - l o s s e s  w o u l d  be  e x p e c t e d  to  b e c o m e  m o r e  p r o m i n e n t ,  r e l a t i v e  t o  t h e  

B P - l o s s e s ,  a s  t h e  i nc iden t  e l e c t r o n ' s  p e n e t r a t i o n  d e c r e a s e s ,  o r  f r o m  f i g u r e  7 as  t h e  

i n c i d e n t  e l e c t r o n s  b e a m  v o l t a g e  d e c r e a s e s  Also ,  the  p r o b a b i l i t y  o f  e x c i t i n g  S P ’s 

i n c r e a s e s  w i t h  a d e c r e a s e  in t h e  p ro b ab i l i t y  o f  e x c i t i n g  B P ' s  f o r  e l e c t r o n s  m o v i n g  

n e a r  t h e  s u r f a c e  a n d  th e  p ro b ab i l i t y  o f  e x c i t i n g  S P ’s s h o u ld  b e  p r o p o r t i o n a l  t o  t h e  

e l e c t r o n  m o m e n t u m ' s  c o m p o n e n t  paral le l  t o  t h e  s a m p le  s u r f a c e ! 71!

T o  s t u d y  t h e  S P -  and  B P - l o s s e s '  i n te n s i ty  d e p e n d e n c e  on  th e  e l e c t r o n s '  p r i m a r y  

e n e r g y ,  Al w a s  c h o s e n  d u e  to  its a b u n d a n t  and  c lea r  p l a s m o n  pe a k s .  At  s e ve ra l  

in c id e n t  p r i m a r y  e n e r g i e s  E,,  Al 's p l a s m o n  lo ss  s p e c t r a ,  as  s h o w n  in f i g u r e  I I ,  

w e r e  t a k e n  fo r  an  e x p e r i m e n t a l  g e o m e t r y  w i th  f ixed  a n g u l a r  o r i e n t a t i o n ,  so tha t  

t h e  i n f l u e n c e  on  th e  in te n s i t i e s  o f  t h e  a n g u la r  d e p e n d e n c e  o f  S P -  a n d  B P - l o s s  

c o u l d  b e  e l im in a te d  F i g u re  12 s h o w s  th e  e n e r g y  d e p e n d e n c e  o f  S P -  a n d  B P - l o s s  

in te n s i t i e s ;  w h e r e  ( a )  is t h e  p lo t  o f  t h e  firs t-pa ir  o f  S P -  an d  B P - l o s s e s '  i n t e n s i t i e s  

v e r s u s  t h e  e l e c t r o n s  p r im a r y  e n e rg i e s ,  ( b )  s h o w s  the  l i n e - s h a p e s  o f  t h r e e  typ ica l  

S P -  a n d  B P - l o s s e s  fo r  t h e  firs t-pa ir  ( t h e  w h o l e  s p e c t r a  a r e  g iv en  in f i g u r e  1 1), an d  

( c )  p l o t s  t h e  r e l a t i v e  in te n s i t i e s  o f  S P - l o s s  to  B P - l o s s  v e r s u s  t h e  p r i m a r y  e n e r g i e s  

( a s  l a b e l e d  in f igu re  12-b)

I t  c a n  b e  seen  c le a r ly  f r o m  f igu re  1 1 th a t  at  l o w  p r im a r y  e n e r g i e s  t h e  d o m i n a n t  

p e a k  is t h e  S P I - l i n e  w h i le  fo r  high  p r im a ry  e n e r g i e s  it is t h e  B P - l i n e s  t h a t  

d o m i n a n t  t h e  s p e c t r u m  m o s t  Also  o b s e r v e d  is th a t  w h e n  t h e  p r i m a r y  e n e r g y  

i n c r e a s e s  t h e  n u m b e r  o f  m u l t ip l e  B P - l o s s  l ines i n c r e a s e  d u e  t o  t h e  i n c r e a s e  o f  

e l e c t r o n ' s  p e n e t r a t i o n  d e p th .  S imila r ly  r e s u l t s  can  be  o b t a i n e d  f r o m  f i g u r e  12 ( a )  

a n d  (b) ,  w h e r e  t h e  S P - l o s s  i n te ns i ty  is h ig h e r  than  t h e  B P ' s  w h e n  th e  p r im a ry
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e n e r g y  is l o w e r  t h a n  8 5 0  e V ,  a n d  it b e c o m e s  l o w e r  fo r  e n e r g y  h i g h e r  t h a n  8 5 0  e V  

T h e  c h a n g e  po in t  is at  a r o u n d  8 5 0  eV  w h e r e  t h e  S P -  a n d  B P - l o s s  a l m o s t  h a v e  the  

s a m e  r e l a t i v e  in te n s i t i e s  w i th  t h e  s a m e  resu l t  g o t t e n  f ro m  (c )  a s  i n d i c a t e d  by the  

d a s h e d  l ine l abe led  as  0 .0 ,  T h a t  c o r r e s p o n d i n g  l i n e - s h a p e  l ab e l ed  a s  E, = 800 e V  

is g iv e n  in f i g u r e  12 (b) .

T h e  a b o v e  o b s e r v a t i o n s  can  be a t t r i b u t e d  to  t h e  fac t  tha t  t h e  e x c i t a t i o n  p r o c e s s  

is a n  e x t r i n s i c  p r o c e s s  ( a s s o c i a t e d  w i th  p l a s m o n  e x c i t a t i o n  by th e  o u t g o i n g  

e l e c t r o n )  i n s t e a d  o f  an in tr in s ic  p r o c e s s  ( w h e r e  t h e  e x c i t a t i o n  o f  t h e  p l a s m o n  

o c c u r s  s i m u l t a n e o u s l y  w i th  the  c r e a t i o n  o f  a ho le ) ,  and  to  t h e  f ac t  t h a t  e l e c t r o n ' s  

p e n e t r a t i o n  d e p t h  is m u c h  s h o r t e r  in low e n e rg y  r a n g e  t h e r e f o r e  less  B P - l o s s  will  

o c c u r  T h e  d e t e c t e d  e l e c t r o n s  m ay  h a v e  c r o s s e d  t h e  s u r f a c e  t w i c e  w h i c h  will  

t h e r e f o r e  r a i se  t h e  poss ib i l i t i e s  o f  t h e  S P - e x c i t a t i o n

O n e  w o u l d  p r o b a b l y  e x p e c t  the  s a m e  r e s u l t  fo r  o t h e r  h i g h e r  o r d e r  p a i r s  o f  S P -  

a n d  B P - l o s s e s ,  s ince  t h e o r e t i c a l l y  e a c h  d e t e c t e d  B P - l o s s  ha s  a c h a n c e  o f  b e in g  

a c c o m p a n i e d  by  a S P - l o s s  a s  the  e l e c t r o n  p a s s e s  t h r o u g h  t h e  v a c u u m - s u r f a c e  

i n t e r f a c e ,  t h e r e f o r e  the  B P - l o s s e s  w o u l d  b e  e x p e c t e d  to  s h o w  up  w i th  S P - s a t e l l i t e s  

a n d  th a t  is i n d e e d  o b s e r v e d  B u t  the  re l a t ive  i n te ns i ty  o f  t h e  second-pair,  l abe led  

a s  R  I ( 2 )  in f ig  (c) ,  s h o w s  s o m e t h i n g  d i f f e re n t  f ro m  R 1(1), w h i c h  d e s i g n a t e s  the  

r e l a t i v e  i n te n s i t y  o f  t h e  f irs t-pa ir  W h a t  w e  have  is th a t  w h e n  t h e  p r i m a r y  e n e r g y  

i n c r e a s e s  t h e  B P - l o s s '  i n te n s i ty  i nc reases ,  whi le  t h e  S P - l o s s '  r e l a t i v e  i n te n s i t y  d o e s  

n o t  d e c r e a s e  so  qu ick ly .  In a d d i t i o n  in t h e  second-pair  b o t h  l ines  a r e  e x p e c t e d  to  

b e  b r o a d e r  t h a n  the  t ines  in t h e  first-pair, b e s id e s  t h e  o v e r l a p p i n g  o f  t h e s e  t w o  

l ines  w i t h  t h e  2 S P - l i n e  will  c e r t a in ly  a lso  c h a n g e  the i r  r e l a t i v e  in tens i t i e s .  T he  

o v e r l a p p i n g  o f  n e a rb y  p e a k  l ines  w i th  a m ain  B P - l in e  a c c o m p a n i e d  by i ts  SP-  

s a te l l i t e ,  m a k e s  t h e  in te n s i t i e s  s tu d y  m o r e  c o m p l i c a t e d  e s p e c i a l l y  fo r  t h e  h ig h e r
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S P 1 - 1 0  9  eV
S P I
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Figure 11. EELS spectra  of a c lean Al su r fa ce  for d i fferent  

primary  energies .  All spectra  are lined up to th e  SPI — 

lo ss  peak (10 9 eV).
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f i g u r e  IP P l u s m o n s  i n t e n s i t i e s  vs. t h e  e l e c t r o n s  p r i m a r y  e n e r g i e s ,  

( a )  S P -  a n d  B P - l o s s  i n t e n s i t i e s  of  t h e  f i r s t - p a i r ,  (b)  s e v e r a l  t y p i c a l

l i n e  s h a p e s  of t h e  f i r s t  pai r ,  ( r )  t h e  r e l a t i v e  i n t e n s i t i e s  of  SP t o  BP 

f o r  t lie f i r s t  t wo  p a i r s  m  t h e  Al's p l a s m o n  loss  s p e c t r a
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o r d e r  l o s s e s  w h e r e  the  ove ra l l  in tens i t i e s  a r e  t h e m s e l v e s  t o o  w e a k  to  c lea r ly  

s e p a r a t e  t h e  S P -  a n d  B P - l in e s

H e d i n l 73! and  P e n n l 71!), o n e  c o u ld  p r e d i c t  the  full s p e c t r u m  o f  p l a s m o n  l o s s e s  by 

c o n v o l u t i n g .  U n f o r t u n a t e l y  s inc e  a real m e ta l  is so  c o m p l i c a t e d  o r  m a t h e m a t i c a l l y  

so  m a n y  p a r a m e t e r s  a re  i nvo lve d ,  it is im p o s s ib l e  to  p r e d i c t  e x a c t l y  t h e  full 

s p e c t r u m  t h e o r e t i c a l l y  T h e r e f o r e  i n s t e a d  o f  p r e d i c t i n g  th e  full s p e c t r u m  p e o p l e  

u s u a l ly  t ry  t o  fit t h e  s p e c t r u m  by  c h a n g in g  t h e  p a r a m e t e r s  b a s e d  o n  s o m e  m o d e l s  

A s  d i s c u s s e d  in t h e  p r e v i o u s  sec t ion ,  the  S P - s a t e l l i t e  l ines  o v e r l a p  w i t h  t h e  B P -  

l ines ,  h e n c e  c h a n g e  t h e  l ine s h a p e s ,  so  tha t  t h e  f irs t  s t e p  o f  f i t t i ng  t h e  s p e c t r u m  is 

t o  s e p a r a t e  t h e  S P - l o s s  l ines  f ro m  the  B P - l o s s  l ines.

P e n n  u s e d  a f u n d a m e n t a l  a p p r o a c h  to  c a l c u l a t e  t h e  B P - l o s s  l ine s h a p e  f r o m  

t h e o r y ! 7-1!, t h e  l ine s h a p e  P ( E , E r) d e r iv e d  f rom  th e  L i n d h a r d  d i e l e c t r i c  f u n c t i o n  

e(a>,k) w a s  g i v e n  as

w i t h  Im[ l / £ f w , k ) ]  -  aip (o rk i[(ay -  ) ’ + (o) rt )2 ] w h e r e  ryp is t h e  p l a s m o n

f r e q u e n c y  fo r  w a v e  v e c t o r  k -  0, rt is a m e a s u r e  fo r  t h e  l i f e t ime  w h i c h  is r e l a t e d  

t o  t h e  l ine w i d t h  o f  t h e  p l a s m o n s

A d i f f e r e n t  e x p r e s s i o n  o f  t h e  p l a s m o n  e n e r g y  d i s t r i b u t io n  f u n c t i o n  w a s  g iv e n  

by  H e d i n l 73! a s  fo l lows:

4,1,3 Plasmon Loss Line Shape

and Double Surface Plasmon Losses

K n o w i n g  t h e  l ine s h a p e  o f  a s ing le  p l a s m o n  loss  ( e x a m p le :  f r o m  th e  a n a ly s i s  by

(4.1 I)
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E n e r g y  L o s s  ( e V )

F i g u r e  13. P l a s m o n  e n e r g y  d i s t r i b u t i o n  f u n c t i o n  c a l c u l a t e d  w i t h  t h e

m o d e l  o f  P e n n  [ E x p .  (4  1.1)] ( d a s h  l ine ) ,  t h e  m o d e l  o f H e d i n  [ E x p .  

( 4 . 1 . 2 ) ]  ( s o l i d  l ine) .  In b o t h  c a s e s  ha)p = 15.0 e V .  A l s o  s h o w n  is

t h e  a s y m m e t r i c  L o r e n t z i a n  ( d o t  l ine)  f i t t ed  t o  t h e  c u r v e  o f  H e d i n l ” !
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e 2 [m ( ot X & ( ( o - f o  )
D - ( E ) =  ' I--------=  (4  1 2)n  V 2 \  <o )  foJo) -  o)n

t h e n  t h i s  f u n c t i o n  w a s  c o n v o l u t e d  w i th  a L o r e n t z i a n  w h i c h  h a s  a l ine w i d t h  

d e p e n d e n c e  o n  c*k d e s c r i b e d  a s  b e l o w

r ( w k) = 0 9 +  3.2 5 k 2 ( 4 . 1 3 )

h(ok -  h(op + 3 0 1 k 2 (4  1 4 )

w h e r e  r ( )  is e x p r e s s e d  in c V  a n d  k in A A t t e k u m  et a l l3 , l d id  a n u m e r i c a l  

c a l c u l a t i o n  o f  H e d i n ' s  f u n c t i o n  w i th  ha>p -  15.0 e V  ( a  t yp ic a l  B P - l o s s  e n e r g y )  an d

c o m p a r e d  t h e  r esu l t  w i th  P e n n ' s  m o d e  a n d  a s y m m e t r i c  L o r e n t z i a n  m o d e  T h e i r  

c o m p a r i s o n  o f  d i f f e re n t  m o d e s  fo r  the  p l a s m o n  loss  l ine s h a p e s  is s h o w n  in f ig u r e  

131” ) w h i c h  i n d i c a t e s  tha t  t h e  L o r e n t z i a n  l ine s h a p e  is a n ice  a p p r o x i m a t i o n  fo r  

t h e  s e c o n d  a n d  h i g h e r  p l a s m o n  lo s s  p e a k  a l t h o u g h  it h a s  l i t t l e  d i f f i c u l ty  fo r  t h e  

f i rs t  p e a k  d u e  t o  i ts  s y m m e t r y

T o  a n a ly s e  t h e  p l a s m o n  line s h a p e s  w e  u se  a s im p l e r  a n a ly t i c a l  e x p r e s s i o n  -  

t h e  s y m m e t r i c  L o r e n t z i a n  fo r  c o m p u t a t i o n a l  r e a s o n s  T h e r e f o r e  t h e  / i - th  S P -  o r  

B P - l o s s  l ine P is o b t a i n e d  a s  f o l l o w sn

P ( E )   ---------------- ^ ---------------- (4  1 5 )
l + ( ( E - E n) / r n(E)]:

w h e r e  E n is t h e  bu lk -  o r  s u r f a c e - p l a s m o n  e n e rg y ,  1̂  is t h e  p e a k  i n te n s i t y ,  a n d  Tn is 

h a l f  o f  t h e  F W H H  (ful l  w i d t h  at h a l f  he igh t ) .  D u e  to  t h e  l a r g e  u n c e r t a i n t y  in t h e  

b a c k g r o u n d  e sp e c i a l l y  u n d e r  t h e  p e a k s  n e a r  t h e  p r i m a r y  e n e r g y ,  t h e  b a c k g r o u n d  

c o r r e c t i o n  w a s  t a k e n  in to  a c c o u n t  f o r  t h e  t h e o r e t i c a l  l ine s h a p e  a n a ly s i s  a n d  w a s  

a p p r o x i m a t e d  by:
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t (K-K„) > 
<3 ( 4 . 1 . 6 )

v

w h e r e  E n is t h e  p r i m a r y  e n e r g y ,  c\, c2, and  c, a r e  p a r a m e t e r s  C o m b i n e  e x p r e s s i o n  

(4  1 5 )  w i t h  (4  1 6 )  w e  h a v e  a f i t - c u r v e  d e s c r i b e d  by N ( E )  as  fo l l o w s :

S in c e  o u r  o r ig ina l  d a t a  is in t h e  d e r i v a t i v e  fo rm ,  d N ( E ) / d E ,  t a k e  t h e  d e r i v a t i v e  o f  

a b o v e  e x p r e s s i o n ;  t h a t  yields:

w h e r e  /?,, pz, a n d  p : a re  p a r a m e t e r s  t o  be  f i t t ed  fo r  t h e  b a s e  l ine E x p r e s s i o n  

( 4 . 1 8 )  is t h e  o n e  w e  u s e d  fo r  t h e  c u r v e  fit, f o r  c a s e  o f  a l u m i n u m  m -  7 (7  l ines )  

w a s  u s e d  T h e  b e s t  v a lu e s  o f  the  p a r a m e t e r s  fo r  f i t t ing  t h e  s p e c t r u m  w e r e  

d e t e r m i n e d  w i th  a leas t  s q u a r e s  f i t t i ng  p r o c e d u r e s ! 74! w i th  t h e  r e q u i r e m e n t s  t h a t  

t h e  f i rs t  t w o  p a i r s  o f  p l a s m o n  lo sses ,  inc lu d in g  t h e  2 S P - s h o u l d e r ,  s h o u l d  b e  f i t t e d  

b e s t  T h e  L o r e n t z i a n  line s h a p e  is s y m m e t r i c  ye t  t h e  real  l ine s h a p e  m a y  not  be, 

t h e r e f o r e  t h e  leas t  s q u a r e s  f i t t i ng  p r o c e d u r e  w a s  r e s t r i c t e d  a l i t t le  bi t  E v e n  so 

se v e r a l  n ice  f i t t e d  c u r v e s  o f  E E L S  w e r e  o b t a i n e d  fo r  c lean  Al ( t h i c k  f i lm),  T a  foil ,  

a n d  A l / N b  f ilm

N ( E )  = BbM( E )  + X Pn ( E ) ( 4 . 1 . 7 )

i / N ( E )  /  tiE

W i t h o u t  lo s in g  t h e  g e n e ra l i t y ,  the  a b o v e  e x p r e s s i o n  c a n  be  r e w r i t t e n  as

