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", ABSTRACT 

- - 
- t h n d  has hen d e v p l  n il to the rompo. 1 q 

thickness of thin films of binary alloys. It makes use of-a " . * 
scanning electrbn microscope operatindwith a ~obinson detector J\ 

# \ 

for back-scattered electrons. The contrast between a given film 
- 

and an adjacent uncoated reference substrate depends on the 

energy of the incident eleckron beam. This dependence has bean 
- 
rnedsured and used to determine both thickhess and composition. - 

- 
. In order to test the metherd the binary copper-tungsten , 

-- - - - -  ---- --- ----- 
system ~a5~inve2ti~ated7 Samples o.f copper-tungsten thcin' films 

a 
were sputter deposited on silicon wafers in a variety of - - 

compositions and thicknesses. Each sample was characterized by 

standard techniques 4s well as byG the new method and he results 
2 f "  4; 

were compared. Theoretical calculations of backscatter 

coefficients &re also obtained using Monte Carlo simulations 

.and an analytical mathematicat model. 

. Atomic: composition ratios of the films were determined to 

wiqhih k 5 8  with the new method for films of mass thickness 

gredtcr than 4 6  pg /cmZ.  Greatest accuracy was obtained using' a 

calibration curve derived in the experiment. Thickness could be 

determined to within ' 3 %  using a calibration curve as well, 

while theorefical results showed good agreement indicating that 

-- - -- 
the calibrat'ion curves should be' appli-cable to-exer imental 

systems of atomic numbers between that of caper ( , Z=29 )  and 
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4 - - * 
%. 

i s, 

- .The c e n t r a l  t o p i c  o f  t h i s ' t h e s i s  is t h e  e x t e n s i o n  of  t h e  
/ 

b a c k s c a t t e r e d  e l e c t r o n  t h i cknes s -g -deasu remen t  t e c h n i q u e  t o  
/ 

samples of  b i n h r y  a l l o y s .  The r / h e s i s  is " d i v i d e d  i n t o  f i v e  
/ 

s e c t i o n s .  f o r  mdre a d v a n c e d  . 
f 

C I 

t e c h n i q u e s  f o r  a n d  a b r i ' k f  compax i son  &f 

- t h e  d i f f e r e n t  me thods  n,,& i n  u s e .  S e c t i o n  2 c o n s i s t s  o f  a ,/ 
/' 

t h i , r k n e s s  d e t e r m i n a / f i o n  method u s i n g  b a c k s c a i t e r e d  g l e c t r o n s  v'd 
.- 

v e r i f y  i t s  u s e f u l n e s s .  

Many t . h e o r i d s  have  b e e n  d e v e l o p e d  t o  d e s c r i b e  t h e ,  - 
2 

- - Q 

b a c k s c a t t e r  c o e f f i c i e n t s  s e e n  e x p e r i m e n t a l l y  a@ some of  t h e s e  
f 

have  been  combined t o  c j i v e 0 a n  a n a l y t i c a l  model'  o f , & h e  
/ 

' e x p e r i m e n t a l  r e s u l t s .  T h i s  a n d  Monte C a g l o  comp'uter s i m u l a t i o n s  

4 
dre  d e s c r i b e d  i n  s e c t i o n  3 .  S e c t i o n  4 c o n s i s t s  o f  tge r e s u l t s  

' o f  t h e  i n d e p e n d e n t  methods  o f  c o m p o s i t i o n  a n d  t h i c K n e s s  

d e t e r m i n a t i o n s '  compared t o  r e s u l t s  f r o m  t h i s n e w  m e a s u k m e n t  

m e t h o d ,  dnd d i s c u s s e s  o v e r a l l  a c c u r a c y  a n d  a p p l i c a b i l i t y .  

The conclusions i n  s e c t i o n  5 c o n s i s t  o f  two p a r t s .  A 

summary of t h e  e x p e r i m e n t  a n d  k t s  r e s u l t s  is g i v e n  i n  t h e  f i r s t  
- - - - - - -- - -- 

-I? 

p d r t  dnd p o s s i b i l i t i e s  f o r  f u r t h e r  d e v e l o p m e n t  a n d  e x p e r i m e n -  

t a t i o n  a r e  d b v e r e d  i n  t h e  d a s t  p a r t .  



? 

