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ABSTRACT 

The d i f f e r e n t  a s p e c t s  of  e l e c t r o n s  b a c k s c a t t e r e d  and 

t r a n s m i t t e d  from s o l i d  t a r g e t s  a r e  c a l c u l a t e d  i n  te rms  of 

a s imple  a n a l y t i c a l  model, f o r  normal i n c i d e n c e  of t5.e 

energy range  0 .01  t o  3 MeV. 

A proposed a n a l y t i c a l  rmdel f o r  b a c k s c a t t e r e d  depth  

d i s t r i b u t i o n  f u n c t i o n  i s  g iven  f o r  v a r i o u s  t a r g e t s  and 

i n c i d e n t  e n e r g i e s .  

An a n a l y t i c a l  formula t o  c a l c u l a t e  t h e  r ange  o f  

e l e c t r o n  i n  s o l i d s  i s  a l s o  g iven .  The numer ica l  r e s u l t s  

of t h e s e  models p rov ide  a  f a i r l y  good p r e d i c t i o n  i n  

comparison wi th  exper imenta l  r e s u l t s  and Monte C a r l o  

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

1.  INTRODUCTION 

Informat ion  concern ing  t h e  b a c k s c a t t e r i n g  from s o l i d s  

i s  of g r e a t  importance f o r  i t s  a p p l i c a t i o n  i n  s can ing  

e l e c t r o n  microscopy, x-ray mic roana lys i s ,  e l e c t r o n  beam 

induced c u r r e n t s ,  e l e c t r o n  beam l i t hog raphy .  

For +his reason  t h e  b a c k s c a t t e r i n g  from s o l i d  h a s  

been e x t e n s i v e l y  s t u d i e d  b u t  t h e r e  i s  much i n t e r e s t  i n  a 

theo ry  whicll d e s c r i b e s  b a c k s c a t t e r i n g  a s  it w i l l  b e  p o s s i b l e .  



PHENOMENA 



T h e r e f o r e  a s e m i - e m p i r i c a l  r e l a t i o n s  a r e  p reposed :  

- Kanaya and Okayanma t 1 7 )  

X T = cxp - (- 'IX ) w i t h  X = - and  y' = 0 .187  Z 2 / 3  
1 -X r 

- V e r d i e r  and Arna l  ( 1 8 )  

T = exp - X Pt X w i t h  X = --- .. .  . . . ( 1 )  
k. r: 

where r i s  , the c l c c t r o n  r a n g e  and k  and P a r e  p a r a m e t e r s  
t 

of  t a r g e t  m a t e r i a l .  F o r  a g i v e n  atomic number Z f o r  

d i f f e r e n t  e n e r g i e s ,  e x p r e s s i o n  ( 5 )  g i v e  a "normal ized"  

c u r v e ,  which i s  n o t  t h e  c a s e  ( 1 9 )  . 

F i g .  I .  Normal-ized c u r v e  o f  c o p p e r  a t  d i f  f e r c n t  

e n e r g i e s .  



A s  F i g .  1 shows, t h e  n o r m a l i z a t i o n  does  n o t  e x i s t  

f o r  e n e r g i e s  g r e a t e r  t h a n  1 MeV.  I t  i s  n e c e s s a r y  t o  

have  a n  e x p r e s s i o n  f o r  P which v a r i e s  a s  a f u n c t i o n  of t 
i n c i d e n t  e n e r g y  E . 

0 

The p roposed  form o f  t h e  t r a n s m i s s i o n  c o e f f i c i e n t  

i s  e x p r e s s e d  a s :  

Pt X 
T = e x p - X  w i t h  X = -  ... ... . . . ( 2 )  

X 
H 

where 

The p a r a m e t e r s  C ,  n ,  Pt and a  are g i v e n  by: 

where Z i s  t h e  a t o m i c  number, A i s  t h e  a t o m i c  w e i g h t  and p 

i s  t h e  d e n s i t y  (gm.cm') of  t h e  s t u d i e d  e l e m e n t .  The 

a c c e l e r a t i o n  t e n s i o n  V of  t h e  i n c i d e n t  e l e c t r o n  and i t ' s  

r e l a t i v i s t i c  v a l u e  i s  g i v e n  i n  KV and  t h e  t h i c k n e s s  x and 

x a r e  g i v e n  i n  m i c r o n s .  
H 

The c a l c u l a t e d  r e s u l t s  f rom Eq.  ( 2 )  is p l o t t e d  i n  

F i g .  ( 2 )  showing good agreement  w i t h  t h e  e x p e r i m e n t a l  

v a l u e s  f o r  e n e r g y  rang?  0.05 t o  3 MeV. 