< / N ( E ) / c / E  = p x- 1 + p 2-e
\
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F i g u r e  14 g iv es  t h e  bes t  fit o f  f igu re  10 w h i c h  is t h e  APs p l a s m o n  loss  

s p e c t r u m  w i th  an  i nc ide n t  e n e r g y  o f  E 0 = 601 eV,  T h e  p a r a m e t e r s  u s e d  f o r  t h e  fit 

a r e  l i s t ed  in t a b l e  6, In f igu re  14, (a)  is t h e  o v e r l a y  o f  t h e  d a t a  a n d  i ts  fit ,  w h e r e  

it is h a r d  t o  s e e  w h ic h  is w h ich ,  so th a t  t h e  d e c o m p o s i t i o n  o f  t h e  p l a s m o n  loss  

l ines  is g iv e n  in (b) ,  pa r t  (c) ,  t h e  i n se r t i o n  in (b) ,  s h o w s  t h e  2 S P - l o s s  l ine s h a p e  

A f t e r  b a c k g r o u n d  c o r r e c t i o n s  w e r e  m a d e  as  s h o w n  in f ig u r e  14 (b) ,  S P - l o s s  l ines  

(SPm),  l a b e l e d  as  'SP  L I N E S ’ w e r e  c le a r ly  d i s c e r n e d  a p a r t  f r o m  B P - l o s s  l ines  

( B P « ) ,  l abe led  as  'B P  L I N E S '  g ra p h ic a l ly  T h e  e x t r a  2 S P - l i n e  s h o w n  in f ig u r e  

14 (c)  h a s  t o  b e  i n t r o d u c e d  to  fit t h e / / r s 7 -  and  second-pair  a s  wel l  as  t h e  s h o u l d e r  

l abe led  as  V  in f igu re  10. W i t h o u t  i n t r o d u c i n g  t h e  2 S P - l i n e  o n e  w o u l d  g e t  a nice 

fit n e i t h e r  fo r  t h e  j irs i-pa ir  n o r  fo r  the  second-pair  S i n c e  the  2 S P - l i n e  is s i t ed  

b e t w e e n  t h e  f i rs t  t w o  pa ir s ,  it will e ff ec t  b o t h  pa irs '  l ine s h a p e s  e v e n  t h o u g h  it has  

a  w e a k  i n te n s i t y  r e l a t i v e  t o  t h e  S P  I - l ine A n o t h e r  c o n s i d e r a t i o n  w a s  t h a t  t h e  SP-  

s a te l l i t e  p e a k  l ines ,  s u c h  a s  S P 1 B P 1  and  S P 1 B P 2 ,  s h o u l d  a l s o  h a v e  l o w e r  

i n t e n s i t i e s  T h e  r e l a t i v e  in te ns i ty  r a t io  fo r  S P -  a n d  B P - l in e s  is, r e s p e c t i v e ly ,

R " ’ = I JS, ' / ' » , =  0 2 3 ,  R ',-" = IS / 1„., = 0 . 2 4 ,  R ' "  / ! „ , , =  0 44 ,  an d

= Ikim /  = 0-37.  T h e  r a t i o s  in t ab le  6 a re  t h e  a v e r a g e  v a lu e s

S e v e ra l  p o i n t s  a re  n o t e w o r t h y  (!) t h e  t h e o r e t i c a l  c u r v e  w a s  f i t t e d  t o  the  

o r ig in a l  s p e c t r u m  w h i c h  w a s  n e i th e r  s m o o t h e d  n o r  t r e a t e d  by a n y  o t h e r  p re -  

t r e a t m e n t ;  ( ii )  t h e  2 S P - l in e  had  to  b e  i n t r o d u c e d  in o r d e r  t o  g e t  a n ice  fit;  ( i i i )  t h e  

f inal f i t t e d  c u r v e  s h o w n  as  sol id  l ine in f igure  14(b)  w a s  t h e  o n e  a f t e r  t a k i n g  in to  

a c c o u n t  o f  the  e la s t ic  p e a k  w h ic h  c h a n g e s  the  r igh t  tai l  o f  t h e  SP  1 - l ine!7'!; ( iv )  the 

b a s e  l ine p r e s u m a b l y  d u e  to  t h e  inelas t i c  s c a t t e r i n g  o f  t h e  e l e c t r o n s  o t h e r  t h a n  the  

p l a s m o n  e x c i t a t i o n s  has  t o  be inc luded .  T h e  re l i ab i l i ty  o f  the  a b o v e  t r e a t m e n t s  

a n d  r e s u l t s  h o w e v e r  a re  s u p p o r t e d  by  th e  g o o d  fit o b t a i n e d
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Figure 14. A1 p lasm on  lo sses  lines. In (b), BP LINES are  

the  bulk p lasm on  lo sses  BP1+BP2 + BP3, and SP LINES are  

the sur face  p lasm on  losses: S P 1 + 2S P +S P 1B P 1+ S P 1BP2 In 

(c), 2SP is the  double sur face  p lasm on  lo sse s  line
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Table 6 .  Best parameter value for the p l a s m o n  loss of A1 (E ,  = 601eV)

L ine  N a m e ^ E n( S e m i - T h . ) E n( E x p . ) E „ ( F i t t e d ) T „ ( e V )

SP1 10 9 10 9 10 9 3.1 1 .00

B P  1 15 7 15 7 15 6 3.5 1.05

2 S P 21 .8 22 0 20  0 3 8 0  23

S P 1 B P 1 2 6 .6 26 6 2 5 .7 4 0 0 25

B P 2 3 1 4 31 ,2 3 1 7 4.3 0 , 4 6

S P 1 B P 2 42  3 42.1 41 7 4 ,4 0 . 0 6

B P 3 47  1 46  4 4 6  9 4 5 0 17

B a s e  L ine />, /  I, = 6 10% p 2 = 1 40 p , -  30 0

I n t e n s i t y  R a t io R,  -  0 24 Rb = 0.41 R,  /  R„ = 0 . 5 9

4 . 1 . 4  C h a r a c t e r i s t i c  E E L S  o f  T a

T h e  T a ' s  c h a r a c t e r i s t i c  p l a s m o n  lo ss  s p e c t r u m  w a s  o b t a i n e d  in t h e  s a m e  w a y  as  

d e s c r i b e d  in a b o v e  s e c t i o n  w i th  the  e x c e p t i o n  tha t  t h e  T a  fo iH16l w a s  u s e d  T h e  

s p e c t r u m ,  o b t a i n e d  by u s in g  a b e a m  o f  p r im a r y  e n e r g y  o f  503 e V  a n d  b e a m  

c u r r e n t  o f  15 / rA,  is s h o w n  in f igu re  15 T h e  S P -  a n d  B P - l o s s  e n e r g i e s  m e a s u r e d  

f r o m  th e  s p e c t r u m  a re  fo u n d  to  be  1 1 5  e V  an d  18 6 e V  r e s p e c t i v e l y  a n d  th e y  a r e  

l o w e r  t h a n  t h e  t h e o r e t i c a l  v a lu e s  o f  13 9 e V  a n d  19 6  e V ,  t h a t  c a n  a l s o  b e  s e en

^ M e a n i n g  o f  the  sy m bo ls  is g iven  in the text
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f r o m  t h e  r a t i o  A Eh/ A E i =  l 6 i n s t e a d  o f  t h e  p r e d i c t e d  1 4  S im i l a r  r e s u l t s  ( 1 2  5, 

2 0 .5  e V ,  a n d  A E b/ A E i = 1 6 )  w e r e  a lso  g o t t e n  by S c h u b e r t l 76! e t  al. T h e  p o s s ib l e  

c o m b i n a t i o n s  m a d e  u p  o f  13.9 e V  and  19.6 e V  ( th e  p r e d i c t e d  v a lu e s )  a r e  l i s t ed  in 

t a b l e  7.

T h e  p l a s m o n  lo ss  s p e c t r u m  o f  T a  ( f i g u re  15) ha s  m a n y  f e a t u r e s  in c o m m o n  

w i t h  t h o s e  w e  ge t  f o r  Al ( f i g u re  10) Firs t  t h e  o r d e r  o f  a p p e a r a n c e  o f  t h e  

p l a s m o n - t o s s e s ’ c o m b i n a t i o n  is e x a c t ly  t h e  s a m e  fo r  b o t h  m e t a l s  w i th  t h e  S P l - l i n e  

c o m e s  f i r s t  f o l l o w e d  by B P 1 - ,  2 8 ? ^ -  ( o r  S P 1 B P 1 - ) ,  B P 2 - ,  a n d  S P ! B P 2 - l i n e s  

T h e s e  p e a k s  a r e  l a b e l e d  as  a, b, c*. tf, e r e s p e c t iv e ly  in t h e  f i g u r e s  a n d  the i r  

c o r r e s p o n d i n g  t a b l e s  F o r  t h e  S P - l o s s  ( o r  SP  I B P  1-loss )  a t  2 S P f ( f t ) ,  it on ly  

s h o w s  a s h o u l d e r  i n s t e a d  o f  a real p e a k  in b o t h  s p e c t r a  b u t  t h e  i m p o r t a n t  

i n f o r m a t i o n  w e  g e t  is tha t  t h e  2 S P t (c*) ' s h o u l d e r / p e a k '  is m u c h  c l e a r e r  in T a ’s 

s p e c t r u m  t h a n  in Al's.  T h a t  a g r e e s  w i th  t h e  fac t  t h e r e  d o e s  ex is t  t h e  p o s s ib i l i ty  o f  

h igh  o r d e r  S P - l o s s e s  e v e n  t h o u g h  they  have  m u c h  l o w e r  i n t e n s i t i e s  t h a n  t h e  s ing le  

S P - lo s s .

T h e  p a r t i c u l a r  r ich  s t r u c t u r e s  o f  the  T a ’ E E L S  a r e  w o r t h y  o f  m o r e  

e x a m i n a t i o n s .  L ine  s h a p e  ana lys i s  o f  f igu re  15 w a s  s t u d i e d  by  u s in g  a L o r e n t z i a n  

l ine  s h a p e  fit; t h e  f i rs t  t w o  p a i r s  o f  5 l ines  w e r e  f i t ted  ( m  =  5 in e x p r e s s i o n  4  1 8). 

T h e  be s t  p a r a m e t e r s  o f  f i t t i ng  a re  l is ted  in t ab l e  8 a n d  t h e  fit c u r v e  a l o n g  w i th  the  

c o m p o n e n t s  o f  t h e  B P - ,  SP- ,  and  B a s e - l i n e s  a re  s h o w n  in f i g u r e  16 A f t e r  c a re fu l  

e x a m i n a t i o n  o f  t h e  S P - l in e s  a p a r t  f rom  the  B P - l i n e s  it b e c o m e s  c l e a r  t h a t  the  

s h o u l d e r  l a b e l e d  as  V  in f ig u r e  1 5 is i n d e e d  d u e  to  t h e  d o u b l e - S P - l o s s ,  t h e  s a m e  

r e s u l t  g o t t e n  f o r  t h e  c a s e  o f  Al
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Figure 15. P lasmon loss  s p e c tr u m  of Ta using a beam  

in c id en t  e l e c tr o n s  of energy 503 eV, where a, b t c, etc.  

are m e a su r e d  from the e last ic  peak posit ion o.
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Figure 16. Ta p lasm on  lo sses  lines. Where BP LINES are the  

bulk p lasm on  losses:  BP1+BP2, and SP LINES are the  su r fa c e  

p lasm on  losses: SP 1+2SP + SP1BP1. In (a),  2SP is th e  double  

su r fa c e  p lasm on  losses  line; (c) is th e  data and fit.
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T a b l e  7 .  P l a s m o n  l o s s  p o s i t i o n s  o f  T a  ( e V )  (E ,  = 5 0 3 e V )

E x p e r i m e n t a l
O b s e r v e d

L a b e l s  in 
F ig u re  15

T h e o r e t i c a l
P r e d i c t e d

E x p l a n a t i o n  o f  
C o l u m n  3*

1 1.5 a 13 9 SP1

18 6 b 19.6 B P  1

2 9 .5 * c 27 .8 2 S P

2 9 .5 * c 33 .5 S P 1B P  1

38 6 d 39 2 B P 2

n o ^ - 4 1 7 SP3

no 47 .4 S P 2 B P 1

4 8 .5 e 53 1 S P 1 B P 2

T a b l e  8.  B e s t  p a r a m e t e r  v a l u e  f o r  t h e  p l a s m o n  l o s s  o f  T a  ( e V )

L ine  N a m e E n( T h  ) E n( E x p . ) E n( F i t t e d ) r n( e v > K

SP1 13 9 1 1 5 1 1 1 5.4 1 0 0

B P  1 19.6 18 6 19.1 6 .0 1 70

2 S P 27  8 29 5* 2 6 .7 6.2 0  33

S P 1B P  1 33 5 29 5* 2 6 .7 6 .2 0  33

B P 2 3 9 .2 38 6 38  4 6.3 0 .5 3

S P 1 B P 2 53 1 48  5 48  6 6 .9 0 . 6 6

B a s e  L ine /?, /  1, = 1.5% p 2 = 0 .89

i 
^3

l
II V

I O

I n t e n s i t y  R a t io 8,  = L sp  ̂Ispi = 8b = ^ b p 2  ̂ ^ni'i -  0  31 R , / R b = l 1

*. * . and  ̂ ; same as in tabic 5
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D u e  t o  t h e  i n t e r b a n d  t r a n s i t i o n s 142-461, t h e  h ig h e r  o r d e r  p l a s m o n  l o s s  l ines  a r e  

e x p e c t e d  t o  b r o a d e n  and  th a t  will  c o n s e q u e n t l y  shif t  t h e  l ine  p o s i t i o n  b e c a u s e  o f  

t h e  o v e r l a p p i n g  o f  n e a rb y  S P - s a te l l i t e ' s  l ine w i th  B P - l in e s  T h a t  e f f e c t ,  e s p e c i a l l y  

fo r  t h e  l ine 2 S P  is i n d e e d  o b s e r v e d  in t h e  T a ' s  s p e c t r a  ( f i g u r e s  15 a n d  16) T h e  

o t h e r  o b s e r v a t i o n s ,  th a t  t h e  h i g h e r  o r d e r  p l a s m o n  loss  p e a k s  s h o w  p o s i t i o n  shift ,  

w e r e  a l s o  r e p o r t e d  by  S i m m o n s  and  S c h e ib n e r l 4 , l in o t h e r  t r a n s i t i o n  m e t a l s  suc h  as  

T i t a n i u m ,  V a n a d i u m ,  a n d  C h r o m i u m  It is c l e a r  t h a t  in t h e  t r a n s i t i o n  m e t a l s  t h e  

sp e c i a l  e f f e c t s  c o n t r i b u t e d  by  t h e  i / -band  e l e c t r o n s  m u s t  b e  t a k e n  i n to  a c c o u n t  in 

o r d e r  t o  g e t  a c o m p l e t e  t h e o r e t i c a l  d e s c r ip t i o n .  E v e n  t h o u g h ,  t h e  s e m i -c l a s s i c a l  

t h e o r y  still  p r o v i d e s  u s  a v e ry  r e a s o n a b l e  g u i d e  fo r  t h e  p l a s m o n  lo s s  l ine s t u d i e s  

It c a n  b e  c o n c l u d e d  tha t  the  c h a r a c t e r i s t i c  e n e r g y  lo ss  s p e c t r u m  f o r  Al  ( T a )  in 

th e  r a n g e  0 - 3 2  e V  ( 0 - 4 9  e V )  is c o m p o s e d  o f  at  leas t  Five p l a s m o n  loss  l ines  

i n c l u d in g  th e  d o u b l e - S P - l o s s  l ine N ic e  a g r e e m e n t  b e t w e e n  t h e o r y  a n d  e x p e r i m e n t  

is o b t a i n e d  fo r  Al  a n d  m o d e r a t e  a g r e e m e n t  fo r  Ta,  F o r  t h e  c a s e  o f  Al a f ree  

e l e c t r o n  m o d e l  is a g o o d  a p p r o x i m a t i o n  W h i l e  fo r  t h e  c a s e  o f  T a ,  w h i c h  is a 

t r a n s i t i o n  m e ta l ,  it is d i ff icu l ty  to  s e p a r a t e  t h e  t e r m s  in e x p r e s s i o n  (3 2 . 2 )  as  wel l  

a s  t o  d i s t i n g u i s h  b e t w e e n  d e n s i t y  o f  t h e  free  e l e c t r o n  and  t h e  m o r e  t i g h t ly  b o u n d  

c o r e  e l e c t r o n s  a n d  to  c a l c u l a t e  i n t e r b a n d  t r a n s i t i o n s  T h i s  m a y  a c c o u n t  fo r  the  

o b s e r v e d  r e s u l t  t h a t  t h e  r e l a t i v e  p e a k  h e igh t  o f 'd' ( B P 2 )  is m u c h  h i g h e r  t h a n  V '  

( S P 1 B P 2 )  fo r  Al  bu t  o p p o s i t e  fo r  t h e  T a
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4.2 EELS of Al Films on Nb

In o u r  e x p e r i m e n t  w e  did o b s e r v e  t h e  I P - l o s s  p e a k s  ( I P I - ,  S P 1 I P 1 -  a n d  IP2 -  

lo ss  p e a k s )  f o r  t h e  a n n e a l e d  A l /N b  f i lms;  t h e  m e a s u r e d  I P - l o s s  e n e r g y  is 16 5 e V  

in a v e r a g e  th a t  is s l igh t ly  less  than  the  s e m i - t h e o r e t i c a l  v a lu e  o f  17.3 e V ,  u s in g  

o u r  e x p e r i m e n t a l  m e a s u r e d  B P - l o s s  e n e r g y  15.7,  18 7 e V  f o r  Al a n d  N b  

r e s p e c t i v e l y ,  an d  t h e  p r e d i c t e d  v a lu e  17 8 ( t a b l e  4).  W e  c h o o s e  A l / N b  to  

i n v e s t i g a t e  f i rs t  b e c a u s e  o f  s o m e  i n t e r e s t i n g  c h a r a c t e r i s t i c s  o f  th i s  sy s te m .  B o t h  

e l e m e n t s  exh ib i t  n e a r ly  t h e  sa m e  a to m ic  rad iu s ,  but  c r y s t a l l i z e  in d i f f e re n t  

s t r u c t u r e s ,  a l u m i n u m  c ry s t a l l i z e s  in the  fee s t r u c t u r e  w h e r e a s  n i o b iu m  is a b c c  

m e t a l

4 . 2 . 1  P l a s m o n  L o s s  S p e c t r u m  o f  P u r e  N i o b i u m

B e f o r e  a n a ly z in g  th e  A l /N b  sy s te m ,  f irst  w e  t a k e  a l o o k  at  t h e  N b 's  

c h a r a c t e r i s t i c  p l a s m o n  lo ss  s p e c t r u m ,  s inc e  Nb  is u s e d  l a t e r  a s  t h e  s u b s t r a t e  

N i o b i u m  foil  w a s  u s e d  to  g e t  i ts  p l a s m o n  lo ss  s p e c t r u m  w h i c h  is s h o w n  in f ig u r e  

17. T h e  v e ry  f irst  S P l - l o s s  p e a k  s h o w s  u p  at  10 I e V  f o l l o w e d  by  th e  B P l - l o s s  

p e a k  18 7 e V  F o r  c o m p a r i s o n ,  S c h u b e r t  a n d  W o l f 1761 o b t a i n e d  e x p e r i m e n t a l  

v a l u e  o f  9 . 6  an d  20  8 e V  T h e  p o s s ib l e  c o m b i n a t i o n s  m a d e  up  o f  19.6 e V  an d  

13 9 eV  ( t h e  p r e d i c t e d  va lu es ,  t ab le  4 )  a r e  l is ted in t ab l e  9  T h e  o r d e r s  o f  t h e  

a p p e a r a n c e  o f  t h e  p l a s m o n  loss  p e a k s  a re  e x a c t ly  t h e  s a m e  a s  t h o s e  o f  Al a n d  T a  

d i s c u s s e d  in p r e v i o u s  sec t ion .  W e  will u se  f igu re  17 as  o u r  r e f e r e n c e  s p e c t r u m  o f  

c l e a n  N b  w h e n  w e  s tu d y  t h e  a n n e a l e d  A l /N b  s y s te m  in t h e  f o l l o w i n g  s e c t io n .
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Figure 17. P lasmon loss  s p e c tr u m  of Nb.