1.1 Historical Backqround - ---- - -- - - - - - --A 

~ u a n t i t i ~ e  tLickness and composit ion determination of thin 

films on thick substrates is a technologically important and 

challenging prob3em. Its importance stems in part f r o m  the ' 

rapid .increase o f  thin film uses in mariy industr it?:;, a n h  from 
- - 

-era1 interest in their properties hy scirnti-sts. Thin t ' i l m a  . 
(for the purposes of this -thesis defined as being less t h a t 1  o n e  

micron thick) have been used • ’ o r  many years- as coatings tor 

reflectors, mirrars, an& for &errorative finish~s m m a - k i  -- 

cb jects such as jeweller~, but have gained increasing pr a m i  nerlc-t1 

in the production of solid state electronic:i, ' e s1~ t . i -1 ,311  y i t l  

microelectronics ' [ I  I .  

Determining the thickness of thin films has befan uf 

commercial interest whenever precious metals havr b e e n  

deposited, or when durability of the films has been requirtbd.-- 
I 

Many of the physical properties of materials in thin film form - 
are different to that materdalTs bulk properties. Thesr 

i I 

thickness dependent properties are of great interest t o  

scientists and have found'application in a variet-y o f  

technologies. 

The wjde var  icky of thickness dependent.. opt iral pr-pert ie  

displayed by thin films have long been known and often s o u g h t  

a f t e r .  Anti-reflection ccxatincj; and beam s p l  iLLlng -5, 

for example, have transmissio~~ or reflection c o e f f i c l e n t n  which 



1930's s c i e n t i s t s  w o r k i n g  on vacuum e v a p o r a t e d  t h i n  f i l m  

r e s i s t o r s  d i s c o v e r e d  e l e c t r i c a l  a n d  m a g n e t i c  p r o p e r t i e s  
- 

s i g n i f i c a n t l y  d i f f e r d n t  t h a n  t h o s e  . o f  b u l k  materials o f  s im i l a r  
4 

c o m p o s i t i o n  ( 2  1 .  More r e c e n t l y ,  t h i c k n e s s  d e p e n d e n t  c h a n g e s  i n  

e n c l g y  b a n d  s t r u c t u r e  a n d  s u p e r - c o n d u c t i v i t y  i n  t h i n  f i l m s -  h a s  
8 

a t t r a c t e d  s c i e n t i f i c  I n t e r e s t ,  a s  h a v e  p r o b l e m s  r e l a t e d  t o  t h k  

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

r e s l s t i v i t y  t o  c r ea t e  m i c r o s c o p i c  t r a n s i s t o r s  and c i r c u i t s .  Thus 
'L 

B 
- - 

f o r  much work w h i c h  i n v o l v e s  u n d e r s t a n d i n g  t h e  p h y s i c a l  o r  
P 

e l e c t r i c a l  p r o p e r t i e s  o f  d e p o s i t e d  f i l m s ,  s o m e ,  k n o w l e d g e  o f  

t h 6 i r  t h i c k n e s s  is e s s e n t i a l .  - 

- + 

 he large number o f  t h i c k n e s s  d e p e n d e n t  p r o p e r t i e s  of  t h i n  

f i l h s  h a v e  a l l o w e d  many t h i c k n e s s  m e a s u r e m e n t  m e t h o d s  t o  be 

d e v e l o p e d  f o r  d i f f e r e n t  a p p l i c a t i o p s ~  [ 3 1 .  T h e s e  m e t h o d s  can- b e  

. d i v i d c J  i n t o  t h o s e  w h i c h  m e a s u t e  mass t h i c k n e s ; ~ ~  a n d  those . 

w h i c h  m e a s u r e  d i m e n s i o n a l  t h i c k n e s s  d .  D i m e n s i o n a l  t h i c k n e s s  - 

. c a n  be defiqdd a s  t h e  mean d i s t a n c e  f r o m  t h e  , s u b s t r a t e  s u r f a c e  

t o  t h e  u p p e r  s u r f a c e  o f  t h e  d e p o s i t e d  f i l m .  Mass t h i c k n e s s  is 

d e f i n e d  a s  t h e  mass o f  f i l m  mate r ia l  p e r  u n i t  area c o a t e d .  F o r  
V 

s m o e t h  u n i f o r m  f i l m s  ( o n  s m o o t h  s u b s t r a t e s )  t h e  d i m e n s i o n a l  
I - 

t h i c k n e s s  d c a n  be d e t e r m i n e d  f r o m  mass t h i c k n e s s  Ty u s i n g  t h e  
- 

d e n s i t y  of t h e  t h i n  f i b  ma te r ia l  pf:  