F i g . 2 .  T r a n s m i s s i o n  c o e f f i c i e n t  o f  s i l v e r  a s  

a  f u n c t i o n  o f  t a r g e t  t h i c k n e s s  and  e n e r g y  

. of e l e c t r o n s .  

2.2. BACKSCATTERING 

2 . 2 . 1 .  B a c k s c a t t e r i n g  Model Deduced From T r a n s m i s s i o n  

E x p r e s s i o n  

The b a c k s c a t t e r e d  e l e c t r o n  i s  a  t r a n s m i t t e d  e l e c t r o n  

w i t h  i t s  d i r e c t i o n  towards  t h e  e n t e r i n g  s u r f a c e .  Then w e  

can a p p l y  t h e  same l a w  of t r a n s m i s s i o n  i . .  exp -XPt , t h e  

reduced  d e p t h  X i s  t h e  c r o s s e d  t h i c k n e s s  which i s  d i f f e r e n t  

from t h e  t r a j e c t o r y  o f  e l e c t r o n  i n  t h e  t a r g e t .  



F i g .  4 .  Comparj.son o f  o u r  model w i t h  o u r  e x p e r i m e n t a l  

r e s u l t s  ( i 9 )  f o r  hu .  

I n  F i g s .  ( 3 )  and  ( 4 )  a  good agreement  between e x p e r i m e n t a l  

r e s u l t s  and t h e  p r e d z c t i o n  o b t a i n e d  from E q u a t i o n  ( 7 )  i s  

o b s e r v e d  i n  the e n e r g y  r a n g e  0 . 0 1  t o  3 MeV.  

F o r  b u l k  t a r g e t s  we compare t h e  r e s u l t s  o b t a i n e d  from 

E q u a t i o n  ( 8 )  f o r  C ,  A l ,  C u ,  kg and A u  w i t h  t h e  e x p r i n e n t a l  

r e s u l t s ,  (which a r e  c o l l e c t e d  by TABATA ( 2 3 ) ) ;  i n  F i g s .  ( 5 )  

and ( 6 )  which show a good agreement  f o r  a  wide  e n e r g y  

r a n g e  up t o  2 0  MeV. 



~ h e ' n u m b o r  o f  b a c k s c a t t e r e d  e l e c t r o n s  a t  t h e  d e p t h  

X and t h i c k n e s s  dx i s  g i v e n  by: 

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

i s  t h e  same a s  b a c k s c a t t e r e d  one ,  then t h e  f r a c t i o n  of 

b a c k s c a t t e r e d  e l e c t r o n s  a c r o s s  t h e  t h i c k n e s s  dx f o r  

second t i m e  i s :  

T (2x1 BN dR ( X I  = --- 
T  ( X I  

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

of t r a n s m i t t e d  and b a c k s c a t t e r e d  e l e c t r o n  a r e  d i f f e r e n t ,  

AHMED ( 2 0 )  and SOUbI (21 ) , which a r e  g i v e n  r e s p e c t i v e l y  by:  

FT(0) = c o s 2  0 and FR ( 8 ' )  = Cos 0' 

Conscyucn t ly ,  t h e  b a c k s c a t t e r e d  e l e c t r o n s  must c r o s s  a 

t l l i c k n e s s  XR > X , which we proposed  as:  

n/2 
P 1 Cos 0 '  2n S i n  8 '  d o '  

- =  
X -%-- = 1 . 5  ' c o s 2  o 2 n S i n  8 

0 

Then, t h e  f r a c t i o n . d R  a t  t h e  d e p t h  X and t h i c k n e s s  dx obey 

t h e  f o l l o w i n g  r e l a t i o n :  

By a s i m p l e  i n t e g r a t i o n ,  w c  have t h e  b a c k s c a t t e r i n g  

c o e f f i c i e n t  a s :  

For  bu lk  t a r g e t s  w e  have the f o l l o w i n g  e x p r e s s i o n :  



2 . 2 . 2 .  Comparison With Experimental  R e s u l t s :  