Table 9. Plasmon loss positions of  Nb (eV)

E x p e r i m e n t a l
O b s e r v e d

L a b e l s  in 
F i g u r e  17

T h e o r e t i c a l
P r e d i c a t e d

E x p l a n a t i o n  o f  
C o l u m n  3

10.1 a 13 9 S P 1
18 7 b 19 6 B P 1
n o ? 2 7 . 8 2 S P
33 4 c 3 3 , 5 S P 1 B P 1
4 0 .1 d 3 9  2 B P 2

*and ^ same as in tabic 5



74

4 . 2 . 2  I n t e r f a c e  P l a s m o n s  o f  A l / N b  F i l m s

Al l a y e r s  o f  v a r i o u s  t h i c k n e s s e s  w e r e  g r o w n  on  N b  a t  r o o m  t e m p e r a t u r e  an d  

a n n e a l e d  at  s t e p w i s e  i n c r e a s i n g  t e m p e r a t u r e s  u p  to  1500  K fo r  a b o u t  100 s e c o n d s  

T h e  o r i e n t a t i o n s  o f  t h e  f ilms w e r e  f ixed d u r i n g  t h e  a n n e a l s ,  so  t h e  i n f l u e n c e  o f  

g e o m e t r y  o n  t h e  E E L S  m e a s u r e m e n t s  c o u ld  b e  i g n o r e d .  F i g u r e  18 a n d  19 s h o w  

t h e  s p e c t r a  o f  t h e  a n n e a l e d  A l /N b  film w h e r e  in t h e  f i g u r e  19 o n ly  t h e  s p e c t r a  

w i t h in  t h e  e n e r g y  r a n g e  o f  t h e  S P 1 - ,  IP1 - ,  and  B P l - l o s s e s  a r e  s h o w n ,  a n d  in 

f i g u r e  20  th e  w h o l e  s p e c t r a  o f  f r e s h  Al, t h r e e  o f  A l /N b ,  a n d  c le a n  N b  a re  s h o w n .  

A s  s h o w n  in t h e  a b o v e  f igures ,  w h e n  the  an n e a l  t e m p e r a t u r e  i n c r e a s e  a n d  the  

o v e r l a y e r  c h a n g e s ,  t h e  p l a s m o n  loss  s p e c t r u m  o f  t h e  s y s t e m  ( in i t i a l ly  l abe led  as  

' F r e s h  Al '  in f ig u r e  19 and  2 0 )  s h o w s  l ine s h a p e  c h a n g e s  an d  in a d d i t i o n  the  

p l a s m o n  l o s s  e n e r g i e s  shif t ,  w h e n  the  t e m p e r a t u r e  r e a c h e d  1400  K,  t h e  s p e c t r u m  

b e c o m e s  c h a r a c t e r i s t i c  o f  the  N b  s u r f a c e  ( l a b e le d  a s  'C l e a n  N b '  in t h e  f i g u r e s )  

T h e  fac t ,  t h a t  t h e  m u l t ip l e  p l a s m o n  lo sse s  o v e r l a p  w i th  t h e  n e a r  by  p e a k s  and  

t h e r e f o r e  c h a n g e  t h e  p e a k  s ha pe ,  a s  d i s c u s s e d  b e fo r e ,  m a k e s  t h e  a n a ly s i s  a n d  p e a k  

p o s i t i o n  m e a s u r e m e n t s  m o r e  d iff icu l t  W e  will c o n c e n t r a t e  o n  t h e  s e c o n d  loss  

p e a k  in t h e  f o l l o w i n g  d i s c u s s io n  T h e  p e a k s  i n d i c a t e d  by t h e  a r r o w s  in f i g u r e  19 

c le a r ly  s h o w  th e  p l a s m o n  e n e r g y  shif t  s t a r t i n g  f ro m  th e  f r e s h  Al 's  B P l - l o s s  o f  15 7 

e V  t o  s o m e  n e w  v a lu e s  a m o n g  16.0 e V  -  17 5 e V  and  f ina l ly  t o  t h e  c l e a n  N b 's  

B P l - l o s s  o f  18 7 eV.  In  f igu re  20 b o t h  p e a k s  o f  16 4 e V  an d  16.7  e V  i n d i c a t e d  

by  o n e - d i r e c t i o n  a r r o w s  a re  e x p e c t e d  to  be  t h e  I P - l o s s e s  T h o s e  v a l u e s  a r e  a b o u t  

5 %  less  t h a n  17 3 e V  w h i c h  is t h e  s e m i - t h e o r e t i c a l  I P - l o s s  e n e r g y  o f  A l / N b  

c a l c u l a t e d  f r o m  e x p r e s s i o n  (3 2 . 1 0 )  by u s in g  A E M(AI) = 15 7 e V  an d

A E h1(tJh) -  18 7 e V  T h e  s e c o n d  g r o u p  o f  t h e  l o ss  p e a k s  a l s o  s h o w  c le a r ly  p e a k  

s h a p e  c h a n g e s  a s  i n d i c a t e d  by th e  t w o - d i r e c t i o n  a r r o w  in f ig u r e  20  F i g u r e  21,
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w h i c h  s h o w s  t h e  L o r e n t z i a n  fit o f  an A l / N b  s p e c t r u m ,  s u g g e s t s  t h a t  t h e s e  tw in  

p e a k s  a r e  p r o b a b l y  t h e  I P 2 -  and  SP1 IP 1- loss  l ines.  T h e  e x p e c t e d  I P - l o s s  p e a k  

p o s i t i o n s  a r e  a l s o  i n d i c a t e d  by the  d a s h  l ines  w h i c h  a r e  l a b e l e d  as  16 4,  2 7  3, an d  

3 2 .8  in f ig u r e  18 T h e  o t h e r  s t r o n g  e v id e n c e  o f  s u p p o r t i n g  th e  i n t e r p r e t a t i o n  o f  

t h e  o b s e r v e d  i n t e r m e d i a t e  p e a k s  b e in g  th e  I P - l o s s e s  is t h e  c o n s e q u e n c e  o f  the  

v a n i s h i n g  o f  t h e  h ig h e r  o r d e r  p l a s m o n  loss  l ines  ( l a b e le d  as  'A l -h ig h '  in f ig u r e  20) ,  

T h o s e  h i g h e r  o r d e r  p l a s m o n  lo ss  l ines  can  b e  c le a r ly  o b s e r v e d  in b o t h  t h e  Al  an d  

t h e  N b 's  c h a r a c t e r i s t i c  E E L S  s p e c t r a  D u r i n g  t h e  a nnea l  t h e s e  l ines  a l s o  s h o w  

d r a s t i c  l ine s h a p e  c h a n g e s ,  e s p e c i a l l y  t h e i r  peak  h e ig h t s  F r o m  i n s p e c t i o n s  o f  the  

m id d l e  t h r e e  c u r v e s  l a b e l e d  as  'A l /N b '  in f i g u r e  20,  it is o b v i o u s  t h a t  t h o s e  h i g h e r  

o r d e r  p l a s m o n  loss  l ines  a r e  a lm o s t  u n o b s e r v a b l e  in t h e  h igh  e n e r g y  lo s s  r e g i o n  

It is a l s o  at  th is  t im e  th a t  t h e  f irst  t w o  pa ir s  o f  t h e  I P - l o s s e s  b e c o m e  v is ib le  in the  

s p e c t r a  ( l a b e le d  as  16,4 and  16 7 fo r  the  f irs t-pa ir  a n d  i n d i c a t e d  by  t h e  t w o -  

d i r e c t i o n  a r r o w  for  t h e  second-pair).  Th i s  k ind  o f  c u r v e  c h a n g e ,  t h a t  t h e  I P - l o s s  

l ines  s t a r t  t o  s h o w  up  (o n ly )  w h e n  t h e  h ig h e r  o r d e r  p l a s m o n  l o s s  l ines  v a n i s h  f rom  

th e  s p e c t r u m ,  is a l so  o b s e r v e d  in o t h e r  f i lms  such  as  S n / N b ,  S n / M o  a n d  S n / T a  In 

l a t e r  d i s c u s s i o n s  o f  t h o s e  f i lms w e  will u s e  th is  f e a t u r e  a s  a n  e v i d e n c e  fo r  j u d g i n g  

i f  t h e  i n t e r m e d i a t e  l o ss  peak  is d u e  to  an  I P - l o s s  o f  t h e  film o r  t o  a B P - l o s s  o f  the  

s u b s t r a t e
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T o  g e t  a d e e p e r  u n d e r s t a n d i n g  o f  t h e  i n t e r m e d i a t e  lo ss  s p e c t r a  ( s o m e  o f  the  

l ines  a r e  i n t e r p r e t e d  d u e  to  t h e  I P - l o s s e s  o f  t h e  A l /N b  Film), t h e  s p e c t r u m  w a s  

d e c o m p o s e d  in to  t h e  ind iv idua l  l o ss  l ines u s in g  th e  L o r e n t z i a n  l ine s h a p e  

t e c h n i q u e  T h e  c o r r e s p o n d i n g  d e c o m p o s e d  s p e c t r u m  is g iv e n  in Figure 21 ,  a n d  the  

b e s t  p a r a m e t e r s  fo r  Fitt ing a re  l is ted in t ab le  10 In t a b l e  10, c o l u m n  2 g i v e s  the  

c o m b i n a t i o n s  m a d e  up  o f  I 1.2 and  17 8 w h ic h  a r e  t h e  p r e d i c t e d  v a lu e s ,  c o l u m n  3 

g i v e s  t h e  c o m b i n a t i o n s  m a d e  up  o f  10 9 and  16 4 t h o s e  a r e  t h e  s e m i - t h e o r e t i c a l  

v a lu e s ,  a nd  c o l u m n s  4, 5, 6 and  th e  r o w  B a s e - L i n e  g ive  t h e  v a lu e s  d e t e r m i n e d  

f ro m  th e  c u r v e  fit. W e  see  tha t  the  Fitted v a lu e s  fo r  the  E n f o r  t h e  s e c o n d  p a i r  o f  

p e a k s  ( c o l u m n  4 )  a r e  w i th in  a f e w  p e r c e n t  o f  t h e  c a l c u l a t e d  v a lu e s  in c o l u m n s  2 

a n d  3; so  w e  a s c r i b e  this  pa i r  o f  p e a k s  t o  the  d o u b l e  l o sse s  S P  1 IP 1 a n d  IP2

T a b l e  10 B e s t  p a r a m e t e r  v a l u e  o f  t h e  L o r e n t z i a n  l i n e  f i t  

f o r  t h e  E E L S  o f  t h e  A l / N b  f i l m  (E ,  =■ 501 e V )

L i n e  N a m e E „(T h  ) E n( S e m i - T h  ) E n( F i t t e d ) T n( e V ) In

S P I 1 1 2 10 9 10 9 3 3 1 0 0

IP1 17 8 16 4 16 4 4 ,8 1 3 5

S P  1 IP 1 29  0 27 3 26  2 6  2 0  33

IP2 3 5 .6 32 8 33 4 6 2 0  38

B a s e  L ine P l /I (=0  6 4 % P2~ 16 6 P y ~ 123
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Figure 18. The full spec tra  of Al/Nb film, z o o m - v i e w  

the f i r s t - p a i r  p lasm on  lo sses  is given in f igure 19.
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Figure 19 Interface p lasm on  spe c tra  of Al/Nb film using a 

b e a m  of incident  e l e c tro n s  of energy  501 eV. The film was  

an n ea led  at s tepwise  increas ing  t e m p e r a t u r e s  up to 1500 K.
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Figure 20 Interface p lasm on  of Al/Nb, where th e  in te r fa c e  

p la sm o n  loss  energ ies  are 16.4eV and 16.7 eV as ind icated  

by th e  one d irect ion arrows.
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Figure 21. Interface p lasm on  loss  l ines  of Al/Nb film Where 

IP UNES are the I P - l o s s e s  IP1+IP2, and SP UNES are the  

S P - lo s s e s :  SP1+SP1IP1. The right tail  of the  FIT line is 

t rea ted  by taking into a cc o u n t  the e la s t ic  peak.
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4.3 Sn Films on Nb, Ta, and Mo

Sn  f i lm s  o n  Nb ,  M o ,  a n d  T a  h a v e  b e e n  s tu d i e d  T h i s  s e c t i o n  is o r g a n i z e d

a c c o r d i n g  to  t h e  s u b s t r a t e  u s e d  In e a c h  s u b s e c t io n ,  t h e  s t u d y  o f  t h e  t h e r m a l  

s tab i l i ty  o f  t h e  film is p r e s e n t e d  f irs t ,  f o l l o w e d  by t h e  d i s c u s s i o n  o f  t h e  E E L S  o f  

t h e  f i lm O n e  p o in t  w o r t h  p o in t i n g  o u t  is tha t  s o m e  o f  t h e  lo ss  p e a k  v a lu e s  

m e n t i o n e d  in th i s  s e c t i o n  a r e  m e a s u r e d  f ro m  th e i r  c o r r e s p o n d i n g  d o m i n a n t  to ss  

p e a k ,  i .e. ,  t h e  S P l - l o s s  p e a k  I f  n o t  t h u s  spec i f ied ,  t h e  v a l u e  ha s  t h e  c o m m o n

m e a n i n g  a n d  is m e a s u r e d  f r o m  the  e la s t ic  p e a k  po s i t i o n

B e f o r e  t h e  d i s c u s s i o n s  o f  the  f i lms,  let  u s  t a k e  a l o o k  at t h e  E E L S  o f  t h e  Sn 

T h e  c h a r a c t e r i s t i c  p l a s m o n  loss  s p e c t r u m  o f  Sn (a  6 0  M L  f i lm) is g i v e n  in f ig u r e  

22;  t h e  c o r r e s p o n d i n g  B P -  and  S P - l o s s  l ines'  c o m p o s i t i o n  a r e  l is ted  in t ab l e  1 I 

O u r  r e s u l t s  s h o w  tha t  t h e  f i r s t  B P -  and  S P - l o s s  f e a t u r e s  r is e  a t  10 2 a n d  13 9 e V  

r e s p e c t i v e l y  an d  f o l l o w e d  by t h e  25 9 and  3 9  0 e V  p e a k s  in t h e  h igh  e n e r g y  lo ss  

r eg io n .  T h e  r e s u l t s ,  10.2 and  13 9 e V  for  B P -  and  S P - l o s s  e n e r g y ,  a r e  r e a s o n a b l y  

c lo s e  t o  t h e  p r e d i c t e d  v a lu e s  o f  8 9 6  and  12 7 e V  ( t a b l e  4)  a l t h o u g h  t h e  a g r e e m e n t  

is n o t  a s  g o o d  as  in c a s e  o f  Al T h e  d o u b l e  and  t r i p le  B P - l o s s  p e a k s  ( 2 5  9 a nd  

3 9  0 e V )  a re  w i th in  a f ew  p e r c e n t a g e s  (<  2 5 % )  o f  t h e  t h e o r e t i c a l  va lues .  F o r  the  

s h o u l d e r  l a b e l e d  as  c in f i g u r e  22,  it is ha rd  t o  d e c id e  w h e t h e r  t o  a t t r i b u t e  it t o  the  

2 S P - l o s s  o r  t o  t h e  S P I B P l - l o s s ,  o r  to  a c o m b i n a t i o n  o f  b o t h  o f  t h e s e  T h e  a b o v e  

o b s e r v a t i o n  is r e a s o n a b le ,  s in ce  t h e  t h e o r e t i c a l  v a lu e s  fo r  t h e s e  t w o  p e a k s ,  17 9 

a n d  2 1 7  e V ,  a r e  c lo s e  to  e a c h  o t h e r  ( t a b l e  1 1, c o l u m n  3),  a n d  t h e  o b s e r v e d  v a lu e  

2 0 .2  e V  is b e t w e e n  t h e m  T h e  t h e o r y  d i s c u s s e d  in s e c t i o n  3 2 is p e r f e c t  fo r  

n e a r l y - f r e e - e l e c t r o n  m e ta l s  ( s u c h  as  Al) ,  e v e n  t h o u g h  it is no t  so  p e r f e c t  fo r  o t h e r  

m e t a l s  ( e x a m p l e  i h e  t r a n s i t i o n  m eta l  Ta ) ,  it still p r o v i d e s  u s  a v e ry  r e a s o n a b l e
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Figure 22. P lasmon loss  s p e c tr u m  of Sn.