* 
Though this-conversi.on is simple in theory, 'the density o f  t h e  

thin film material i s  usually aifferent than that of bulk 

material of the same composition (10-159,  less for evaporate~tf or 

sputtered films) due to film porosity and intertral stresses,. ~ind 

p is often difficult to measure. 
f 

~imensional thickness is useful for optiLc;il reflc~ct.anc:f~ irrld 
i 
\ 

absorption ,applications ere the wavelength 

A order of magnitude as the thickness), whereas 

= - -  x 

more importaft in transmiss i'o and absorpEiGn 

high energy photons. Often in the literature 

"thickness" is used for bbth d and Mt, and the 
L 

r Z  

must -- - 

1.2 - 
- 

., 1 
2 .  

3 .  

4 

5 .  

- s .  

6 .  

be inferred from the type of me'a5urement 

* 1 

4+(  ' 
Other Thickness Determination Methods 

ik of  t he  same 

mass thickness is 

the 'term 

type ,of t-hicrkne:;:; 

An ideal thickness determination mehod would be : 
- 

non-destructive to filn--ox d e p o s i t ,  , - 

'independent of composition, size o r  s h a p e  of t he 

coate-d object, or provide informat-ion to el irr~irldt 6 .  

r 

composition dependent effects, I 

i 

useable either during deposit ion for thickness cor~t-r (01 
I 

or after deposition for independent dethrminations, 

accurate over a wide range of thicknesses, 

simple to use anb require a mrnimum of speciall-izerf-- - -- 

equipme-nt and computing time to hnalyse, 

stanaardless or require a m i n i m  of standarch imd -- 

-calibration. 



- 

In very controlled deposit ion environments such as 

laboratorb vacuum evaporators, two popclar methods for 

determination of mass thickness fulfil many of the above ideals. 

The method of direct weighing of the substrate before and after 
- 

deposition has undergone great improvements in accuracy recently 

due to the advent o'f simple yet precise electrobalances accurate 

to a fraction of a microgram. Quartz oscillator thickness 
- 

monitors have also undergone sufficient development to give 
I 

2 
'resolution of 0.5 w/cm . Both. of thesg methods were used as 

- 
the present work, so are discussed further in section 2.'2. 

However, no thickness determination methods have yet been 

devised which have all the Jdral qualities listed above. A cjrefl-- 

number of methods have been developed over the -years, but for 

comparison with the new method, discussion here will be limited 
- 

to those which can be classified as non-destructive pnd capable 

of measurement after deposition has been comlpleted. 
, 

-- 

* 
Most non-destructive post-deposition measurements involGe 

particle or x-ray beams impinging on the sample with sufficient 
I 

energy to pass'thr-ough the film, and then measuring the resulting 

refldctance or x-ray emission. Of these, the technique of using 

#I 

Most, but nob all, see for examples, Duddinq who uses other 
- - - 

electronic methods [ 4 1 .  



x-rays to excite x - r a y  fluorescence in substrate and film has 
---- - - -- - -- - ---- 

undergone significant development and has found many commercial 
k 

applications [ 5 1 .  

6. 
. . 

Accurate thickness'measurements for films less than P . 0 0 3  

cm thick has been demonstrated by measuring either the 

attenuation of the substrate x-rays by the thin film (when 
i 

compared to an uncoated substrate) or by quantitative 

measurement of characteristic x-rays excited in the thin film. 
-- 6 

X-ray interactions w i t h  soli&s are highly wavelenqth--aFpendelt: 
- 

\ 

Thus for thin alloy films on substrates theoretical 
- < - 

results and difficult to calculate. Thus both methods require 
I 

calibration curves derived from reference standards arid a 
p' 

q knowledge of composition of both the thin film and substrate 

materials. , i 

The complexities of using x-rays to g e n e r a t e  x rdys i n  1.h~ - -  

sample can be partially overcome by-using an elec t ro l l  beam t o  

generate them instead.. Electrons a r e  much more efficient a t  

x--ray generation and do not penetrate the sample as far, t h u s  

.reducing the interterence from substrate fluorescence. U s i n g  

electrons has the disadvantage of needink a high vacuum 
4 

environment rather than the room pressure-r~eeded for x - r d y  work. 