Equat ions ( 5 )  and ( 6 )  a r e  s imple  ones  l i k e  t h a t  of 

Everhar t  (1 ) and Archard ( 9  . A s  Eve rha r t  d i e d  , we s h a l l  

adep t  our  model t o  t h e  exper imenta l  r e s u l t s .  I l le exp re s s ion  

of Pt i s  modif ied such t h a t  Equat ions  ( 5 )  and ( 6 )  a g r e e  

wel l  with t h e  exper imenta l  r e s u l t s .  Pr (modify P ) i s  t 
g iven  by : 

with  

a = 8 . 7  (2-1)- '  - 0 .34  
1  

i n  t h i s  exp re s s ion  t h e  t e n s i o n  V i s  g iven  i n  v o l t .  Then 

t h e  . backsca t t e r ed  c o e f f i c i e n t  i s  g iven  by: 

R 

AI . . E . X P E R I M F N T A L  
- OUR MODEL 

0.05 

0 50pm 197pm L12pm 658pm 1020pm 

1 

Fig .  3 .  Comparison of ou r  model .with ou r  

exper imenta l  r e s u l t s  (19)  f o r  A l .  
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results (23) for Ag and Au. 



3 .  .DEPTH DISTRIBUTION OF BACKSCATTERED ELECTRONS 

For  each  backscac- te red  e l e c t r o n ,  it i s  of i n t e r e s t  

t o  know t h e  d e p t h  a t  which i t  b e g i n s  t o  r e t u r n  t o  t h e  

e n t r y  s u r f a c e  cf t h e  sample,  E l e c t r o n s  t h u s  p r o v i d e  

i n f o r m a t i o n  from d i f f e r e n t  d e p t h s  i n  t h e  t a r g e t .  

AHMED ( 1 3 )  combined t h e  s i n g l e  and m u l t i p l e  s c a t t e r i n g  

i n  a  combined d i f f u s t i o n  model. I n  t h i s  model t h e  d i f f e r e n t i a l  

b a c k s c a t t e r e d  c o e f f i c i e n t  i s  g i v e n  by: 

dR ( y )  = f r  ( y )  f 1 -2y ... ... dy 
1  -Y 

( 9 )  

where 
- 4 - i s  t h e  r a t i o  o f  s o l i d  a n g l e  

1 -Y 4 
and f r  ( y )  i s  t h e  p r o b a b i l i t y  f u n c t i o n  of b a c k s c a t t e r e d  

e l e c t r o n s  a t  t h e  r e d u c e d  d e p t h  y  = x / r .  k'rom E q u a t i o n  ( 9 )  

v e  can  o b t a i n :  

Dif f e r e n t i a t i n y  E q u a t i o n  ( 7 )  we c a n  have:  

dR (x) = - dT (2.5X) ... ... ... ... P  (11)  
2.5  r 

From E q u a t i o n  ( 1 )  w e  c a n  o b t a i n :  

S u b e s t i t u t i n g  E q u a t i o n  (12)  i n  E q u a t i o n  (111,  and  t a k i n g  

t h e  reduced  d e p t h  y = x / r ,  t h e n  w e  can  o b t a i n :  



The d e p t h  b a c k s c a t t e r e d  d i s t r i b u t i . o n  f u n c t i o n  i s  g i v e n  

from E q u a t i o n s  ( 1 0 )  and ( 1 3 )  by: 

F ig .7 .  The d e p t h  d i s t r i b u t i o n  F i g . 8 .  The d e p t h  d i s t r i b u t i o n  
f u n c t i o n  f o r  A 1  a s  a f u n c t i o n  o f  Au a s  a  

f u n c t i o n  o f  n o r m a l i z e d  f u n c t i o n  of t h e  norm- 
d e p t h  y f o r  d i f f e r e n t  a l i z e d  d e p t h  y f o r  
e n e r g i e s .  d i f f e r e n t  e n e r g i e s .  