Table 11. Plasmon loss positions o f  Sn (eV)

E x p e r i m e n t a l
O b s e r v e d

L a b e l s  in 
F i g u r e  22

T h e o r e t i c a l
C o m b i n a t i o n s

E x p l a n a t i o n  o f  
C o l u m n  3

10 2 a 8 . 9 6 SP1
13 9? b 12 .7 B P 1
2 0  2? c 17 ,9 2 S P
2 0 . 2 ? c 2 1 . 7 S P 1 B P 1
25  9 d 2 5 . 4 B P 2
n o t - 25  9 S P 3
n o - 3 0 . 6 S P 2 B P 1
n o - 3 9  0 S P 1 B P 2
3 9 . 0 e 38 .1 B P 3

*  , ^ a n d  ? :  s a m e  as in  t a b le  5,
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gu id e .  F o r  e x a c t  a g r e e m e n t ,  th is  m e a n s  t h a t  e a c h  ind iv idua l  m e ta l  n e e d s  i ts  o w n  

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

4.3,1 The Sn/Nb films

4.3.1-1 The Thermal Stability

Sn l a y e r s  o f  v a r i o u s  t h i c k n e s s e s  w e r e  g r o w n  o n  N b  at  r o o m  t e m p e r a t u r e  an d  

a n n e a l e d  at  s t e p w i s e  i n c r e a s in g  t e m p e r a t u r e s  up  to  1500  K f o r  a b o u t  100  s e c o n d s  

T h e  f i lms '  o r i e n t a t i o n s  w e r e  f ixed d u r in g  th e  a n n e a l s  t h e r e f o r e  t h e  i n f l u e n c e  o f  

g e o m e t r y  on  t h e  A E S  p e a k  in tens i t i e s  c o u ld  be  i g n o r e d  T h e  A u g e r  a m p l i t u d e  

c h a n g e s  o f  b o t h  Sn  4 3 0  e V  and  Nb 161 e V  t r a n s i t i o n s  d u r i n g  t h e  p r o c e s s e s  a r e  

p r e s e n t e d  as  a f u n c t i o n  o f  a n n e a l in g  t e m p e r a t u r e ,  in t h e  h o p e  o f  t h a t  t h e y  will  

p r o v i d e  u s  i n f o r m a t i o n  a b o u t  t h e  f ilms'  t h e r m a l  s ta b i l i ty  a n d  t h e  p o s s ib i l i ty  o f  

c o m p o u n d  f o r m a t i o n  or  a l l o y in g  T h e  Sn  f i lms w e r e  e x a m i n e d  by  u s in g  A E S  in its 

d e r i v a t i v e  f o r m  d N ( E ) / d E

T h e  r e s u l t s  a r e  g iv en  in f ig u r e s  23 to  27  F i g u r e s  23 a n d  24 ,  w h i c h  a r e  

p r e t r e a t e d  by  t h e  s m o o t h  t e c h n i q u e  m e n t i o n e d  in s e c t i o n  2 5 2 w i t h  a s m o o t h  

r a n g e  o f  101 p o in t s ,  a r e  t h e  p l o t s  o f  s evera l  s e l e c t e d  Sn  a n d  N b  A u g e r  p e a k  

s h a p e s  d u r i n g  t h e  an n e a l  o f  a 4 5 M L  Sn film F i g u r e  25 s h o w s  th e  A E S  p e a k  

h e i g h t s  a s  a f u n c t i o n  o f  a n n e a l in g  t e m p e r a t u r e  fo r  a 4 .5  M L  S n  f ilm o n  N b ,  an 

e y e - a i d e  l ine is d r a w n  j u s t  fo r  easi ly  v i e w  r e a s o n ,  a n d  f i g u r e  26  s h o w s  t h e  e f f e c t s  

o f  t e m p e r a t u r e  on  t h e  N b  and  Sn A E S  s igna l  i n t e n s i t i e s  fo r  s e v e r a l  Sn  film 

t h i c k n e s s e s

F r o m  i n s p e c t i o n  o f  f ig u r e s  25 and  26 ,  s t e p w i s e  c h a n g e s  o f  A u g e r  p e a k  s ig n a l s  

fo r  b o t h  Sn a n d  N b  a re  ev id e n t  F r o m  f igu re  26  it is c l e a r  t h a t  t h e  A E S  s ig n a l s  o f
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all t h e  f i lms  s tu d i e d  s h o w  s im i la r  t h e r m a l  s tab i l i ty  a n d  c h a n g e s .  A b o v e  1500  K 

t h e  S n ' s  A E S  s igna l  is no t  d e t e c t a b l e  T h e  an n e a l  can  b e  o b s e r v e d  a s  a f o u r - s t a g e  

p r o c e s s  d e s c r i b e d  as  f o l l o w s  ( f igu re  25):

(i) the f ir s t  stage  s t a r t s  f r o m  300  K e x t e n d s  u p  t o  9 0 0  K

In th i s  r e g i o n  t h e  Sn a d l a y e r s  a r e  fai r ly  s tab le .  C l e a r l y  t h e  A E S  s ig n a l s  a r e  

a l m o s t  t h e  s a m e  at  t e m p e r a t u r e s  3 0 0  K a n d  9 5 0  K ( f i g u r e s  23 a n d  2 4 )

(ii) the second stage  f r o m  9 0 0  K to  1 170 K

T h e  S n ' s  A E S  a m p l i t u d e  f irs t  s h o w s  a l i t t le i n c r e a s e  f o l l o w e d  by  a s h a r p  d r o p  

b e g i n n i n g  at a p p r o x i m a t e l y  1040  K and  c o n t i n u i n g  unt i l  1 170 K T h e  l i t t l e  b u m p  

in t h e  s e c o n d  s t a g e  is p r o b a b l y  d u e  to  an  init ia l  d i s o r d e r e d  ( 3 D - i s l a n d s )  t y p e  

g r o w t h  o f  t h e  f ilm,  e lse  m o r e  the  Sn a t o m s  a re  i n f e r r e d  to  b e  m o v i n g  la t e ra l ly  

a c r o s s  t h e  s a m p l e  s u r f a c e  s ince  t h e  s a m p le  s ides  c o u l d  no t  b e  d o s e d  d u e  t o  s a m p l e  

m o u n t i n g  c o n s t r a i n t s  A n o t h e r  p o s s ib l e  r e a s o n  fo r  th is  l i t t le  i n c r e a s e  c o u l d  b e  d u e  

t o  t h e  i n t r o d u c e d  i m p u r i t i e s  d u r in g  th e  d e p o s i t i o n  o f  Sn,  bu t  o u r  A E S  f i n g e r  p r in t  

d id  no t  s h o w  a n y  e v i d e n c e  o f  im p u r i ty  S o  w e  a t t r i b u t e  th is  ini t ial  s l o w  i n c r e a s e  

to  t h e  r e a r r a n g e m e n t  o f  t h e  Sn a t o m  ad la ye r ,  w h i c h  p r e s u m a b l y  d e c r e a s e s  t h e  

n u m b e r  o f  i s lands ,  t h e r e f o r e  c a u s e s  t h e  i n c r e a s e  o f  S n  a d l a y e r s ’ A E S  s igna l  ( in  

p la in  l a n g u a g e ,  w e  may  call th is  e ff ec t  ’s u r f a c e  s m o o t h i n g ' )  A  d e t a i l e d  

i n v e s t i g a t i o n  o f  t h e  g r o w t h  m o d e  o f  t h e  Sn f ilms o n  N b  is g i v e n  in s e c t i o n  4 4 

F o l l o w i n g  t h a t  is a d r a s t i c  c h a n g e  o f  b o t h  the  Sn a n d  N b  A E S  s igna l s ,  s t a r t i n g  at 

1015  K T h e  r ap id  d r o p  o f  Sn A E S  signa l  at  p o in t  1015  K m a y  d u e  to  the  

f o r m a t i o n  o f  e i t h e r  t h e  3 D - c l u s t e r s  o f  film o r  t o  t h e  a l l o y in g  o f  t h e  Sn  f i lm w i th  

t h e  N b  s u b s t r a t e  a n d  f o r m a t i o n  o f  an o r d e r e d  N b - S n  s t r u c t u r e

(Hi) the th ird  stage, f r o m  1 170 t o  1250  K

In th i s  p l a t e a u  s t a g e ,  the  d e c r e a s e  o f  Sn 's  A E S  s igna l  is m u c h  s l o w e r  t h a n  in

t h e  s e c o n d  s t a g e  a n d  the  N b 's  A E S  signal  is a lm o s t  u n c h a n g e d  d u r i n g  th e  an n e a l
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I f  w e  c o n s i d e r  t h a t  t h e  r ap id  d r o p  in the  p r e v i o u s  s t a g e  r e p r e s e n t s  t h e  s t a r t  o f  

a l l o y in g  t h e n  t h e  c o r r e s p o n d i n g  r e la t ive ly  s ta b le  s u r f a c e  a l loy  m a y  a c c o u n t  f o r  the  

t h e r m a l  s ta b i l i ty  o f  th is  r eg io n

(iv) the last stage  f r o m  1250  up  to  1500 K

A n o t h e r  d r a s t i c  r e d u c t i o n  o f  Sn A E S  signal ,  a c c o m p a n i e d  by a s l o w  i n c r e a s e  

o f  N b  A E S  signal ,  is o b s e r v e d  in th is  s t a g e  T h o s e  a r e  d u e  t o  t h e  a l loy  

d e c o m p o s i t i o n  w i t h  fas t  Sn d e s o r p t i o n  an d  i n t e r d i f f u s i o n  th a t  o c c u r s  a b o v e  

t e m p e r a t u r e  1 2 5 0  K

V e r y  s im i la r  f o u r - s t a g e  a n n e a l in g  b e h a v i o r s  a r e  a l s o  o b s e r v e d  fo r  d i f f e r e n t  Sn 

f i lms  t h i c k n e s s e s  ( 1 2 ,  3 .0 ,  4 . 0  M L) .  T h e  r e s u l t s  a r e  g iv e n  in f i g u r e  26 ,  w h e r e  to  

a v o i d  c o n f u s i o n ,  no  e y e - a i d e  l ines  a r e  d r a w n  F i g u r e  26  s h o w s  a s y s t e m a t i c  shif t  

to  h i g h e r  t e m p e r a t u r e s  a s  t h e  t h i c k n e s s  o f  the  f ilm i n c r e a s e s  In a t h i c k e r  film 

t h e r e  a r e  m o r e  Sn a t o m s ,  so  at  a g iven  t e m p e r a t u r e  m o r e  t i m e  is r e q u i r e d  f o r  e a c h  

r e a r r a n g e m e n t  o f  t h e  s t r u c t u r e  T h e  m ob i l i ty  o f  a t o m s  i n c r e a s e s  r a p i d l y  w i th  

t e m p e r a t u r e ,  t h e r e f o r e  t h e  b r e a k  po in t ,  f o r  c h a n g i n g  f r o m  th e  f i r s t  s t a g e  t o  t h e  

s e c o n d  s t a g e ,  sh if t s  t o  a h i g h e r  t e m p e r a t u r e  as t h e  f i lm's  t h i c k n e s s  i n c r e a s e s .  

S im i la r  t e m p e r a t u r e - s h i f t  e f f e c t s  a re  a l s o  o b s e r v e d  f o r  t h e  o t h e r  t h r e e  s t a g e s  f r o m  

th e  s a m e  f igure .  T h e  a b o v e  o b s e r v a t i o n s  a re  c o n s i s t e n t  w i th  D i c k e y  et  a l ' s  e a r l i e r  

s t u d i e s  o f  t h e  s u p e r c o n d u c t i n g  p r o p e r t i e s  o f  Sn f i lms on  N b l 4l

T h e  a n n e a l i n g  e f f e c t s  on  th e  m a g n i t u d e  an d  th e  e n e r g y  o f  t h e  f i lm s’ 

c h a r a c t e r i s t i c  p l a s m o n  lo sse s  ( E E L S )  w e r e  a lso  i n v e s t i g a t e d  w i t h  t h e  r e s u l t s  

s h o w n  in f ig u r e  27 ,  w h e r e  t h e  u p p e r  ( l o w e r )  p a r t  s h o w s  t h e  a n n e a l i n g  e ff ec t  on  

th e  f i r s t  t w o  lo s s  a m p l i t u d e s ,  t h e  init ia l  c o v e r a g e  b e in g  u s e d  a s  a p a r a m e t e r  In 

t h e  l o w e r  t e m p e r a t u r e  r e g io n  ( < 9 0 0  K),  b o t h  lo ss  a m p l i t u d e s  s h o w  a flat  

b e h a v i o r ,  w h i c h  is the  s a m e  as  t h a t  s h o w s  in t h e  p l o t s  o f  t h e  A E S  h e i g h t s  ( t h e  f i rs t
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r e g i o n  in f i g u r e  25 )  T h a t  f e a t u r e  s u p p o r t s  t h e  i n t e r p r e t a t i o n  o f  t h e  f i r s t  s t a g e  

T h e  S P - l o s s  s h o w s  b e h a v i o r  s im ila r  to  f ig u r e s  25 a n d  26,  w h i c h  g i v e s  u s  f u r t h e r  

e v i d e n c e  o f  t h e  f o u r - s t a g e  an n e a l  p r o c e s s '  i n t e r p r e t a t i o n ,  e s p e c i a l l y  f o r  t h e  s e c o n d  

s t a g e  ( t h e  s t a g e  w i th  t h e  l i t t le b u m p  in f ig u r e s  25 a n d  26 ) .  In f i g u r e  2 7 ,  s im i la r  

b u m p s  a l s o  s h o w  up  a r o u n d  th e  s a m e  t e m p e r a t u r e s  a s  in t h e  f i g u r e s  25 a nd  26. 

S in c e  t h e  S P l - l o s s  is v e ry  s e n s i t iv e  to  t h e  s u r f a c e  a n d  o u r  i n t e r p r e t a t i o n  w a s  tha t  

t h e  b u m p  c o r r e s p o n d s  t o  t h e  r e m o v i n g  o f  t h e  d i s o r d e r e d  i s l a n d s  a n d  the  

r e a r r a n g e m e n t  o f  the  s u r f a c e  layers ,  t h e  c h a n g e s  o f  t h e  S P l - l o s s  h e i g h t s  a r e  not  

s u r p r i s i n g

O v e r a l l  by  c a re fu l ly  i n v e s t i g a t in g  the  c h a n g e s  in A u g e r  s ig n a l s  o f  b o t h  t h e  Sn 

a n d  N b ,  w e  can  g e t  s o m e  i n f o r m a t i o n  c o n c e r n i n g  s t r u c t u r e  c h a n g e s  o f  t h e  f ilm an d  

p o s s i b l e  a l l o y in g  d u r i n g  annea ls .

4 .3 .1 - 2  In te r face  P l a s m o n s  o f  S n / N b  f i lm s

I n t e r f a c e  p l a s m o n  lo sse s  a r e  o b s e r v e d  in S n / N b  f i lms T h e  e x p e r i m e n t a l  IP-  

l o s s  e n e r g y  is d e t e c t e d  at 16 2 e V  and  is ve ry  c lo s e  t o  t h e  p r e d i c t e d  v a l u e  16 5 e V  

( t a b l e  4) .

O u r  E E L S  r e s u l t s  o f  a 4 5 M L  S n / N b  f ilm d u r i n g  th e  a n n e a l  a r e  g iv e n  in 

f i g u r e s  2 8 - 3 0  F o r  c o m p a r i s o n  and  c o m p l e t i o n ,  t h e  w h o l e  s p e c t r a  o f  t h e  S n / N b  

f i lm a r e  g i v e n  in f igu re  28  In f igu re  29,  w h i c h  is t h e  j o o m  v ie w  o f  t h e  firs t-p a ir  

o f  t h e  p l a s m o n  loss ,  t h e  a r r o w s  in d ic a te  t h e  p l a s m o n  lo s s  l ine s h a p e  c h a n g e s  

d u r i n g  th e  a n n e a l  In  f ig u r e  30,  t h e  s y m b o l i z e d  s h o u ld e r s ,  IP 1 ,  a r e  t h e  e x p e c t e d  

I P I - l o s s  p e a k s ,  and  t h e  S P 1 IP  1 p e a k s  l abe led  a s  16 3 a n d  16 1 a r e  c lea r ly  

o b s e r v e d  In f ig u r e  30 ,  in c o n t r a s t  t o  the  c a s e  o f  A t /N b  f ilm,  w e  d id  no t  o b s e r v e  

t h e  IP I - l o s s  l ine as  an  ind iv idua l  real p e a k  bu t  j u s t  a s  a s h o u l d e r  T h e  r e a s o n  m ay
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be  th a t  t h e  r e l a t i v e  i n te ns i ty  o f  I P - lo s s  l ine is m u c h  l o w e r  t h a n  th e  S P - l o s s  l ines'  

a n d  th e  I P 1 - l ine  is b u r i e d  ins ide  t h e  S P l - l o s s  p e a k  T h e  a m a z i n g  t h in g  is t h a t  

e v e n  t h o u g h  w e  d o  n o t  o b s e r v e  the  ind iv idua l  IP  1- lo s s  p e a k  w e  still  s e e  the  

s a t e l l i t e - a c c o m p a n i e d  S P l I P I - l o s s  p e a k  w h i c h  a p p e a r s  at 16.3 a n d  16 1 ( m e a s u r e d  

f r o m  t h e  f i rs t  l o ss  p e a k )  T h e  16 1 and  16.3 e V  l ines  a r e  a t t r i b u t e d  to  the  

S P l I P I - l o s s e s ,  o w i n g  t o  t h e  f ac t  t h a t  t h e  h ig h e r  o r d e r  l o ss  p e a k s  ( l a b e l e d  a s  ’Sn-  

h igh '  in f i g u r e  30 )  in the i r  c o r r e s p o n d i n g  s p e c t r a  a re  t o ta l l y  v a n i s h e d .  B y  j u d g i n g  

in t h e  s a m e  w ay ,  w e  i n t e r p r e t  tha t  the  19 4 e V  lo ss  l ine is d u e  t o  a B P - l o s s  in the  

N b  s u b s t r a t e  i n s t e a d  to  an I P - l o s s  o f  t h e  Sn film, s ince  t h e  h i g h e r  o r d e r  l o ss  l ines  

a r e  v i s ib le  in t h e  c o r r e s p o n d i n g  s p e c t r u m  ( l a b e le d  as  'N b - h i g h '  in f i g u r e  30 )  In 

f i g u r e  2 8 ,  t h e  e x p e c t e d  IP 1 - a n d  S P 1 IP 1 - lo ss  l ine p o s i t i o n s  a r e  p o i n t e d  by  the  

d a s h  l ines  m a r k e d  as  16 2 and  26  4 w h ic h  a re  m e a s u r e d  f ro m  t h e  e l a s t i c  p e a k  

i n s t e a d  o f  t h e  S P l - l o s s  peak .

D u r i n g  t h e  g r o w t h  o f  Sn  f ilms o n  Nb,  t h e  E E L S  m e a s u r e m e n t s  w e r e  a l so  

m a d e  F i g u r e  31 s h o w s  a f e w  typ ica l  s p e c t r a  o f  t h e  c h a r a c t e r i s t i c  e n e r g y  l o s s  o f  

t h e  e l e c t r o n s  b o m b a r d i n g  t h e  S n / N b  film wi th  an e n e r g y  o f  E, = 501 e V ,  w h e r e  the  

S n 's  c o v e r a g e  is t a k e n  a s  a p a r a m e t e r  fo r  the  c u rve s .  T h e  i n s e r t i o n  p a r t  is t h e  plot  

o f  t h e  d e p e n d e n c e  o f  t h e  d o m i n a n t  l o ss  p e a k  h e ig h t s  on  th e  c o v e r a g e  T h e  e ffec t  

o f  c o v e r a g e  v a r i a t i o n  on  the  m a g n i t u d e  and  e n e rg y  o f  t h e  c h a r a c t e r i s t i c  l o s s e s  can 

b e  o b s e r v e d  B e s i d e s  in the  c u r v e  s y m b o l i z e d  as  0  3 M L  t h e  e x t r a  s t r u c t u r e ,  

w h i c h  is m o r e  l ikely  d u e  to  t h e  r e l a t e d  IP - lo s s ,  is c le a r ly  v i e w e d  A t  a c o v e r a g e  

h i g h e r  t h a n  1 5  M L  t h e  s p e c t r u m  b e c o m e s  th e  c h a r a c t e r i s t i c  E E L S  s p e c t r u m  o f  

t h e  b u lk  Sn
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4.3.2 The Sn/Mo Films

4.3.2-1 Thermal Stability

E x a c t l y  t h e  s a m e  m e a s u r e m e n t s  a s  t h o s e  fo r  S n / N b  f i lms w e r e  a l s o  m a d e  fo r  

t h e  S n / M o  f ilms. Sn  l aye r s  o f  v a r i o u s  t h i c k n e s s e s  w e r e  g r o w n  on  M o  at r o o m  

t e m p e r a t u r e  a n d  a n n e a l e d  at s t e p w i s e  i n c r e a s i n g  t e m p e r a t u r e s  u p  to  1500  K fo r  

a b o u t  100 s e c o n d s  T h e  A u g e r  a m p l i t u d e  c h a n g e s  o f  b o t h  Sn  4 3 0  eV  a n d  M o  186 

e V  t r a n s i t i o n s  d u r i n g  th e  a n n e a l s  a re  p lo t t e d  as  a f u n c t i o n  o f  t e m p e r a t u r e  T h e  

f i lms w e r e  s t u d i e d  in A E S '  d e r i v a t i v e  fo rm.