However, when an electron microscope is used as-the--e-fectrm--- - 

source, the resulting combination is a powerful research tool. 

Because of the advantages electron beams have over x- rays  



/ A 

titled micro-beam analysis. Ab.ility to focus electrons to areas 
- 

less than a micron in diameter is often coupled with the ability 

to scan the beam in the SEM, so much of the micro-beam analysis 

done is with x-ray spect'rometers attached to SEM sample , 

chambers. . 
-- 

1 
Thickness measurement using electron beam excited x-ray 

4 

fluorescence has bec&me quite popular as an outgrowth of - 
- - -- - - - - -- - - -- - -- -- - - - - 

el&ctr& micro-beam composition inalysis. ~n unknown sample's 
- 

thickness can -be determined sikultaneously with its comaition 

even if the sample contains many different elements in both ,thin 
-- 

BY 
film and substrate. As the exciting beam of electrons does not 

4 

penetrate as far as an equal energy x-ray beam, thickness- - - 

measurements are limited to thinner samples. 
\ 

Most SEMs and microbeam analysers have a-maximum beam-. . - 

acceleration of 40-50 kilovolts. This limits the range of ,the 

electrons in the sample to the order of a micron and thus the 
I 

maximum thickness measureable to somewhat less than this.- The 

x-rays produced in the sample are-usually collected and 

s,eparhted into their wavelength or energy spectrum and the peak 
1 

heights of the characteristic K, L, and M fluorescence of each 
- - , - -  - -- - 

constituent-in the sample is measured. 
v 

Unfortunately, the computation of composition and thickness 

of the sample from this spectrum, though simpler than from an 



volume i n  which  x - r a y s  a re  p r o d u c e d  b y  t h e  e l e c t r o n  beam is  
nF- 

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

r b e i n g  a n a l y s e d .  T h e s e  x - r a y s  a l s o  g e n e r a t e  secondary x-.rhys by! 

x - r a y  f l u o r e s c e n c e  a n d  a r e  a b s o r b e d  d i f f e r e n t i a l l y  by t h e  s a m p l e  
J 

I 

as ' w e l l . -  So a l t h o u g h  s i m p l e  c a l c u l a t i o n  s chemes  a r e  a v a i l a b l e  
- ' I 

f o r  s p e c i a l  c i r c u m s t a n c e s  - 161, i n  g e n e r a l  m o d e l l i n g  o f - e a c h  

' C  

I " - ,  

e x p e r i m e n t a l  s y s t e m  m u s t  b e  d o n e  b y  e x t e n s i v e  compu te r  
%**' C 

%*3c s im-uJa t ion ,  o r  "Monte C a r l o "  me thods  171 .  
- - -- --- - - - - - - - -A A - --- 

+ 7 .  

b 

The i n c r e a s i n g  p o p u l a r i t y  o f  t h e  a b o v e  method is i n  p a r t  
- 

d u e  t o  t h e  i n c r e a s i n g  a v a i l a b i l i t y  of s o l i d  s t a t e  ene rgy  

d i s p e r s i v e  x-ray a n a l y z e r s .  T h e s e  d e t e c t o r s  a r e  r e a d i l y  

a d a p t a b l e  t o  s c a A n i n g  e l e c t r o n  m i c r o s c o p e s ,  wh ich  combine  t h e  
# 

a b o v e  a d v a n t a g e s  w i t h  t h e  a b i l i t y  t o  image t h e  s p o t  b e i n g  

a n a l y s e d ,  p r o v i d i n g  a c c u r a t e  p l a c e m e n t  o f  a n  e x t r e m e l y  
2 .  

c o l l i m a t e Q  beam. c o n s i d e r a b l e  s u c c e s s  h a s  b e e n  a c h i e v e d  w i t h  - 

- / 

"k 
d 

s t e a d i l y  increasing p r e c i s i o n  b e i n g  o b t a i n e d  [ 8 1  and t h ~  m e t h o d s  

c a n  be e x t e n d e d  t o  f i l m s  of 5 or more emgements ( 9 1  a s s u m i n g  

x - r a y  i n t e n s i t y  p e a k s  o f  t h e  c o n s t i t u M f  t h e  f i l m  d o  n o t  

o v e r l a p  w i t h  e a c h  o t h e r  o r  w i t h  t h o s e  of  t h e  s u b s t r a t e .  
- - - 