F i g s .  (7) and  ( 8 )  show t h e  d i s t r i b u t i o n  f u n c t i o n  f ( y )  
r 

o f  b a c k s c a t t e r e d  e l e c t r o n s  f o r  a  s e m i - i n f i n i t e  A1 and Au 
t a r g e t s  and f o r  i n c i d e n t  e l e c t r o n  e n e r g i e s  0 .5  hlev, 2 MeV 

and 3 MeV c a l c u l a t e d  f rom r e l a t i o n  ( 1 4 ) .  I n  t h i s  c a l c u l a t i o n  ' 



we used'  t h e  r a n g e  o f  e l e c t r o n s  i n  m a t t e r  g i v e n  by ( 2 2 )  a s :  

nn -0 .825 
r (Eo) = qC Eo ( 1  + yEo) ... ... . . . ( 1 5 )  

w i t h  
= 0.9785 

The c o n s t a n t s  C and n  a r e  c h a r a c t e r i s t i c  of  t h e  t a r g e t  - 
e lement  i n  q u e s t i o n  and  t h e  c o e f f i c i e n t  q r e s u l t s  from 

t h e  " n o p a l i z a t i o n "  o f  t r a n s m i s s i o n  c u r v e s .  The e n e r g y  

i s  e x p r e s s e d  i n  K e V  and t h e  t h i c k n e s s  i n  pm. T h i s  r c l a t i o n  

' a i . t h f u l l y  r e p r e s e n t s  t h e  e x p e r i m e n t a l  r e s u l t s  o f  e l e c t r o n s  

i n  t h e  energy  r a n g e  f rom 0.01 t o  3 MeV and f o r  many e l e m e n t s  

from Aluminium t o  P l a t i n u m .  

3.1. Examinat ion of  f ,  ( x )  R e s u l t s :  

Our c a l c u l a t e d  r e s u l t s  o b t a i n e d  from E q u a t i o n  ( 1 4 )  a r e  

compared w i t h ,  AIlMED ( 2 3 )  Monte C a r l o  c a l c u l a t i o n  f o r  A 1  

and Au a t  1 MeV i n  F i g s .  ( 9 )  ( a )  and ( b ) ,  which a r e  i n  a  good 

aureement .  

- THEORETICAL 
I MONTE CARL0 

- THECTIETICAL 
I MONTE CARL0 

- 

Fi.g.9. Comparison o f  o u r  model and  o u r  Monte C a r l o  

c a l c u l a t i o n  r e s u l t s  o b t a i n e d  f o r  n o r m a l i z e d  

1 d e p t h  d i s t r i b u t i o n  f u n c t i o n s .  



Also  we compare t h e  c a l c u l a t e d  

( 1 4 )  w i t h  t h a t  o f  Plurata ( 2 4 )  a t  20 

i n  F i g .  ( 1  01, we f i n d  a  s m a l l  d i f f e r  

p a r t  of  t h e  c u r v e s .  

Examinat ion of 5 ( X I  r e s u l t s  l e  
r 

comcnts.  F i r s t ,  t h e s e  c u r v e s  show t h  

t h e  i n c i d e n L  e l e c t r o n  cann  

a  c e r t a i n  d e p t h ,  h e n c e  the n o t a t i o r l  o  

The t h i c k n e ,  
Cs Xr c a n  t h u s  b e  i d e n t i f  

r a n g e  r / 2  of t h e  e l e c t r o n s ,  t h i s  con£ 

fo rward  by c e r t a i n  a u t h o r s  t h a t  b a c k s  

t h e  h a l f  r a n g e .  

~ f , ( y I  osaprn 
1 - 

r/ 2 
f c x k m )  ' O { O ( g ~ ~ '  1 ' b  ' 2'0 2 2 6 5  

F i g . 1 0 .  Comparison o f  o u r  n o r m a l i z e d  

f u n c t i o n  w i t h  Monte C a r l o  c a l c  

From F i g .  ( 1  0 )  t h e  n o r m a l i z e d  d e  

b a c k s c a t t e r e d  f u n c t i o n  f , ( x )  i s  eqrla 

,x, = 2.28 pm and f o r  Au = 0.32 Ilm w 

with  r / 2  v a l u e s .  

Second ly ,  t h e  c h a r a c t e r i s t i c s  o f  

f u n c t i o n  depend on t h e  n a t u r e  o f  t h e  

of i n c i d e n t  e l e c t r o n s .  



The most p robab le  depth  of  b a c k s c a t t e r e d  e l e c t r o n  

x and t h e  ave rage  depth  xav i n  pm f o r  d i f f e r e n t  a tomic 
P 

numbers Z and d i f f e r e n t  e n e r g i e s  i s  g iven  i n  Table  ( 1 ) .  