F i g u r e s  3 2  t h r o u g h  36  p r e s e n t  the  c o r r e s p o n d i n g  r e s u l t s  F i g u r e s  32 a n d  33 

a r e  t h e  p l o t s  o f  t h e  Sn 4 3 0  e V  and  M o  186 e V  A u g e r  l ine s h a p e s  d u r i n g  the  

a n n e a l  o f  a 6 0 M L  Sn  film o n  M o  F i g u r e  34  p r e s e n t s  t h e  A E S  p e a k  h e ig h t s  a s  a 

f u n c t i o n  o f  a n n e a l in g  t e m p e r a t u r e ,  in fac t  th a t  th is  f igu re  is a z o o m  v i e w  o f  f igu re  

35 ( s e c t i o n  a) o f  t h e  6 0  M L  film. T h e  t e m p e r a t u r e  e f f e c t s  o n  th e  Sn  a n d  M o  

A E S  s igna l  i n te n s i t i e s  fo r  s evera l  Sn film t h i c k n e s s e s  a r e  g i v e n  in f ig u r e  35. Also  

g i v e n  is t h e  a n n e a l in g  e f f e c t  on  the  firs t-p a ir  lo ss  i n te n s i t i e s  fo r  t w o  t h i c k n e s s e s  

f i lms  ( f i g u r e  36 )  S t e p w i s e  c h a n g e s  o f  A u g e r  p e a k  s igna l s  f o r  b o t h  t h e  Sn a n d  M o  

a r e  e v i d e n t  by i n s p e c t in g  f igu re  34  a n d  3 5 As  c a n  b e  s e e n  f r o m  f ig u r e  34 (o r  

f i g u r e  35 s e c t i o n  a), f o r  t h e  th ic k  l ayer  (6  0 M L ) ,  t h e  m a j o r  c h a n g e s  in t h e  A u g e r  

s ig n a l s  o f  b o t h  Sn  a n d  M o  may  b e  d iv id e d  in to  fou r  s t a ge s :  3 0 0  to  8 0 0  K,  8 0 0  to  

1 120 K, 1 120 to  1 190 K,  and  1 190  t o  1400 K ( in  fac t  t h a t  t h e  f irst  a n d  s e c o n d  

s t a g e s  a r e  no t  wel l  s e p a r a t e d )  N o  A E S  signa l  o f  Sn w a s  d e t e c t e d  a b o v e  1400  K 

T h e  A E S  s igna l s  o f  all t h e  f i lms s h o w  simila r  t h e r m a l  s ta b i l i ty  and  c h a n g e s  in 

f i g u r e  35,  e v e n  t h o u g h  it is l i t tle ha rd  to  s e e  t h a t  fo r  t h e  v e ry  t h in  f ilm (0  9 M L )  

W e  n o w  e x a m i n e  th e  f o u r  s t a g e s  o n e  by o n e  ( f i g u re  34)
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(i) the f ir s t  stage : 3 0 0  K t o  8 0 0  K

T h e  Sn  a d l a y e r s  a r e  fa i r ly  s t a b l e  in th is  r e g i o n  T h i s  b e c o m e s  a p p a r e n t  by 

i n s p e c t i n g  f ig u r e  32  an d  33,  w h e r e  b o t h  t h e  A H S  s ignal  h e ig h t s  o f  t h e  Sn  ( 4 3 0  e V )  

a n d  t h e  M o  ( 1 8 6  e V )  a r e  nea r ly  u n c h a n g e d  f ro m  3 0 0  K u p  to  7 2 8  K

(ii) the second stage  8 0 0  K to  1 1 20  K

T h e  s e c o n d  s t a g e  can  b e  a t t r i b u t e d  to  t h e  s im p le  c o a l e s c e n c e  o f  i s l a n d s  i n to  a 

c o n t i n u o u s  l ay e r  ( r e a r r a n g e m e n t  t o  a n e w  s t r u c t u r e )  T h e  S n 's  A E S  a m p l i t u d e  

f i rs t  s h o w s  a l i t t le  i n c r e a s e  s t a r t s  a t  a r o u n d  9 7 0  K,  f o l l o w e d  by a s h a r p  d e c l in e  

b e g i n n i n g  n e a r ly  at 1030  K a n d  c o n t i n u i n g  unt i l  1 120 K. W e  i n t e r p r e t  t h a t  t h e  

l i t t le  b u m p  in th is  s t a g e  is d u e  t o  t h e  s m o o t h i n g  o f  ini t ia l ly d i s o r d e r e d  i s l a n d s  on  

t h e  s u b s t r a t e  S ince  no  e v id e n c e s  o f  i m p u r i t i e s  w e r e  v i e w e d  in t h e  A E S  f inge r  

p r i n t s  d u r i n g  t h e  a n n e a l ,  t h e  r e a r r a n g e m e n t  o f  t h e  Sn  a t o m  a d l a y e r  is t h e  p r e f e r r e d  

i n t e r p r e t a t i o n  T h e  r e a r r a n g e m e n t  p r e s u m a b ly  d e c r e a s e s  t h e  n u m b e r  o f  i s l ands ,  

w h i c h  in t u r n  c a u s e s  t h e  i n c r e a s e  o f  t h e  A E S  s ignal  o f  t h e  Sn a d l a y e r s  

S u c c e e d i n g  t h e  b u m p  a re  t h e  e x t r e m e  c h a n g e s  o f  b o th  t h e  Sn  a n d  M o  A E S  s igna l  

s t a r t i n g  at 1030K .  T h e  a l l o y in g  o f  t h e  Sn  film w i th  t h e  M o  s u b s t r a t e  a nd  

f o r m a t i o n  o f  an  o r d e r e d  M o - S n  s t r u c t u r e  o r  the  l o ss  o f  Sn  by v a p o r i s a t i o n  m a y  be 

t h e  p o s s i b l e  r e a s o n s  w h ic h  c a u s e  th is  h a s ty  d r o p  o f  t h e  Sn A E S  s igna l  

(in) the th ird  stage  1 120 to  1190  K.

In t h i s  s t a g e ,  b o t h  the  Sn and  M o ’s A E S  s ignal  s h o w s  a n  a l m o s t  f la t  b e h a v io r ,  

w h e r e  a l i t t l e  d e c r e a s e  ( i n c r e a s e )  o f  Sn ' s  ( M o ' s )  s ignal  is o b s e r v e d  I f  w e  a t t r i b u t e  

t h e  h a s t y  d r o p  in t h e  p r io r  s t a g e  to  t h e  b e g in n i n g  o f  a l l o y in g ,  t h e n  the  

c o r r e s p o n d i n g  re l a t i v e ly  s t e a d y  s u r f a c e  a l loy  m a y  a c c o u n t  fo r  t h e  t h e r m a l  s tab i l i ty  

o f  th is  r e g i o n

(iv) the fo r th  stage  1190  u p  to  1400 K
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T h e  c le a r ly  v is ib le  f e a t u re  in th is  r e g i o n  is t h e  bo ld  r e d u c t i o n  o f  Sn ' s  A E S  

s igna l ,  a c c o m p a n i e d  by a ve ry  s lo w  in c r e a s e  o f  M o ' s  A E S  s igna l .  T h e  e x p l a n a t i o n  

f o r  t h e s e  c h a n g e s  is m o s t  l ikely d u e  to  t h e  a l loy  d e c o m p o s i t i o n  w i t h  q u i c k  Sn 

d e s o r p t i o n  and  i n t e r d i f fu s io n  t h a t  o c c u r s  a b o v e  1200 K

F o r  c o m p a r i s o n  and  c o m p l e t i o n ,  d i f f e ren t  Sn f i lms  t h i c k n e s s e s  (2  7 a n d  0 .9  

M L )  w e r e  a l so  a n a ly z e d  a n d  th e  r e s u l t s  a r e  s h o w n  in f i g u r e  35. F o u r - s t a g e  

a n n e a l i n g  b e h a v i o r s  a re  a lso  o b s e r v e d  in t h e s e  films.  W h e n  t h e  t h i c k n e s s e s  o f  the  

f i lms  i n c r e a s e ,  t h e  c u r v e s  s h o w  s y s t e m a t i c  sh if t s  t o  h i g h e r  t e m p e r a t u r e s  T h e  

t h i c k e r  t h e  f ilm th e  m o r e  the  Sn  a to m s ,  c o n s e q u e n t l y  t h e  m o r e  t i m e  is r e q u i r e d  fo r  

e a c h  r e a r r a n g e m e n t  o f  t h e  s t r u c t u r e  at a g iven  t e m p e r a t u r e  S i n c e  t h e  m o b i l i t y  o f  

t h e  Sn a t o m s  i n c r e a s e s  e x p o n e n t i a l l y  w i th  t e m p e r a t u r e ,  t h e  shif t  o f  t h e  b r e a k  

p o in t ,  fo r  c h a n g i n g  f r o m  th e  f i rs t  s t a g e  to  t h e  s e c o n d  s t a g e ,  is e x p e c t e d  T h e  v e ry  

thin f ilm, ( 0 .9  M L ) ,  p r o b a b l y  d o e s  not  c o r r e s p o n d  to  a c o m p l e t e  l ay e r  o f  Sn  on  

th e  M o ,  a n d  so  is a spe c ia l  c a s e  a n d  d o e s  no t  revea l  all t h e  f o u r  s t a g e s  so  c lea r ly  

( f i g u r e  3 5 s e c t i o n  c). T h e  a b o v e  o b s e r v a t i o n s  a re  ve ry  s im i la r  t o  t h e  S n / N b  f i lms 

w h i c h  w e r e  j u s t  d i s c u s s e d

In o r d e r  t o  g e t  c o n f i r m a t i o n  o f  the  f o r m e r  d e s c r i p t i o n s  a b o u t  t h e  an n e a l  

p r o c e s s ,  t h e  a n n e a l in g  e f f e c t s  on  the  m a g n i t u d e  and  t h e  e n e r g y  o f  t h e  E E L S  w e r e  

a l s o  e x a m i n e d  T h e  E E L S  re s u l t s  a re  s h o w n  in f igu re  36 ,  w h e r e  t h e  init ial  

c o v e r a g e  is u s e d  a s  a p a r a m e t e r  o f  the  p lo t  In e a c h  s e c t i o n  o f  t h e  f igu re ,  the  

u p p e r  ( l o w e r )  c u r v e  c o r r e s p o n d s  t o  t h e  a n n e a l in g  e f f e c t  on  t h e  f i rs t  l o s s  ( s e c o n d  

lo s s )  o f  first-pa ir  l o ss  p e a k s  A ve ry  fiat b e h a v io r  o f  b o t h  t h e  l o s s  a m p l i t u d e s  

is o b s e r v e d  in t h e  l o w e r  t e m p e r a t u r e  r e g i o n  ( < 8 0 0  K) ,  w h i c h  is c o n s i s t e n t  w i th  

t h e  o b s e r v a t i o n  o f  t h e  A E S  p l o t s  ( t h e  first r e g i o n  in f ig u r e  34 a n d  35 )  t h a t  no  

c h a n g e s  o c c u r  at t h e s e  l o w  t e m p e r a t u r e s  In t h e  h i g h e r  t e m p e r a t u r e  r e g i o n  

( >  1200 K),  w h e r e  the  d e s o r p t i o n  o f  t h e  Sn  h a p p e n s ,  the  a m p l i t u d e  o f  t h e  s e c o n d
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l o ss  p e a k  i n c r e a s e s  w i th  the  t e m p e r a t u r e .  T h e  a b o v e  o b s e r v e d  f e a t u r e s  p r o v i d e  us  

o t h e r  e v i d e n c e s  fo r  t h e  p r e v i o u s  i n t e r p r e t a t i o n s  o f  t h e  f i rs t  s t a g e  a n d  t h e  last  

s t a g e .  T h e  S P l - l o s s  s h o w s  b e h a v io r  s im ila r  t o  f ig u r e s  34 a n d  3 5, w h i c h  g i v e s  us  

f u r t h e r  s u p p o r t  fo r  t h e  f o u r - s t a g e  annea l  p r o c e s s '  i n t e r p r e t a t i o n ,  e s p e c i a l l y  fo r  t h e  

s e c o n d  s t a g e  ( th e  s t a g e  w i th  the  l i t t le  b u m p  in f ig u r e s  34 and  35) .  In f ig u r e  36,  

t h e s e  b u m p s ,  in d ic a te d  by  the  t w o - d i r e c t i o n  a r r o w s  w i th  t h e  c o r r e s p o n d i n g  

t e m p e r a t u r e s ,  c a n  be  c lear ly  v i e w e d  O n e  w o u l d  e x p e c t  th a t  t h e  S P l - l o s s  b e  v e ry  

se n s i t i v e  t o  t h e  s u r f a c e  and  i f  t h e  l i t t le  b u m p  c o r r e s p o n d s  to  t h e  r e m o v i n g  o f  t h e  

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

S P l - l o s s  h e ig h t s  c o n f i r m  the  e a r l i e r  i n t e r p r e t a t i o n  o f  th is  s t a g e  H o w e v e r ,  t h e  

S P l - l o s s  h e ig h t s  d o  not  s h o w  so c lea r  b e h a v i o r s  as  t h a t  o b s e r v e d  in t h e  A E S  p l o t s  

a t  t h e  t w o  e n d  r e g io n s ,  s ince  o n e  end  (at  l o w e r  t e m p e r a t u r e )  o f  t h e  S P l - l o s s  p lo t  

c o r r e s p o n d s  t o  t h e  Sn 's  d o m i n a n t  p e a k  w h i l e  it is t h e  M o ' s  S P l - l o s s  t h a t  

d o m i n a t e s  t h e  s p e c t r u m  on the  o t h e r  end  (a t  h ig h e r  t e m p e r a t u r e ) .  O v e r a l l ,  f ig u re  

36  p r o v i d e s  a s ide  e v i d e n c e  for  the  an n e a l  p r o c e s s  j u s t  d i s c u s s e d ,  a n d  c o n f i r m s  t h e  

i n t e r p r e t a t i o n s  o f  t h e  first s t a g e  w h e r e  n o t h in g  h a p p e n s ,  t h e  s e c o n d  s t a g e  w h e r e  

th e  s t r u c t u r e  c h a n g e s ,  and  ih e  las t s t a g e  w h e r e  t h e  lo ss  o f  th e  Sn  h a p p e n s .  In  the  

n e x t  s e c t i o n  w e  e x a m i n e  th e  E E L  s p e c t r a  in detai l .

O n e  p o i n t  w o r t h y  to  m e n t i o n  is tha t  ve ry  s im i la r  r e s u l t s  a r e  o b t a i n e d  f o r  t h e  Sn 

f i lms  o n  N b  a n d  M o  T h e  Sn  f ilms g o  t h r o u g h  t h e  s a m e  s e q u e n c e  o f  c h a n g e s  

a l t h o u g h  at s l igh t ly  l o w e r  t e m p e r a t u r e s  fo r  M o  th a n  fo r  N b  T h e  s im i la r i ty  is no t  

u n e x p e c t e d  s ince  N b  and  M o  a re  n e i g h b o u r s  in t h e  p e r i o d i c  t a b l e  a n d  th e i r  

e l e c t r o n i c  c o n f i g u r a t i o n s  d i ff e r  by j u s t  o n e  d  e l e c t r o n  ( N b  As1 A p b Ad* S s \  M o  

As2 A p '  Ads 5.v')
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4.3.2-2 Interface Plasmons of Sn/Mo films

(i)  E E L S  o f  Mo. T h e  c h a r a c t e r i s t i c  E E L S  o f  t h e  M o  ( f o i i ) l 16! is s h o w n  in 

f i g u r e  37;  t h e  r e l e v a n t  B P - l o s s ,  S P - lo s s ,  and  th e  p o s s ib l e  c o m b i n a t i o n s  fo r  

m u l t i p l e  l o s s e s  a r e  e n u m e r a t e d  in t ab le  12 E x a c t l y  t h e  s a m e  t e c h n i q u e s  a re  u s e d  

w i th  s im i la r  e x p e r i m e n t a l  p a r a m e t e r s  a s  fo r  t h e  e a r l i e r  m e t a l s  O u r  r e s u l t s  b e a r  

o u t  t h a t  t h e  f i rs t  B P -  and  S P - l o s s  f e a t u r e s  r is e  at 1 1 4  a n d  2 2  0 e V  s e p a r a t e l y  and  

f o l l o w e d  by  th e  44  3 and  6 7  2 e V  p e a k s  in t h e  h igh  e n e r g y  lo ss  r e g i o n  U n l i k e  t h e  

p r e v i o u s  m e t a l s  t h e  s p e c t r u m  d o e s  not  h a v e  a s h o u l d e r  t o  t h e  r ight  o f  t h e  B P 2 -  

l o s s  p e a k  ( l a b e l e d  a s  c ) ,  h o w e v e r  th is  peak  is u n u s u a l l y  b r o a d  w h i c h  m a y  imply  

t h e  e x i s t e n c e  o f  h i d d e n  2 S P -  a n d  SP1 B P  1- lo s s e s  T h e  v a lu e s  p r e d i c t e d  by  the  

s im p le  f r e e  e l e c t r o n  m o d e l  a re  16 3 and  23 I eV  f o r  SP-  a n d  B P - l o s s  r e s p e c t i v e l y  

T h e  v a lu e s  f o r  t h e  bu lk  p l a s m o n s  a re  c lo se ,  h o w e v e r  fo r  M o ,  w h i le  t h e  o b s e r v e d  

S P I  v a lu e s  a r e  s m a l le r  t h a n  p r e d i c t e d

(ii) In terface plasm ons o f  Sn M o film s  I n t e r f a c e  p l a s m o n  lo s s e s  a r e  o b s e r v e d  

in S n / M o  f i lms as  wel l  T h e  e x p e r i m e n t a l  I P - l o s s  e n e r g y  is 15 6 e V  in a v e r a g e  

a n d  is r e a s o n a b l y  c lo s e  t o  the  c a l c u l a t e d  v a lu e  18 6 e V  ( t a b l e  4)