A s i m p l e r  t h i c k n e s s  measu remen t  is i n  common u s e  i n  
- --- - - - - - - - - - - - - 

t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y  f o r  f r e e  s t a n d i n g  f i l m s  of 

\ 

known c o r n p o S i t i o n .  T q t a l  e l e c t r o n  beam c u r r e n t  p a s s i n g  t h r o u g h  - 
t h e  s a m p l e  I t  is measured u s i n g  a ' ~ a r a d a ~  c u p  p l a c e d  belov the  

- 
4' 

- 0 

s a m p l e .  T s a l  beam c u r r e n t  ILotal is t h e n  measu red  by movlng 



t h e  sample o u t  of  t h e  way, a n d  t h e  f r a c t i o n  nt: 
- - - - - - - 

C 

I 

- - 
t r a n s m i t t e d  t h r o u g h  t h e  = f i l m  is r e l a t e d  e x p o n e n t i a l l y  t o  t h e  

t h i c k n e s s  of  t h e  f i l m .  With c a l i b r a t i o n  c u r v e s  t h i s  metbod c a n  

g i v e  e x t r e m e l y  a c c u r a t e  r e s u l t s  f o r  f l i l m s  o f  t h i c k n e s s  u p  t o  t h e  - 
.I 

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

- I 

The e l e c t r o n  t r a n s m i s s i o n  method w i l l  n o t  work on f i l m s  
- - - - - ----- - - - - - - - -- - 

s u p p o r t e d  on s u b s t r a t e s ,  b u t  i f  t h e  F a r a d a y  c u p  is p l a c e d ' o v & r  

t h e  s a m p l e  ( a s  d o n e  b y  Hohn a n d  N i e d r i g ,  1 9 7 2  I 1 0 1 )  t h e  t o t a l  

b a c k s c a t t e r - c u r r e n t  I c a n  b e  measu red .  R o u g h l y  e q u a l  amoun t s  
a, 7 

of s e c o n d a r y  e l e c t r o n s  a re  a l s o  e m i t t e d  b y  t h e  s a m p l e  b u t  t h e s e  

a r e  low e n e r g y - a n d  a re  t y p i c a l l y  r e j e c t e d  by  p l a c i n g  a -50 V o l t  

bias on t h e  F a r a d a y  c u p .  The b a c k s c a t t e r e d  s k n a l  a l s o  h a s  t h e  

a d v a n t a g e ,  of  b e i h g  a p p r o x i m a t e l y  i n d e p e n d e n t  o f  the c r y s t a l  

s t r u c t u r e  of t h e  s a m p l e  [ I l l ,  wh ich  c a n  a f f e c t  t r a n s m i s s i o n  

r e s u l t s .  

. The number o f  e l e c t r o n s  c k s c a t t e r e d  b y  a g i v e n  f i l m  h a s  
4 Y \ 

been  o b s e r v e d  t o  b e  l i n e a r l y  p r o p o r t i o n a l  t o  t h e  t h i c k n e s s  of  

t h e  f i l m  f o r  t h i c k n e s s e s  up  t o  h a l f  t h e  t o t a l  p e n e ' t r a t i o n  

d i s t a n c e  of  t h e  e l e c t r o n  beam f o r  f r e e s t a n d i n g  f i l & s . '  T h i s  
- --  - -- - -  -- - - 

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

large v a r i e t y  of matesials. Fo r  f i l m s  on  s u b s t r a t e s  t h e  
- - -- - -- 

b a c k s c a t t e r  c o e f f i c i e n t  i), a g a i n  v a r i e s  l i n e a r l y  w i t h  t h i c k n e s s ,  

b u t  as th; t h i c k n e s s  t e n d s  t o  z e r o  q, t e n d s  t o  - t h e  v a l u e  of vm, 



-., - 
. ' t h e  b a c k s c a t t e r  c o e f f i c i e n t  o f  t h e  s u b s t r a t e  r a t h e r  t h a n  z e r o -  

o b t a i n e d  w i t h  a n  u n s u p p o r t e d  f i l m .  Thus t h i n  f i l m ~ ~ s u p p o r t e d  by 

s u b s t r a t e s  c a n  have  t h e i r  t h i c k n e s s  measu red  a l s o ,  a s  l o n g  a s  

t h e  s u b s t r a t e  material has a b a c k s c a t t e r  c b e f f i c i e n t  which  is 
5 J " - 