From t h i s  t a b l e  ( 1 )  f o r  the same energy x and x 
P a  v  

become s m a l l e r  a s  Z i n c r e a s e .  Thus t h e  p o r t a t i o n  of 

s i n g l e  s c a t t e r i n g  i n  c a s e  of A 1  i s  s t r o n g e r  t han  m u l t i p l e  

s c a t t e r i n g  a t  t h e  same energy,  t h u s  b a c k s c a t t e r e d  appear  

n e a r  t h e  s u r f a c e  f o r  heavy e lements  and more deeply  f o r  

light e lements ,  (approximate ly  x/8 f o r  Au and x /5  f o r  ~ l )  . 
Table  (1) xav and x f o r  d i f f e r e n t  e l e ~ n e n t s  and 

P 
d i f f e r e n t -  e n e r g i e s .  

The i n t e y r a l  J £,(XI dx g i v e  t h e  a r e a  under  t h e  
0 

curve  of f  , ( X I  , which d e c r e a s e s  w i t h  i n c r e a s i n g  t h e  

i n c i d e n t  energy ,  t h i s  a r e a  i s  p r o p o r t i o n a l  t o  t h e  bac 

b a c k s c a t t e r i n g  c d e f f i c i e n t  R ,  which d e c r e a s e s  a l s o  wi th  

i n c r e a s i n g  t h e  i n c i d e n t  energy i n  p r a c t i c e .  

Th i s  a r e a  a l s o  i n c r e a s e s  with t h e  i n c r e a s i n g  of Z ,  

which i s  a l s o  confirmed by t h e  expe r imen ta l  r e s u l t s .  





[ 9 ]  ARCHARD G . D . ,  J .  Appl .  P h y s . ,  32, 1505,  1961.  

[ 1 01 SOUM G .  , AIIMED 11. , ARNAL F. , JOUFFREY B .  and  VERDIER 

P . ,  J .  Micr. S p e t .  E l e c t . ,  6, 107,  1981.  

[ I ? ]  AHMED H . ,  Ain Shams N i n t h  I n t e r n a t i o n a l  C o n g r e s s ,  

Egyp te ,  153 ,  1984 .  

[ I21  FATHER D .  J . ,  and  REZ P . ,  S c a n n i n g  E l e c t r o n  M i c r o s c .  

I ,  55 ,  1979.  - 
[ I  31 AHMED H .  , Ain Shams T e n t h  I n t e r n a t i o n a l  C o n g r e s s ,  259, 

1985.  

[ I 4 1  COSSLET V.E. a n d  aTHOhlAS R.N., B r .  J .  Appl .  Phys . ,  3, 
883,  1964.  

[ I51  ZELLER C .  and  RUSTE J . ,  Rev.  P h y s . ,  A p p l . ,  4, 441,  1975.  

[ I 6 1  CHPNGE C .  H . ,  COOK C. S .  a n d  PRIblAKOFF H . ,  P h y s .  Rev. ,  

. 9 0 ,  544, 1953.  

[ I 7 1  KANAYA K .  and  OKAYMIA S . ,  J .  App l .  D .  Appl .  Phys . ,  2, 
43, 1972.  

[ I 8 1  DUPOUY G . ,  PERRIER F . ,  VERDIER P. and  AKNAL F . ,  C .  R. 

Acad. S c i .  P a r i s ,  260, 6055,  1965.  

[ I91  AHMED M . ,  T h e s e  D o c t o r a t  d ' I n g c n i e u r ,  T o u l o u s e ,  

FRANCE, 1983 .  

1201 SOUM G . ,  ANMED H . ,  AWhL F . ,  JOUFFREY B .  a n d  VERDIER 

P . ,  SEM, I n c . ,  AMF O 'Hare  ( C h i c a g o ) ,  I L  60666,  U.S.A., 

1982.  

[21]  SOUM G .  , ARNAL F .  , JOUFFREY B .  a n d  VERDIER P .  , J .  Micr. 

S p e c t .  E l e c . ,  2, 6 ,  1984.  

[22]  VERDIER P .  a n d  ARNAL F . ,  Comp. Rend. ( P a r i s ) ,  33268, 

885,  1969.  

[ 2 3 ]  TABATA T . ,  I T 0  R .  and  OUBE S . ,  N u c l .  I n s t .  and  

Methods,  94, 509,  1371.  

[24 ]  MURATA K . ,  Phys .  S t a t .  S o l .  ( a ) ,  36, 197,  1976.  