O u r  E E L S  r e s u l t s  o f  a 6 . 0  M L  S n / M o  film d u r in g  t h e  a n n e a l  a r e  g iv e n  in 

f i g u r e s  3 8 - 4 0  F o r  c o m p a r i s o n ,  t h e  i n ta c t  s p e c t r a  o f  t h e  S n / M o  f ilm d u r i n g  th e  

a n n e a l  a r e  g i v e n  in f igu re  38 ,  w h e r e  the  a n t i c i p a t e d  I P 1 - a n d  S P I  IP I - l o s s  

p o s i t i o n s  a r e  p o i n t e d  o u t  by th e  da sh  l ines  m a r k e d  a s  15 6 a n d  25 8 w h i c h  a r e  

m e a s u r e d  f r o m  th e  e la s t ic  p e a k  In f igu re  39,  w h i c h  is t h e  z o o m  v i e w  o f  t h e  f irst  

t w o  p a i r s  o f  t h e  s p e c t r a ,  t h e  se r i e s  o f  a r r o w s  ( l a b e le d  a s  'A ' ,  ' B 1, and  ’C )  i n d ic a te  

t h e  l ine s h a p e  c h a n g e s  d u r i n g  t h e  annea l  T h e  a r r o w s  'A'  i n d i c a t e  t h e  c h a n g e s  o f  

t h e  s h o u l d e r s ,  w h i c h  a r e  c la ss i f ied  as  the  S n ’s B P  1- lo s s  T h e  a r r o w s  'B'  d e s i g n a t e ,  

r e s p e c t i v e ly ,  t h e  l ine s h a p e  c h a n g e s  o f  t h e  2 S P -  ( o r  S P 1 B P 1 - )  lo ss  o f  t h e  Sn, t h e
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2 S P - l o s s  o f  t h e  f i lm and  th e  BP  1- lo s s  o f  the  M o  T h e  a r r o w s  'C'  p o i n t  the  

c h a n g e s  o f  t h e  B P 2 - l o s s  o f  t h e  Sn and  th e  S P 1 I P 1 - l o s s e s  o f  t h e  f i lm T h e  s a m e  

s e q u e n c e  o f  t h e  c h a n g e s  is a l so  s y m b o l i z e d  s e p a r a t e l y  a s  'A' , ' 2 S P \  a n d  'B P 2 '  ( a l so  

' S P 1 B P 1 ' )  in f ig u re  4 0 ,  w h e r e  severa l  typ ica l  s p e c t r a  d u r i n g  th e  a n n e a l  a r e  s h o w n  

T h e  d e t a i l e d  d e s c r i p t i o n  o f  t h e  lo ss  l ines  and  th e i r  c o r r e s p o n d i n g  e x p l a n a t i o n s  are  

g i v e n  as  fo l low s :

i i -I )  The Sn's  E E L S  spectra  ( th e  f irst  t w o  c u r v e s  in f i g u r e  4 0 ) :

C e r t a i n ly ,  t h e  f irs t  c u r v e  is t h e  Sn ' s  c h a r a c t e r i s t i c  E E L S ,  w h e r e  t h e  t w o  

s h o u l d e r s  l ab e l ed  as  'A'  and  '2 S P '  a re  a t t r i b u t e d  to  t h e  B P 1 -  a n d  2 S P -  ( o r  

S P 1 B P 1 - )  l o s s e s  T h e  s e c o n d  c u r v e  is a lso  ve ry  s im i la r  t o  t h e  S n ' s  c h a r a c t e r i s t i c  

E E L S ,  s inc e  t h e  h i g h e r  o r d e r  l o sse s  ( i n d i c a t e d  by  ’S n - h ig h ' ) ,  as  w e l l  as  t h e  t w o  

s h o u l d e r s ,  e sp e c i a l l y  t h e  o n e  labe led  as  'A' ,  a re  all c l e a r ly  s e e n  in t h e  s p e c t r u m  

T h e  B P 2 - l o s s  is h ig h e r  in t h e  f irst  c u rv e ,  w h i c h  is t h e  s p e c t r u m  o f  t h e  f r e s h  film, 

t h a n  in t h e  s e c o n d  o n e ,  w h i c h  c o r r e s p o n d s  t o  an a n n e a l e d  f ilm. O n  t h e  c o n t r a r y ,  

t h e  2 S P - s h o u l d e r  b e c o m e s  e v e n  c l e a re r  in t h e  s e c o n d  t h a n  in t h e  f r e s h  o n e  

B e c a u s e  o f  t h e  m ig r a t i o n  o f  Sn  a t o m s ,  w h e n  th e  t e m p e r a t u r e  i n c r e a s e s  t h e  film 

b e c o m e s  th in n e r ,  c o n s e q u e n t l y  the  B P - l o s s e s  b e c o m e  w e a k e r  w h i le  t h e  S P - l o s s e s  

p r e s u m a b l y  r e m a i n  u n c h a n g e d ,  as  a r esul t  o f  t h e  fac t  t h a t  t h e  i n te n s i t y  o f  t h e  B P -  

lo s s  d e p e n d s  o n  t h e  film th ic k n e s s ,  w h e r e a s  t h e  S P - l o s s  i n te n s i t y  is i n d e p e n d e n t  o f  

th e  t h i c k n e s s  In a d d i t io n ,  this  o b s e r v a t i o n  a l so  s t r o n g l y  s u p p o r t s  the  

c l a s s i f i c a t i o n  o f  t h e  s e c o n d  s h o u l d e r  a s  a S P - l o s s  r e l a t e d  ( s y m b o l i z e d  as  ' 2 S P ' ) ,  

e v e n  t h o u g h  it is a l i t t le  h a rd  t o  d e c i d e  w h e t h e r  a t t r i b u t e  it t o  t h e  2 S P - I o s s  o r  t o  

t h e  S P l B P l - l o s s  o r  t o  b o t h  o f  t h e m  ( t a b l e  11 r o w  4 a n d  5)

ii-2) The interface plasm ons  ( t h e  t h i rd  a n d  th e  f o r t h  c u r v e s  in f i g u r e  40 ) :

In t h e  th i rd  and  t h e  f o u r t h  c u rv e s ,  n e w  s t r u c t u r e  is a p p a r e n t  W e  i n t e r p r e t  th a t

t h e  p e a k s ,  15.5 and  15 7, a re  d u e  to  the  S P 1 IP 1 - l o s s e s  o f  t h e  film An  e v i d e n c e
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f o r  t h i s  c a t e g o r i z i n g  is tha t  ne i th e r  t h e  Sn 's  n o r  t h e  M o ’s h i g h e r  o r d e r  p i a s m o n  

l o s s  l ines  a r e  v i s ib le  in t h e  s p e c t r a  T h e  o t h e r  e v i d e n c e  is t h a t  t h e  s h o u l d e r  

l a b e l e d  a s  'A' ,  w h i c h  is c la ss i f ied  as  the  B P  I - t o s s  o f  t h e  Sn, is n o t  o b s e r v e d  in 

t h e s e  t w o  c u r v e s  In c o n t r a s t ,  t h e  15 7 p e a k ,  e sp e c i a l l y  t h e  16 0 o n e  ( in  t h e  f irs t  

t w o  c u r v e s ) ,  is a t t r i b u t e d  to  t h e  Sn 's  c h a r a c t e r i s t i c  B P 2 - l o s s  l ine i n s t e a d  o f  the  

S P l I P l - l o s s  o f  t h e  film; b e c a u s e  as  j u s t  d i s c u s s e d ,  b o t h  s p e c t r a  a r e  s im i la r  to  t h e  

S n ' s  c h a r a c t e r i s t i c  E E L S

T h e  o t h e r  p e a k s  m a r k e d  a s  '2 S P '  a re  a t t r i b u t e d  to  t h e  2 S P - l o s s  o f  t h e  film 

T h i s  l o ss  p e a k  is h ig h e r  in t h e  f o u r t h  c u rv e ,  w h i c h  c o r r e s p o n d s  t o  an a n n e a l e d  f ilm 

at h i g h e r  t e m p e r a t u r e ,  t h a n  in t h e  t h i rd  o n e ,  w h i l e  t h e  c o r r e s p o n d i n g  S P I  IP 1- loss  

l ine b e h a v i o r s  j u s t  in t h e  o p p o s i t e  w a y  As t h e  t e m p e r a t u r e  i n c r e a s e s  t h e  

t h i c k n e s s  o f  t h e  f ilm b e c o m e s  th in n e r  d u e  to  l o se  o f  Sn  a t o m s ,  so  t h e  h e ig h t  o f  t h e  

S P l I P l - l o  ss, w h i c h  l ikely  d e p e n d s  on  the  t h i c k n e s s  o f  t h e  f i lm,  d e c r e a s e s  O n  t h e  

o t h e r  h a n d  t h e  h e ig h t  o f  t h e  2 S P - l o s s ,  w h i c h  p r e s u m a b l y  is i n d e p e n d e n t  o f  t h e  

t h i c k n e s s ,  r e m a i n s  u n c h a n g e d

N o w  b a c k  t o  f i g u r e  38,  i f  t h e  a b o v e  i n t e r p r e t a t i o n s  a b o u t  t h e  I P - l o s s e s  o f  t h e  

f ilm a re  a c c e p t e d ,  t h e n  th e  q u e s t i o n  w h y  t h e  I P l - l o s s  is n o t  o b s e r v e d ,  c o u l d  b e  

a n s w e r e d  a s  f o l l o w s  As  o n e  c a n  c le a r ly  s e e  in t h e  f ig u r e ,  t h e  a n t i c i p a t e d  IP 1- lo s s  

l ine l ies n e a r  t h e  va l l ey  o f  the  S P l - l o s s  l ine w h ic h  u n f o r t u n a t e l y  h a s  a m u c h  h ig h e r  

in t e n s i t y  a n d  c o n s e q u e n t l y  b u r ie s  t h e  e x p e c t e d  I P l - l o s s  l ine S im i l a r  o b s e r v a t i o n s  

a r e  o b t a i n e d  fo r  t h e  S n / T a  f ilms w h i c h  will  b e  d i s c u s s e d  nex t
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Figure 37. P lasmon loss  s p e c tru m  of Mo.

Table 12. Plasmon loss positions o f  Mo (eV)

Ex p er im en ta l
O b se rv e d

Labels  in 
F igure  37

T h eo re t ic a l
C o m b in a t io n s

E x p lan a t io n  o f  
C o lu m n  3*

1 1 4 a 16 3 SPI
22.0 b 23.1 B P  1
no^ - 32.6 2S P
no — 39 4 SP 1BP 1
44 3 c 46 2 BP2
no - 48 9 3 S P
no - 62.5 B P2SP 1
67 .2 d 69.3 BP3

* and % same as in tabic 5,
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Figure 39. The EELS spectra  of a 6.0 ML Sn/M o film during

the  anneal ,  arrows indicate  the line sh a p e  changes .
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a re  m e a su re d  from  th e  d o m in a n t peak  

( th e  1st lo sa -p e ak ; SPI).
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Figure 40. Interface p la sm o n s  of the  Sn/M o film, where  

the  m e a su r e d  in ter face  p lasm on energy  is IP=15.6 eV
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4.3.3 Interface Plasmons of Sn/Ta films

W e  a l s o  a n a l y z e  t h e  E E L S  o f  S n / T a  f ilms and  the  p r o b a b l e  i n t e r p r e t a t i o n  o f  

t h e  p l a s m o n  lo ss  f e a t u r e s  is p r e s e n t e d  T h e  e x p e r i m e n t a l  m e a s u r e d  I P - l o s s  e n e r g y  

is 15 8 e V  in a v e r a g e  w h i c h  is v e ry  c lo s e  to  t h e  c a l c u l a t e d  v a lu e  16 5 e V  ( t a b l e  4)  

T h e  S P I  I P l - l o s s  m a n i f e s t s  i t s e l f  as  a real  p e a k ,  w h i t e  t h e  I P l - l o s s  l ine  is f a in t ly  

vi s ib le ,  p r e s u m a b l y  it is b u r i e d  by t h e  S P l - l o s s  o r  t h e  2 S P - l o s s  o r  b o t h  o f  t h e m  

T h e  S P I  I P l - l o s s  l ines  a r e  r e c o g n i z e d  a n d  i n t e r p r e t e d  by u s ing  th e  s a m e  j u d g m e n t  

a s  t h a t  u s e d  f o r  o t h e r  f i lms,  i .e. ,  t h e  lo ss  l ines  a re  d i s t i n g u i s h e d  as  t h e  r e l e v a n t  IP-  

l o s s e s  o n ly  w h e n  n e i t h e r  t h e  Sn ' s  n o r  the  T a ' s  h ig h e r  o r d e r  p l a s m o n  loss  l ines  a re  

v i s ib le

Sn l a y e r s  o f  v a r i o u s  t h i c k n e s s e s  w e r e  g r o w n  on  T a  at r o o m  t e m p e r a t u r e  and  

a n n e a l e d  at  s t e p w i s e  i n c r e a s i n g  t e m p e r a t u r e s  up t o  1500  K fo r  a b o u t  100 s e c o n d s  

T h e  o r i e n t a t i o n s  o f  t h e  f i lms  w e r e  f ixed d u r in g  t h e  an n e a l  F i g u r e s  41 t h r o u g h  43 

s h o w  o u r  E E L S  r e s u l t s  o f  a 2 . 0  M L  S n / T a  film d u r i n g  th e  a n n e a l  F i g u r e  41 

s h o w s  t h e  c o m p l e t e  s p e c t r a  o f  the  S n / T a  film, w h e r e  t h e  a n t i c i p a t e d  IP  I- and  

S P I  I P l - l o s s  p o s i t i o n s  a r e  p o i n t e d  by the  d a s h  l ines  m a r k e d  a s  15.8 a n d  2 6  0 

w h i c h  a r e  m e a s u r e d  f rom  t h e  e la s t ic  peak  D r a s t i c  l ine s h a p e  c h a n g e s ,  o w i n g  to  

t h e  s ig n i f ic a n t  d i f f e r e n c e  b e t w e e n  the  c h a r a c t e r i s t i c  E E L S  o f  t h e  Sn  a n d  Ta ,  c a n  

b e  c l e a r ly  s e e n  in th i s  f igu re  In f igu re  42 ,  w h ic h  is the  z o o m  v ie w  o f  f i g u r e  41,  

th e  a r r o w s  i n d ic a te  t h e  p l a s m o n  loss  l ine s h a p e  c h a n g e s  d u r i n g  th e  annea l .  T h e  

d o u b l e - a r r o w s  po in t  the  line s h a p e  c h a n g e s  o f  t h e  2 S P - l o s s  ( t h e  p e a k s  s y m b o l i z e d  

as  ' 2 S P '  in f ig u r e  43 ) .  T h e  s ing le  a r r o w s  a r e  fo r  t h e  B P 2 -  o r  t h e  l ikely  S P 1 I P I -  

lo s s  l ines  ( w h i c h  c o r r e s p o n d  t o  t h e  d a s h  line n a m e d  a s  26  0 in f ig u r e  4 1 ,  a n d  the  

p e a k s  15 8 a n d  15 9 m a r k e d  as  ’S P I I P  1 ’ in f igure  4 3 )
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In f i g u r e  43,  t h e  s p e c t r a  s y m b o l i z e d  as  'B u lk  T a ’ and  'B u lk  S n ‘ a re ,  s e p a r a t e l y ,  

i m p o r t e d  f r o m  d i f f e r e n t  r u n s  o f  a c l e a n  T a  foil  a nd  a f r e s h  S n  f i lm ( 2 0  A),  a n d  a re  

u s e d  as  r e f e r e n c e s  In t h e  f o u r t h  c u rv e ,  t h e  p e a k  17 5 is a t t r i b u t e d  t o  the  

S P l B P l - l o s s  o f  t h e  Ta ,  b e c a u s e  all t h e  T a ' s  h i g h e r  o r d e r  p l a s m o n  lo s s  l ines  a re  

c l e a r l y  o b s e r v e d  T h e r e f o r e  th is  c u r v e  is s im i la r  t o  t h e  T a ' s  c h a r a c t e r i s t i c  E E L S  

s p e c t r u m  ( c u r v e  5),  b u t  d i f f e rs  a l i t t le d u e  to  t h e  v e ry  small  a m o u n t  o f  Sn 

r e m a i n i n g  in t h e  f ilm

N e x t ,  w e  will  c o n c e n t r a t e  o n  th e  s e c o n d  and  th e  th i rd  c u r v e s  w h i c h  r e v e a l  n e w  

s t r u c t u r e s  As  c a n  be seen  f r o m  th e s e  t w o  c u r v e s ,  t h e  S P l I P l - l o s s  l ine,  l a b e l e d  as 

15 8 and  15 9 b e c o m e s  v i s ib le  a f t e r  t h e  v a n i s h i n g  o f  t h e  Sn ' s  h i g h e r  o r d e r  B P - l o s s  

l ines  ( i n d i c a t e d  by 'S n -h ig h '  f o r  the  f irst  c u r v e )  and  b e f o r e  t h e  s h o w i n g  up  o f  the  

T a ' s  h igh  o r d e r  B P - l o s s  l ines  ( i n d i c a t e d  by 'T a - h ig h '  f o r  t h e  las t  t w o  c u r v e s )  W e  

c la s s i fy  t h e s e  t w o  p e a k s ,  15 8 and  15 9, as  t h e  S P l I P l - l o s s  o f  t h e  f ilm H o w e v e r ,  

t h e  e x p e c t e d  IP 1- lo s s  l ine is t o o  indo len t  t o  r evea l  i t s e l f  It is m o s t  l ike ly  t h a t  the  

IP  1-1 o s s  is h id d e n  by th e  2 S P - l o s s  and  t h e  S P l - l o s s  w h i c h  h a s  a t r e m e n d o u s  

h e ig h t  T h e  f o l l o w i n g  o b s e r v a t i o n s  s u p p o r t  t h e  a b o v e  c l a s s i f i c a t i o n s  ( 1 )  T h e  Sn 's  

a n d  t h e  T a ' s  h i g h e r  o r d e r  B P - l o s s  l ines  a r e  n o t  v i s ib le  in t h e  c o r r e s p o n d i n g  

s p e c t r a  ( 2 )  T h e  f i rs t  p e a k  is not  a c c o m p a n i e d  by a s h o u l d e r  o n  i ts lef t ,  b u t  the  

f r e s h  S n 's  E E L S  has  a s h o u l d e r  ( m a r k e d  as  'A'  in t h e  f i rs t  c u r v e )  ( 3 )  T h e  last 

p r o o f  c a n  b e  o b t a i n e d  is by i n s p e c t in g  the  p o s i t i o n  o f  t h e  f irst  l o s s  p e a k  T h e  

f r e s h  S n ' s  S P l - l o s s  a p p e a r s  at 10 2 eV  ( th e  f i rs t  t h r e e  c u r v e s )  w h i l e  t h e  T a ’s a r i s e s  

at 1 1 5  e V  ( th e  las t  t w o  c u r v e s )
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Figure 41. The EELS spectra  of a 2.0 ML Sn /Ta  film, the

zoom  view of the p lasm on  losses  is given in figure 42.
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Figure 42. The EELS sp e c tr a  of a 2 0 ML S n /T a  film,  

single  film tra ces  after  anneal ing  at progress ive ly  

higher  t e m p e r a tu r e s  (up to 1500 K)
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Figure 43, Interface p la sm o n s  of th e  S n /T a  film, where  

the m ea su red  in ter face  plasmon energy  is IP=15.8 eV.