I [much l o w e r  o r  h i g h e r  t h a n  t h a t  o f  t h e  f i l m .  - 

The Cur zon-Ra j o r a  T h i c k n e s s  -Measugemehk ~ e t d o d  
4 <  

4 

U n f o r t u n a t e l y ,  P a r a d a y  c u p s  a re  n o t  . v e r y  a k a b l e  t o  dse i n  

be  s c a n n e d  f a i r l y  q u i c k l y  g i v i n g  low s i g n a l  t o  n o i s e  r a t i o s .  - 
Thus ,  l a r g e  s o l i d  a n g l e  b a c k s c a t t e r e d  e l e c t r o n  d e t e c t o r s ,  e i c h c r  

o f  semiconduc- tor  o r  s c i n t i l l a t o r  t y p e ,  have  been  d e v e l o p e d  f o x  

b a c k s c a t t e r e d  e l e c t r o n  i m a g i n g  i'n SEM work 1 1 2 ,  i 3 1 .  With t h e s e  

more sensitive d e t e c t o r s  c o m m e r c i a l l y  a v a i l a b l e ,  a method f o r  
C"T 

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

N i e d r i g  F a r a d a y  c u p  method h a s  b e e n  d e v e l o p e d  by Curzon  and  

R a j o r a  i n  1 9 8 5  1141. 

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

- 

d e t e c t o r s  d o  n o t  
- 

n o r m a l l y  m e a s u r e  a b s o l u t e  c u r r a n t ,  t h u s  
1 

t e  C u r z o n - R a j o r a  method C 
is a c o m p a r a t i v e  method wh ich  u s e s  a  r e f e r e n c e  m a t e r i a l  . ( u s u a l l y  

b u l k  material  o f  t h e  same c o m p o s i t i o n )  of known h a c k s c a t t e r  

c o e f f i c i e n t .  The method may be i - 1 - l ~ s t r a t ~ e d  by r e f e r r i n g t o  
i 

o b s e r v a t i o n s  o f  l e a d  f i l m s  on s i l i c o n .  A p i e c e  o f  bu lk-  l e a d  w a s  

p l a c e d  a d j a c e n t  t o  t h e  f i l m  a n d  t h e  SEM was o p e r a t e d  i n  l i n e  
+ - - -  - 

s c a n  mode i n  wh ich  t h e  beam r e p e a t e d l y  s c a n n e d  a l o n g  a 1 i n e  on 

% I .  

L 



the sample. The ratio of the backscatter signals from the 
A 

silicon supported lead film and the adjacent refermce bulk lead 
A 

.was measured and used to determine film.thicknegs. This method 
t 

retains advantages of the linearity of back&atter ratio for a 
1 

wide range of thicknesses found in the Faraday cup method, and 
, . 

it has the advantage of not needing any specialized detectors 

or other e<ulpment. 
- 

- 
-, 

Applicability and accuracy ofd'the Curzon-Rajora method are 
-- 

simrrar to thoseCof CttieCFafSi3Cycup method: Th%pelectTon -beam 

must penetrate through the film in sufficient quantity to show 
\- 

some backscatter contrast difference, and this puts an upper - 
limit on the thicknesses measured of about 400 nm. for copper in 

an SEM capable of acceleration potentials of 40 kilovolts.. " 1 

  he minimum thickness measurable with t.his method is more 

complex and is dealt with at length in section 4.4, but for this 

experiment thicknesses of 0.040 milligrams per square centi~eter' - 

( r n g / c m z )  'have been measured with good accuracy (this translates 

to app oximately 21 nm for tungsten films and 45 nm for copper). 7 
, , 

The overall accuracy of all backscattered electron thick- 

ness measurement methods is largely dependent on the sampke's 

inherent contrasting Z values for the components of the thin 

film and substrate. For- many _apblications iri WE' semTcOnduc€or)-~- 

inddstry, where silicon or silicon dioxide are being coated by 
t I 

metals, this does not present a prwb1em except for amhnmr - 

based alloys. Both the ~ i e d r i ~  and Curzon-Rajora methods work 



well only for films whose composition is well knpwn, usually 
- - - - - - - -- 

this includes only pure elements and stoichiometri'c compounds. 
\ 

- .  < 

In many practical situations thin films oys or non- 

stoichiometric compounds frave superior prope 

pure elements or stoichiometr'ic compojnds. The difficulties, in- 
\ 

controlling the of. these components are well known - 

I' 

[15, 161. Thus in many practical cases the elements present i k a  
I 

film are known but not their relative concentrations. Reliable 

films enco'unters the same difficulties as the, x-ray E1uorescenc:e- 
- 

thickness measurements. That is, absorption and fluorescencr: 
\ 

J effects of the fi m-substrate system are complex, and need to b e  

modelled careful with computer simulations or other # 
mathematical techniques. 

1.4 ~xtension of the Cu&onIRa-jora Thirfkness M r a s u r ~ r m e n L t g  - 
Binary Alloys 

Thus, this thesis presents an extension of the ' .. 

Curzon-Rajora backscattered electron met,hod of t h l n  f i l m  
0 

thickness measurement using the SEM for the case of binary 
I 

alloys or mixtures of knawn elements in unknew~ r e - l 4 l v e - - - -  

concentration. Information about both thickness and composition 

is mixed together in the backscatter cneff id& r)6 af ttle- - - - - -  --I 

I 

unknown samjle with respect to some known bulk reference 



- - 

'inaterial, s o  one of  t h e  measurement p a r a m e t e r s  m u s t  be var ied  t o  
32- 

d i s t i n g u i s h  between Z c o n t r a s t  a n d  t h i c k n e s s  c o n t r a s t .  , 

V a r i o u s  p a r a m e t e r s  have aYready been s t u d i e d  i n  t h e  
I --.- 

l i t e r a t u r e .  I n  1976, K .  Murata 1171 iooked  a t  t h e  a n g u l a r  
-, 

d i s t r i b u 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  from t h i n  •’,ilms and 

n o t e d  t h a t  a t  normal  i n c i d e n c e i t h e  amount of e l e c t r o n s  s c a t t e r e d  
* &@ 

n e a r l y  normal t o  t h e  s u r f a c e  was more c h a r a c ' t e r i s t i c  of  t h e  

~ u b s t r a t e  nbuLk and  t h o s e  s c a t t e r e d  n e a r l y  p a r a l l e l  t g  t h e  

of  t h e  f i l m  m a t e r i a l .  

S i m i l a r l y ,  s e v e r a l  i n v e s t i g a t o r s  118 , lg  1 have observed  t h a t  

i f  t h e  sample  is t i l t e d  w i t h  r e s p e c t  t o  t h e  incoming beam, t h e  
\- 

m a j o r i t y  of e l e c t r o n  p a t h s  w i i i - b i  l o n g e r  i n  t h e  s u r f a c e  f i l m  - 

- 
t h a n  t h e y  were a t  n o r m a l -  i n c i d e n c e .  T h i s  l e a d s  t o  a n  nbULk 

r e l a t e d  more t o  t h e  t h i n  f i l m  m a t e r i a l  as w e l l ,  t hough  due  t o  - - 

t h e  s c a t t e r  b r o a d e n i n g  of  t h e  beam i n  t h e  sample  t h e  

r e l a t i o n s h i p  is n o t  a  s t r a i g h t f o r w a r d  one .  

As e a r l y  as  1 9 5 7  H o l l i d a y  and  S t e r n g l a s s  1201 n o t e d ' t h a t  a t  

a c c e l e r a t i n g  p o t e n t i a l s  ( e l e c t r o n  e n e r g i e s  1 below 5- kV.  t h e  

d e p t h  of  p e n e t r a t i o n  o f  t h e  e l e c t r o n s  d e c r e a s e s  t o  t h e  p o i n t  

that f i l m s  eve 4 0  M/cm= t h i c k  a p p e m  skrnizinfiflti~-- 
- 

t h i c k ,  t h u s  g i v i n g  a v a l u e  f o r  nhLr h i c h  c a n  t h e n  be  

correlated -to the bulk value for a renc~e s a m p b  & f - k n i  -- -- 

atomic number'. 
0 

* - 



-- 

The relationship between vbuLk and the atomic number Z d f  . 6 

pure elements has been studied by many workers [21,221 for a - 

variety of incident electron energies. They have verified that 
'_ 

the majority of scattering of the impinging electr6nT is with 

the core orbital electrons of the solid (at kilovolt 

accelerating potentials). This implies that nbyLL is a - + - 

monotonicalfy increasing function of 2, so pure elements'could * 

be uniquely identified by this v'alue. Alloys of two elements 

I *  w i t  k aker&k+numkss+i anb-'~~'-wi L f  - have a rr-q -*+L& & -LM~- 
but k 

L 

effective atomic number Z o f f - .  Various equations for this - 
relationship have been d-e-rived o r  proposed. ' Recently, a review 

\ 

and study by Herrman and ~eimer 1 2 3 1  showed that even simple 

relationships give reasonable results. 