I 18

4.3 .4 Comparison of plasmon loss energies between 

the experimental and the predicted values

O v e r a l l  t h e  I P - l o s s e s  a r e  o b s e r v e d  in all t h e  Sn f i lms  w h i c h  w e  a n a ly z e d  as  

w e l l  as  t h e  A l / N b  f i lms  T h e  c o r r e s p o n d i n g  E E L S  s p e c t r a  o f  t h e  p u r e  m e t a l s  an d  

t h e  f i lms  ( I P - l o s s  p a r t )  a r e  s h o w n  in f ig u r e s  4 4  and  45 T h e  a r r o w s  in f ig u r e  45 

p o i n t  t o  t h e  e x p e r i m e n t a l  o b s e r v e d  lo ss  p e a k s  w h i c h  h a v e  b e e n  d i s c u s s e d  in t h e  

p r e v i o u s  s e c t i o n s  In c a s e  o f  the  A l /N b  f ilm, b o t h  t h e  f i rs t -pair  a n d  th e  second-  

pair  o f  t h e  I P - l o s s  is c le a r ly  s een  F o r  all t h e  Sn  f ilms, on ly  t h e  second-pair  o f  

t h e  I P - l o s s  is c le a r ly  o b s e r v e d  In c a s e  o f  t h e  S n / N b  f ilm,  t h e  S P l I P l - l o s s  

a p p e a r s  as  a real  p e a k  an d  the  IP 1- loss  s h o w s  up as  a s h o u l d e r  In  c a s e  o f  the  

S n / M o  a n d  th e  S n / T a  film, t h e  S P l I P l - l o s s  m a n i f e s t s  i t s e l f  as a real  p e a k  b u t  t h e  

I P l - l o s s  is invis ib le .  All t h e  m e a s u r e d  I P - l o s s  e n e r g i e s  o f  t h e  f i lms a r e  fa i r ly  c lo s e  

t o  t h e  v a l u e s  c a l c u l a t e d  f ro m  th e  s e m i -c las s i ca l  t h e o r y  O r  t o  say  it in a n o t h e r  

w a y ,  t h e  s e m i -c l a s s i c a l  t h e o r y  is g o o d  for  p r o v i d i n g  a r o u g h  g u i d e  f o r  t h e  t h in  film 

s y s t e m s  a n d  th is  m o d e l  is c o n v e n ie n t ,  e v e n  t h o u g h ,  on ly  Al is a n e a r l y - f r e e -  

e l e c t r o n  t y p e  m eta l

A s  d i s c u s s e d  in s e c t i o n  3 2, t h e  t h e o r e t i c a l  r a t i o  E h E,  h a s  a w e l l - k n o w n  v a lu e  

o f  > / 2 , bu t  no  c o m m o n  r a t i o  is de f ined  for  t h e  i n t e r f a c e  p l a s m o n  l o s s  e n e r g i e s  In 

o r d e r  t o  c o m p a r e  o u r  e x p e r i m e n t a l  r e s u l t s  w i th  t h e  p r e d i c t e d  v a lu e s ,  let  R, w h ic h  

will  b e  s e r v e d  a s  a m o r e  g e n e ra l  r a t io ,  be  d e f in e d  a s  fo l low s :

E *l-+ (4 .3  4 - 1 )

W h e r e  E M, E h,, and E, are,  respectively,  the BP- loss  ene rgy  o f  the subs t ra te

metal ,  the B P - lo s s  energy  o f  the adso rba te  and the IP- loss  energy  o f  the



f i l m - m e t a l  i n t e r f a c e  D ef in i t io n  o f  ( 4 . 3 . 4 - 1 )  will  r e d u c e  t o  t h e  w e l l - k n o w n  r a t i o

o f  t h e  m eta l  r e s p e c t i v e ly )  By  u s in g  e x p r e s s i o n  (3 2 10), w h i c h  is d e r i v e d  in 

s e c t i o n  3 ,2  fo r  c a l c u l a t i n g  the  I P - l o s s  e n e rg y ,  t h e  r a t i o  R  c an  b e  e x p r e s s e d  as:

W i t h  a l i t t le  e x a m i n a t i o n  o f  e q u a t i o n  o f  (4 3 . 3 - 2 ) ,  t h e  m a x i m u m  r a t i o  R -  2 ,  f o r  

E b, = E b:, will  b e  o b t a i n e d  All t h e  i n te r fa c es ,  e sp e c i a l l y  the  t h i n - f i l m - m e t a l  o n e s ,  

s h o u l d  h a v e  s pec ia l  f e a t u r e s  w h i c h  d e p e n d  on  th e  m e t a l s  u s e d ,  t h e r e f o r e  t h e  

d e t a i l s  o f  t h e  E E L S  o f  t h e  f i lms m a y  be  d i f f e re n t  f r o m  e a c h  o t h e r .  H o w e v e r  t h e  

r a t i o  R , c a l c u l a t e d  f rom  t h e  m e a s u r e d  va lues ,  c a n  b e  u s e d  as  a g u i d e  v a l u e  fo r  

c o m p a r i n g  t h e  e x p e r i m e n t a l  an d  t h e  t h e o r e t i c a l  r e s u l t s  T a b l e  13 l is t s  o u r  

e x p e r i m e n t a l  S P - ,  B P - ,  and  I P - lo s s  e n e r g i e s  a l o n g  w i th  t h e  t h e o r e t i c a l  v a l u e s  In 

p a r t  ( a ) ,  c o l u m n  4 is the  r a t io  E b:E5 a n d  in pa r t  (b) ,  c o l u m n  4 (S )  is the  

e x p e r i m e n t a l  ( t h e o r e t i c a l )  r a t i o  d e f in e d  by the  e x p r e s s i o n  (4 3 4 - 2 )

F i g u r e  4 6 ( a )  is the  p lo t  o f  the  S P - l o s s  e n e r g i e s  v e r s u s  t h e  B P - l o s s  e n e r g i e s  fo r  

t h e  m e t a l s  s tu d i e d ,  w h e r e  t h e  d a s h  l ine g iv e s  t h e  p r e d i c t e d  r a t i o  \ / yfl  An 

e x c e l l e n t  a g r e e m e n t  b e t w e e n  th e  e x p e r i m e n t  and  th e  s e m i -c l a s s i c a l  t h e o r y  c a n  be  

c le a r ly  s e e n  fo r  Al, t h u s  p r o v i d i n g  an e x p e r i m e n t a l  s u p p o r t  fo r  t h e  t h e o r e t i c a l  

d e s c r i p t i o n  o f  t h e  n e a r l y - f r e e - e l e c t r o n  m eta ls .  F o r  t h e  t r a n s i t i o n  m e t a l s  N b ,  M o  

a n d  Ta ,  t h e  e x p e r i m e n t a l  B P - l o s s  e n e r g i e s  a re  v e ry  c lo s e  t o  t h e  p r e d i c t e d  v a lu e s  

a n d  t h e  S P - l o s s  e n e r g i e s  a r e  r e a s o n a b ly  c lo se  t o  t h e  a n t i c i p a t e d  va lue s .  O n e  

w o u l d  e x p e c t  t h a t  in t h e  t r a n s i t i o n  m e ta l s  t h e  e l e c t r o n s  in t h e  t / - ba nd  w o u l d  m a k e  

t h e  s i t u a t i o n  m o r e  c o m p l i c a t e d  T h e  i n t e r b a n d  t r a n s i t i o n s  a n d  th e  e l e c t r o n

V2 by t a k i n g  E b) = 0 ( fo r  v a c u u m ) ,  E b, -  E H and  E, -  E s ( S P -  a n d  B P - l o s s  e n e r g y

( 4 3 . 4 - 2 )
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s c r e e n i n g  e f f e c t s  n e a r  a s u r f a c e  m u s t  be  t a k e n  into  a c c o u n t  in o r d e r  t o  o b t a in  

b e t t e r  a g r e e m e n t  b e t w e e n  th e  t h e o r y  and  t h e  e x p e r i m e n t

F i g u r e  4 6 ( b )  is t h e  p lo t  o f  t h e  I P - l o s s  e n e r g i e s  o f  t h e  f i lm s  v e r s u s  

( E bl +  E b, ) / 2 ,  w h e r e  t h e  d a s h  l ine s h o w s  the  t h e o r e t i c a l  m i n i m u m  o f  t h e  r a t i o  H R  

( 2 /  = 1) F o r  t h e  v a c u u m - t h i n - f i l m - m e t a l  s a n d w i c h  i n te r f a c e s ,  w e  o b t a i n  nice

r e s u l t s  fo r  t h e  S n / N b  and  S n / T a  f ilms, and  r e a s o n a b l e  r e s u l t s  fo r  t h e  A l / N b  and  

S n / M o  f i lms  F o r  t h e  s a n d w i c h  f i lms,  t h e  s i t u a t i o n  b e c o m e s  e v e n  m o r e  

c o m p l i c a t e d  th a n  th e  m e t a l - v a c u u m  in te r f a c e ,  so  t h a t  t h e  a b o v e  e x p e r i m e n t a l  

r e s u l t s  a r e  i n d e e d  in t h e  e x p e c t e d  r a n g e s

In so l id s ,  e l e c t r o n s  m a y  be  g e n e ra l l y  c a t e g o r i z e d  as  c o r e  e l e c t r o n s  a n d  v a l e n c e  

e l e c t r o n s  T h e  inne r  c o r e  e l e c t r o n s  a re  t igh t ly  b o u n d  to  t h e  n u c le i ,  t h e r e f o r e  they  

a r e  wel l  l o c a l i z e d  and  will  n o t  a ff ec t  t h e  b e h a v i o r  o f  o t h e r  e l e c t r o n s  At  t h e  

o p p o s i t e  e x t r e m e ,  t h e  v a l e n c e  e l e c t r o n s  o v e r l a p  w i th  o t h e r  e l e c t r o n s ,  h e n c e  lose  

any  i d e n t i f i c a t i o n  w i th  a spec i f ic  a t o m  T h e  p e r f e c t  m e ta l  in t h i s  c a t e g o r y  is Al, 

w h i c h  ha s  b e e n  wel l  s tu d i e d  in all f ie lds  o f  the  sol id  s t a t e  p h y s i c s  in b o t h  t h e o r y  

a n d  e x p e r i m e n t s  T h e  s im ple  t h e o r y ,  d i s c u s s e d  in s e c t i o n  3,3 ,  w o r k s  p e r f e c t l y  fo r  

Al; w h i c h  is a l s o  c o n f i r m e d  by o u r  r e s u l t s  a b o u t  t h e  SP- ,  B P -  a n d  I P - l o s s  e n e rg i e s '  

m e a s u r e m e n t s .  T h e  m o r e  d if f icul t  an d  c e r t a in ly  m o r e  i n t e r e s t i n g  c a s e  is t h e  so 

c a l l ed  ( / -band  m e t a l s  ( t r a n s i t i o n  m e t a l s )  T h e  d  e l e c t r o n s  a re  no t  so  t ig h t ly  b o u n d  

by t h e  nuc le i  and  o v e r l a p  t h e i r  n e ig h b o u r s ;  bu t  n e i t h e r  c a n  th e y  be  t r e a t e d  a s  f ree  

e l e c t r o n s  T h u s  the  ( / e l e c t r o n s  s h o u ld  be  t r e a t e d  f r o m  a b a n d  v i e w p o i n t ,  a n d  th is  

( / -band  is p a r t i a l ly  f il led and  o v e r l a p s  the  s  band  w h i c h  in t u rn  m a k e s  t h e  b e h a v i o r  

e v e n  m o r e  c o m p l i c a t e d  C o n s i d e r i n g  th e  s i t u a t i o n  o f  t h e  su r f a c e ,  a c a l c u l a t i o n  o f  

c h a n g e s  in t h e  b a n d  s t r u c t u r e  is n e e d e d  fo r  a c o m p l e t e  t h e o r e t i c a l  d e s c r i p t i o n

In t h e  t h e o r y  s e c t i o n  3 2 a b o u t  t h e  p l a s m o n s ,  w e  t r e a t e d  t h e  c o l l e c t i v e  

e x c i t a t i o n s  o f  t h e  e l e c t r o n  g a s  by m e a n s  o f  the  n e a r l y - f r e e - e l e c t r o n  m o d e l  W h e n
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t h e  e n e r g y  is su f f ic ien t ly  high,  t r a n s i t i o n s  can  t a k e  p l a c e  b e t w e e n  s t a t e s  in 

d i f f e r e n t  b a n d s  S in c e  t h e  a l l o w e d  and  f o r b i d d e n  e n e r g y  b a n d s  in m e t a l s  a r e  

d i s c r e t e ,  t h i s  will  r e s u l t  in a d i s c r e t e  s t r u c t u r e  fo r  t h e s e  e x c i t a t i o n  p r o c e s s e s ,  t h e  

so  c a l l e d  i n t e r b a n d  t r a n s i t i o n s  T h e  i n t e r b a n d  t r a n s i t i o n s  c o r r e s p o n d  to  t h e  

e x c i t a t i o n s  b e t w e e n  th e  o c c u p i e d  and  th e  u n o c c u p i e d  l eve l s  o f  t h e  a t o m s ,  

t h e r e f o r e  c o m p l e t e  d e s c r i p t i o n  o f  t h e  r e s u l t i n g  e((o,k)  f u n c t i o n  r e q u i r e s  

s u m m a t i o n  o v e r  all p o s s ib l e  ind iv idua l  e x c i t a t i o n s  ( th e  last  s u m - t e r m  in e x p r e s s i o n  

3 2 2 )  In fac t  it is th i s  s u m - t e r m  m a k e s  t h e  s i t u a t i o n  m o r e  c o m p l i c a t e d  fo r  the  

t r a n s i t i o n  m e ta l s ,  s u c h  a s  Nb,  M o ,  and  Ta  and  a lso  p o s s ib l y  Sn,  w h i c h  w e  h a v e  

s t u d i e d

O n e  po in t  w o r t h  m e n t io n i n g  is tha t  s evera l  i n v e s t i g a t o r s i 76' 7*! i n t e r p r e t  the  

h i g h e r  o r d e r  p e a k s  in t h e  E E L S  o f  t r a n s i t io n  m e ta l s  ( T M )  as t h e  e x c i t a t i o n  and  the  

d e c a y  o f  l o c a l i z e d  d  e l e c t r o n s  T h e  p e a k  p o s i t i o n s  in t h e  h i g h e r  e n e r g y  r e g i o n  o f  

t h e  E E L S  a re  a lso  in r e a s o n a b l e  a g r e e m e n t  w i th  t h e  t h e o r e t i c a l  X - r a y  e n e r g y  

l e v e l s  H o w e v e r  t h e  i n t e r p r e t a t i o n s  a r e  no t  c o m p l e t e l y  c o n s i s t e n t  an d  r e q u i r e  a 

m o r e  a c c u r a t e  c a l c u l a t i o n  o f  t h e  b a n d  s t r u c t u r e s  a n d  a q u a n t i t a t i v e  t h e o r y  o f  

m a n y - b o d y  i n t e r a c t i o n s ' 11! M o r e o v e r ,  in o u r  E E L S  s p e c t r a  o f  t h e  th in  f i lms, t h e  

h i g h e r  o r d e r  l o s s e s  a l m o s t  van ish  u n d e r  a p p r o p r i a t e  c o n d i t i o n s  ( f i g u r e  30 ,  40 ,  43 

f o r  Sn f i lms  and  f igu re  20  fo r  A l /N b  f i lm),  w h i c h  w e  w o u l d  n o t  e x p e c t  i f  t h e y  a r e  

a t t r i b u t a b l e  t o  t h e  lo c a l i z e d  d  e l e c t r o n s  T h e r e f o r e  w e  p r e f e r  t o  i n t e r p r e t  the  

h i g h e r  o r d e r  l o s s e s  a s  t h e  c o m b i n a t i o n  o f  the  p l a s m o n  lo s s e s  e s p e c i a l l y  f o r  t h e  thin 

f i lms
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Z Z  0

Ta

Nb: 101, 1 0 7

Sn: 10 2, 13.0

Al: 10.9, 15.7
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- 0 0 -3 0-5 0 -4 0 -20 - 1 0 0
E n e rg y  Loss (eV)

Figure 44. The SP— and BP—lo sses  of d i f ferent  metals:

Mo, Ta, Nb, Sn, and Al. On the  top left,  the  f irst  and

th e  seco n d  num ber  is, respect ive ly ,  the  S P -  and B P -e n e r g y .
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Al/Nb: IP 16 5
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2SP
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Figure 45. Interface p lasm on lo sses  of d i f ferent  films:

Al/Nb, Sn/Nb,  Sn/Ta,  and Sn/Mo; where the arrows in d ica te  

th e  observed and th e  e x p ec ted  IP -  or S P l I P l - l o s s  l ines.
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F i g u r e  4 6  E x p e r i m e n t a l  a n d  t h e o r e t i c a l  p l a s m o n  loss  e n e r g i e s  

(a)  S P - l o s s  vs  B P- l o s s ,  (b) IP loss  v s  ( E b l e E b 2 ) / 2  T h e  l i n e s  

g i v e  t h e  t h e o r e t i c a l  r a t i o s  ( d e f i n i t i o n s  a r e  g i v e n  in t e x t )
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Table 13. Plasmon loss energies of pure metals and films

( a )  S P -  a n d  B P - l o s s  e n e r g i e s  o f  p u r e  m e t a l s  ( e V )

B u l k  P l a s m o n R a t io* S u r f a c e  P l a s m o n

M e ta l Exp . Th E xp E x p T h

Al 15.7 15 8 1.44 10.9 11.2

Sn 13 9 12 7 1 36 10 2 8 9 6

N b 18 7 19 6 1 85 10 1 13 9

T a 18 6 19 6 1 62 11.5 13 9

M o 22 0 23.1 1.93 1 1 4 16.3

(b )  IP - lo s s  e n e r g i e s  o f  f i lms  ( e V )

I n t e r f a c e  P l a s m o n R a t io ^

Film E x p T h E x p T h

A l / N b 16 5 17.8 2 08 1 .99

S n / N b 16 2 16 5 2 01 1 96

S n / T a 15 8 16 5 2 06 1 96

S n / M o 15 6 18 6 2 30 1 92

* T h e  ra tio  oT R = E [i/E s 

^ T h e  ra tio  o f  R = (E m  + E H I)/E |
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Section 4.4 Growth of Sn Films on Nb

T h e  a d s o r p t i o n  a n d  c o n d e n s a t i o n  o f  o n e  m e ta l  on  a n o t h e r  m e t a l  s u b s t r a t e ,  

u s u a l l y  r e f r a c t o r y  m eta l s ,  a r e  r ec e iv in g  in c r e a s in g  a t t e n t i o n  m a in ly  b e c a u s e  o f  t he  

p o s s ib i l i ty  o f  t h e  g r o w t h  o f  f i lms m o n o l a y e r - b y - m o n o l a y e r  A s im p l e  t e c h n i q u e  to  

d e t e r m i n e  t h e  c o v e r a g e  and  g r o w t h  m e c h a n i s m  o f  a d e p o s i t i o n  p r o c e s s  by  m e a n s  

o f  A E S  h a s  b e e n  w id e ly  u s e d  r ec e n t ly !79 8J>. Th i s  m e t h o d  c o n s i s t s  o f  p l o t t i n g  the  

A u g e r  s igna l  o f  b o t h  t h e  s u b s t r a t e  and  t h e  o v e r l a y e r  as  a f u n c t i o n  o f  e x p o s u r e  

t im e  ( t h e  s o  ca l l ed  A A - /  p lo t s )  In th is  s e c t io n  th e  initial  s t a g e s  o f  d e p o s i t i o n  o f  

Sn  o n  c le a n  N b  s u r f a c e s  a r e  p r e s e n t e d  fo r  a b e t t e r  u n d e r s t a n d i n g  o f  t h e  g r o w t h  

m e c h a n i s m  a n d  s t r u c t u r e  o f  thin Sn f i lms f o r m e d  on  th e  N b  s u b s t r a t e

F i lm s  p r e p a r e d  by t h e r m a l  e v a p o r a t i o n  o f  Sn o n t o  N b  s u r f a c e s  w e r e  e x a m i n e d

by m e a n s  o f  A E S  t e c h n i q u e  T h e  e x p e r i m e n t a l  a r r a n g e m e n t  a n d  th e r m a l

e v a p o r a t i o n  p r o c e d u r e s  w e r e  d e s c r i b e d  in s e c t i o n  2 .2 .3 .  T h e  A E S  m e a s u r e m e n t s

w e r e  m a d e  in t h e  s t a n d a r d  m a n n e r  wi th  f o l l o w i n g  e x p e r i m e n t a l  p a r a m e t e r s  

e l e c t r o n  p r i m a r y  e n e r g y  2 .0  K e V ,  b e a m  c u r r e n t  4 5  p A ,  m o d u l a t i o n  v o l t a g e  2 V

t im e  c o n s t a n t  0.1 s, s w e e p  r a t e  1 3  V/s .  A E S  m e a s u r e m e n t s  w e r e  c o n d u c t e d  by 

m o n i t o r i n g  t h e  N b  p e a k  at  161 e V  ( M , M , N S) and  th e  Sn  t w in  p e a k s  at  425  e V  

( M 5N 4SN 4S) and  4 3 0  e V  ( M 4N 4SN 4V) M e a s u r e m e n t s  w e r e  t a k e n  at r e g u l a r

i n t e r v a l s  as  t h e  film w a s  bu i l t  up  t o  g i v e  t h e  A u g e r  s igna l s  as  a f u n c t i o n  o f  Sn 's  

c o v e r a g e  o n  N b

F i g u r e  4 7  s h o w s  a s e r i e s  o f  s p e c t r a  o f  Sn 4 2 5  e V  and  4 3 0  e V  A u g e r  

t r a n s i t i o n s  f r o m  c lean  a n d  S n - c o v e r e d  s u r f a c e s  o b t a i n e d  d u r i n g  th e  g r o w t h  o f  a 

4 .5  M L  Sn  f ilm on  N b  F i g u r e  48  s h o w s  th e  c o r r e s p o n d i n g  s e q u e n c e  o f  t h e  A u g e r  

s p e c t r a  f o r  N b  A f t e r  p r o p e r  b a c k g r o u n d  s u b t r a c t i o n  t h e  o r ig in a l  A E S  

m e a s u r e m e n t s  o f  N b  161 e V  and  Sn  4 3 0  eV  t r a n s i t i o n s  r e c o r d e d  in t h e  d e r i v a t i v e
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d N ( E ) / d E  m o d e  w e r e  n u m e r i c a l ly  i n t e g r a t e d  S e v e ra l  s e l e c t e d  N b  161 e V  A u g e r  

t r a n s i t i o n  p e a k  s h a p e s  d u r i n g  t h e  p r o c e s s  a r e  g i v e n  in t h e i r  n u m e r i c a l  i n te g r a l  

f o r m s  a s  s h o w n  in f igu re  49 .  T h e  A E S  a m p l i t u d e s  o f  Sn 4 3 0  e V  a n d  N b  161 e V  

p e a k s ,  m e a s u r e d  f r o m  t h e i r  N ( E )  fo rm ,  a re  p l o t t e d  as  a f u n c t i o n  o f  t h e  c o v e r a g e  

o f  Sn  a s  s h o w n  in f i g u r e  50 T h e  c o v e r a g e  s c a le  is t r a n s l a t e d  by u s in g  Sn 's  

Z a c h a r i a e n  m e ta l l i c  r a d i u s  ( Z M R ) I 8JI:

Z M R  = VjM 2 ' 6 (4  4 - 1 )

In e x p r e s s i o n  o f  (4  4 -1 ) ,  V, is the  v o l u m e  p e r  a t o m  a t  r o o m  t e m p e r a t u r e  b a s e d  on  

b u lk  den s i ty .  T h e  Sn 's  Z M R  e v a lu a t e d  by  u s in g  a b o v e  f o r m u l a e  is 3 32  A

F r o m  i n s p e c t i o n  o f  f ig u r e  50, u p o n  in c r e a s in g  Sn 's  c o v e r a g e  t h e  h e i g h t s  o f  the  

Sn 4 3 0  e V  a n d  N b  161 e V  A u g e r  t r a n s i t i o n s  d o  not  fo rm  a s e r i e s  o f  s t r a i g h t  l ine 

s e g m e n t s .  F i g u r e  50 o n ly  s h o w s  th a t  t h e  first s te p ,  f ro m  0 t o  1 m o n o l a y e r  ( M L ) ,  

o f  t h e  i n c r e a s e  o f  t h e  Sn  4 3 0  e V  p e a k  an d  t h e  a t t e n u a t i o n  o f  th e  N b  161 e V  p e a k  

is l i n e a r  At  a b o u t  1 M L  th e  s lo p e  o f  e a c h  c u r v e s  c h a n g e s ,  a n d  th e  c u r v e s  s h o w  a 

c h a r a c t e r i s t i c  e x p o n e n t i a l  s h a p e  At h ig h e r  c o v e r a g e  th e  s l o w e r  d e c r e a s e  o f  the  

N b  161 e V  h e ig h t  s u g g e s t s  the  g r o w t h  o f  s p r e a d i n g  tin i s o l a t e d  i s l ands  All o f  the  

a b o v e  o b s e r v a t i o n s  -  n o  f u r th e r  b r e a k s  and  e x p o n e n t i a l  b e h a v i o r  o f  b o t h  u p t a k e  

c u r v e s ,  c o r r e s p o n d  t o  t h e  S t r a n s k i - K r a n s t a n v o  ( S K )  g r o w t h  m e c h a n i s m ! 9-10! F irs t  

a c o m p l e t e  m o n o l a y e r  f o r m s  then  t h r e e  d im e n s io n a l  ( 3 D )  i s l a n d s  g r o w  o n  t o p  o f  

th i s  in i t ia l ly  f o r m e d  a d s o r b a t e  m o n o l a y e r  T h e s e  m e ta l l i c  3 D - i s l a n d s  c o n t r i b u t e  

l i t t le  to  t h e  l ay e r  s ignal  b u t  still a t t e n u a t e  t h e  s u b s t r a t e  s igna l  s l i gh t ly ,  t h e r e f o r e  

c a u s e  t h e  u p t a k e  c u r v e s  ha v in g  t h e  e x p o n e n t i a l  b e h a v i o r s  a f t e r  t h e  f i rs t  b r e a k  

p o i n t  i n s t e a d  o f  s t r a ig h t  l ine s e g m e n t s  w h ic h  c o r r e s p o n d s  t o  t h e  l a y e r - b y - l a y e r  

g r o w t h  ( F M  g r o w t h  m e c h a n i s m ) ! 910! T h e  l o w  m ob i l i t y  a t  r o o m  t e m p e r a t u r e  o f  

a d s o r b e d  t in  a t o m s  p r e s u m a b l y  c a u s e s  t h e  film t o  g r o w  in t h e  f o r m  o f  s e p a r a t e
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p a t c h e s  a n d  th i s  p r e v e n t s  t h e  i m m e d i a t e  f o r m a t i o n  o f  a c o n t i n u o u s  f ilm, so  t h a t  

t h e  f ilm ha s  a d i s o r d e r e d  s t r u c tu r e .  T h e  e l e c t r o n  a t t e n u a t i o n  l e n g t h  ( A L )  f o r  b o t h  

t h e  Sn 4 3 0  e V  and  N b  161 e V  can  be d e d u c e d  by m o d e l i n g  th e  u p t a k e  c u r v e  in 

f i g u r e  50  at t h e  b r e a k  po in t ,  on  the  bas i s  o f  f o l l o w i n g  f o r m u l a ) 10!;

1 / -  exp [  d  / / I co s /? ] ,  f o r  N b  (4  4 - 2 a )

I / 1„ = 1 -  exp[  -  d  /  z lcos /?] ,  fo r  Sn  ( 4 . 4 - 2 b )

w h e r e  I / I (J is t h e  r a t io  o f  t h e  A E S  in te ns i ty  at t h e  m o n o l a y e r  b r e a k p o i n t  t o  the  

A E S  in te n s i t y  o f  t h e  bu lk  m a te r i a l  in t h e  u p t a k e  c u r v e ,  d  is t h e  o v e r l a y e r  t h i c k n e s s  

( t a k e n  to  be 3 32 A), and  cos/?  is t h e  A u g e r  e l e c t r o n  e m i s s i o n  p e r  un i t  so l id  a ng le  

c o r r e c t i o n  w h i c h  is t a k e n  t o  be 0 74 fo r  t h e  R F A  t h a t  y i e ld s !1 oj :

A = - t / [ 0 , 7 4 i n ( l / l j ]  fo r  N b  ( 4 . 4 - 3 a )

X -  - < / - [ 0 . 7 4 - l n ( l  -  1 / 1,,)] f o r  Sn  ( 4 . 4 - 3 b )

T h e  v a lu e s  o f  X M fo r  t h e  Sn 4 3 0  e V  and  N b  161 eV  a re  d e t e r m i n e d  to  b e  8 2 

a n d  7 1 A r e s p e c t i v e ly  T h e s e  va lu e s  a re  in r e a s o n a b l e  a g r e e m e n t  w i th  t h e  v a lu e s  

d e t e r m i n e d  by u s in g  th e  ' u n iv e r s a l1 I M F P  c u rv e s ,  and  o t h e r  e x p e r i m e n t a l  r e su l t s ,  

f o r  e x a m p l e ,  Paffet t  et all2181l got  10 0 eV and 9 7 e V  for  Sn films g r o w n  on  Pt

T a b l e  14. T h e  A L  (A) v a l u e s  d e t e r m i n e d  f r o m  A A - t  p l o t s

A u g e r  
E l e c t r o n  

E n e r g y  ( e V )

O u r  Exp .  
A L

W i t h  Sn  film

i m f p ( A )
f rom  Un ive rsa l  

C u r v e ) 51)

O t h e r s  E x p  
A L

W i t h  Sn  film

E q  (3 3 .3 )  
S e a h  & D e n c h  

T h e o r y ! 56)

64  ( P t  P e a k ) - 4,5  —  26 5.5,  7.21“ -” 1 5 8

161 ( N b  P e a k ) 7 1 4 0 —  10 - 8 6

4 3 0  ( S n  P e a k ) 8 2 5 6 —  13 9 .7 ,  10 0 l 812 , l 14
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Figure 47. Auger peak in ten s i t ie s  of the  Sn during i ts  growth  

on the Nb, curves  0.0 to l.B ML have h igher  sens i t iv i t ies .



A
ug

er
 

Pe
ak

 
In

te
ns

it
y 

dN
/d

E 
(a

rb
 

un
it

s)

1hi

0  0  UL

0 9 UL

1 2  UL

I S UL

2.1 UL

2 4  UL

2 .7  UL

3.0  UL

3 3  UL

3 .9  UL

4 2 UL

150 170140 160 160 190
E n e rg y  (eV)
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Section 4.5 Conclusions

F r o m  th e  e x p e r i m e n t a l  re su l ts ,  w e  c o n c l u d e  tha t  t h e  bu lk  p l a s m o n  ( B P )  may 

s h o w  m u l t i p l e  l o s s e s  bu t  t h e  s u r f a c e  p l a s m o n  ( S P )  s h o w s  o n ly  a s in g l e  l o s s  e i the r  

by  i t s e l f  o r  s u p e r i m p o s e d  on  a  m ain  bu lk  p l a s m o n  lo ss  ( « - A E b + A E i) F o r  s o m e

m e t a l s  t h e  d o u b l e  s u r f a c e  p l a s m o n  lo ss  s h o w s  u p  as  a s h o u l d e r  i n s t e a d  o f  a real  

p e a k  A f t e r  c a re fu l  e x a m i n a t i o n  o f  t h e  s p e c t r a  and  by f i t t ing  t h e  L o r e n t z i a n  line 

s h a p e  t o  t h e m ,  t h e s e  d o u b l e  s u r f a c e  p l a s m o n  loss  l ines  a r e  s u c c e s s f u l l y  d i s c e r n e d  

a p a r t  f r o m  o t h e r  bu lk  p l a s m o n  lo ss  l ines  and  s u r f a c e  p l a s m o n  to ss  l ines  T h e  

c o n c l u s i o n  is t h a t  t h e  d o u b l e  s u r f a c e  p l a s m o n  loss  d o e s  e x is t  e v e n  t h o u g h  its 

p r o b a b i l i t y  is low  a n d  it is not  so o b v i o u s l y  seen  in t h e  s p e c t r a  o w i n g  to  t h e  fact 

t h a t  it is e m b e d d e d  ins ide  the  l a rg e r  f irs t  t w o  p l a s m o n  loss  p a i r s  F o r  t r a n s i t i o n  

m e t a l s  N b ,  M o ,  a n d  Ta ,  t h e  o b s e r v a t i o n  th a t  t h e  h ig h e r  o r d e r  b u lk  p l a s m o n  loss  

p e a k s  s h o w  a l i t t le  shif t  f r o m  the  a n t i c ip a t e d  c o m b i n a t i o n  p o s i t i o n s  is o b s e r v e d ,  

d u e  t o  t h e  i n t e r b a n d  t r a n s i t i o n s

M o r e o v e r  e x t r a  p l a s m o n  losses ,  w h i c h  a re  a s c r i b e d  to  t h e  i n t e r f a c e  p l a s m o n  

l o s s e s  ( IP ) ,  a r e  c l e a r ly  o b s e r v e d  in all the  Sn f ilms a s  wel l  as  in t h e  A l / N b  f ilm In 

all c a s e s ,  t h e  S P l I P l - l o s s  ( c o m b i n a t i o n  o f  SP-  and  I P - l o s s )  m a n i f e s t s  i t s e l f  as  a 

rea l  p e a k  O n  th e  o t h e r  ha nd ,  t h e  f irst  i n te r fa c e  p l a s m o n  l o s s  a p p e a r s  a s  a real 

p e a k  o n ly  in t h e  A l /N b  film, and  it is fa in t ly  s een  in o t h e r  Sn  f i lms,  im p ly in g  th a t  it 

is h i d d e n  by  t h e  l a r g e r  s ing le  S P - l o s s  o r  by th e  d o u b l e  S P - l o s s  o r  m o r e  l ike ly  by 

b o t h  o f  t h e m  T h e  o b s e r v e d  v a lu e s  o f  the  i n te r f a c e  p l a s m o n  lo ss  e n e r g i e s  a r e  in 

r e a s o n a b l e  a g r e e m e n t  w i th  t h e  s e m i - t h e o r e t i c a l  v a lu e s  O n e  w o u l d  no t  e x p e c t  a 

p e r f e c t  a g r e e m e n t  b e t w e e n  th e  t h e o r y  and  t h e  e x p e r i m e n t ,  s ince  t h e  s u r f a c e  

c o n d i t i o n s  a n d  s o m e  spec ia l  e f f ec t s ,  such  as  t h e  s u r f a c e  r o u g h n e s s  a n d  the  

c ry s ta l  1 ini ty  e f f e c t s i 71!, will  a l so  a ff ec t  t h e  s p e c t r a
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A s im i la r  f o u r  s t a g e s  a n n e a l in g  b e h a v i o r  w a s  o b s e r v e d  in b o t h  t h e  A E S  p l o t s  

a n d  t h e  E E L S  s p e c t r a  ( t h e  f irs t-pair  lo ss  h e ig h t s )  f o r  d i f f e re n t  Sn f i lms  o n  b o t h  

N b  a n d  M o  In t h e  f i r s t  s t a g e  ( l o w  t e m p e r a t u r e  r e g i o n ) ,  n o t h i n g  h a p p e n s ,  in t h e  

s e c o n d  s t a g e ,  t h e  s m o o t h i n g  o f  t h e  3 D - i s l a n d s  o c c u r s ;  in Ih e  t h i r d  p l a t e a u  s t a g e ,  a 

r e l a t i v e ly  s t a b l e  s u r f a c e  al loy a c c o u n t s  fo r  the  t h e r m a l  s ta b i l i ty  o f  th i s  r e g i o n ,  in 

t h e  las t  s t a g e  (h ig h  t e m p e r a t u r e  r e g i o n ) ,  t h e  l o ss  o f  t h e  a d s o r b a t e  o c c u r s  A lso  

o b s e r v e d  a r e  t h e  s y s t e m a t i c  sh if t s  o f  the  b r e a k  p o in t s ,  f o r  c h a n g i n g  f r o m  o n e  s t a g e  

t o  a n o t h e r ,  t o  h i g h e r  t e m p e r a t u r e s  w h e n  the  t h i c k n e s s  o f  t h e  f i lm i n c r e a s e s  F o r  

t h i c k e r  f i lms  m o r e  t im e  is r e q u i r e d  fo r  e a c h  r e a r r a n g e m e n t  o f  t h e  s t r u c t u r e  at a 

g i v e n  t e m p e r a t u r e  T h e  m ob i l i ty  o f  a t o m s  i n c r e a s e s  r a p id ly  w i th  t e m p e r a t u r e ;  

t h e r e f o r e  sh i f t s  o f  t h e  b r e a k  p o i n t s  a re  i ndeed  e x p e c t e d .  T h e  Sn f i lms  g o  t h r o u g h  

t h e  s a m e  s e q u e n c e  o f  c h a n g e s  a l t h o u g h  at s l igh t ly  l o w e r  t e m p e r a t u r e s  fo r  M o  th a n  

f o r  N b  T h e  s im i la r i ty  is not  s u rp r i s i n g  s in ce  t h e  e l e c t r o n i c  c o n f i g u r a t i o n s  o f  N b  

a n d  M o  d i f fe r  by j u s t  o n e  d  e l e c t r o n

T h e  g r o w t h  o f  t h e  Sn  f i lms on  a N b  s u b s t r a t e  at r o o m  t e m p e r a t u r e  is 

c o n s i s t e n t  w i th  t h e  S t r a n s k i - K r a n s t a n o v  m e c h a n i s m  ( S K  m o d e )  B y  e x a m i n i n g  the  

c o r r e s p o n d i n g  A E S ’ A A - /  p lo t s  o f  b o t h  t h e  Sn  a n d  Nb,  t h e  e l e c t r o n ' s  A L  

( a t t e n u a t i o n  l e n g t h )  fo r  t h e  Sn  4 3 0  e V  a n d  N b  161 e V  is f o u n d  to  b e  8 2 a n d  7 1 A 

r e s p e c t i v e l y  T h e s e  va lu e s  a r e  in r e a s o n a b l e  a g r e e m e n t  w i th  t h e  v a lu e s  

d e t e r m i n e d  f ro m  th e  u n iv e r s a l  I M F P  c u r v e s  ( f i g u re  7)
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