Once composition of the alloy is derived, the thickness 

be measured by similar methods to the original Curzon-Rajora 

method of using standard calibration curves from the ~~lernerit 

atomi 

more 

c number' Z cl-osest to that of ?! . But to make this wdrk a 

0 f .  
'A - 

general, and because calibration curves are unavai lable for -- . 
many values of 2, otHer methods have been explored in sections " *  

4.3.1 and 4 . 4 . 1 .  

The w r k  of Holliday and Ste rng la s s  was- on-the +en&~*-~- 

range of electrons in various materi'als 1 2 4 1 ,  rather than on 
\ 

thickness measurements. They found the depth 0 2  p_enetr.ation- to 

be approximately independent of material for a g.iven mass 



o b s e r v i n g  a t  w h a t  electran e n e r g y  t h e  vbUllL o f  t h e  s u b s t r a t e  

f i r s t  i n • ’  l ' h e n c e s  t o t a l  rib. 

F o r t u n a t e l y ,  vbuLk f o r  m o s t - m a t e r i a l s  was  o b s e r v e d  t o  b e  

, a l m o s t  c o n s t a n t  a s  t h e  e n e r g y  o f  t h e  i n c i d e n t  e l e c t r . o n s  E w a s  /' 
v a r i e d ,  s o  f h e  m e a s u r e m e n t  of t h e  o n s e t  o f  s l o p e  i n  t h e  nb w i t h  

e n e x g y  E graph w a s  a - c l e a r  i n d i c a t i o n  o f  e l e c t r o n  p e n e t r a t i o n  8 

n 

( a s s u m i n g  t h e  r) 
buL k 

o f  t h e  s u b s t r a t e  t o  b e  
- -  -- 

t h a t  of t h e  f i l m  m a t e r i a l ) .  T h i s  o n s e t  o f  

u s e d  t o  d e t e r m i n e  t h e  t h i c k n e s s  o f  a n  unknown s a m p l e ,  a s  w i l l  b e  

e x p l a i n e d  i n  s e c t i o n  4 . 4 .  -_ -- 



2, EXPERrMENTAL METHOD - 
-. - \ 

T h i s  s e c t i o n  d e s c r i b e s  a s e r i e s  of  e x p e r i m e n t s  o n  a b i n a r y  

a l l o y  s y s t e r m  p e r f o r m e d  i n  a n  e f f o r t  t o  e x t e n d  t h e  C u r z o n - R a j o r a  

t h i c k n e s s  m e a s u r e m e n t  m e t h o d  t o  a l l o y s .  Well c f i r a c l e r i z e d  

s a m p l e s  w e r e - n e e d e d  t o  t e s t  t h e  a c c u r a c y  o f  t h e  new m e t h o d ,  a n d  
d f 

d e t a i l s  o f  how t h e s e  s a m p l e s  w e r e  d e p o s i t e d  a n d  c h a r a c t e r i z e d  
z 

a r e  g i v e h  i n  s e c t i o n s  2 . 1  a n d  2 . 2 .  The u n d e r l y i n g  g o a l  w d s  t o  
* 

e v o l v e  a s t r a i g h t f d r w a r d  t e c h n i q u e  whfch c o u l d  b e  r o u t i n e l y  

a p p l i e d  t q  o t h e r  a n a l y t i c a l  w o r k .  The a c t u a l  t e c h n i q u e s  us_ed i n  - 

m e a s u r e m e n t  a r e  d e s c r i b e d  i n  s e c t i o n  2 . 3 .  - -  

- 

F i n a l l y ,  d i f f e r e n t  p a r a m e t e r s  were v a r i e d  t o  s e p a r a t e  

t h i c k n e s s  a n d  c o m p o s i t i o n  i n f o r m a t i o n , -  a s  d i s c u s s e d  i n  s e c t i o n  
1 

1 . 4 .  T h o s e  e f f o r t s  w h i c h  d i d  n o t  c o n t r i b u t e  t o  t h e  f i n a l  m e t h o d  
9 

h a v e  b e e n  g i s c u s * s e d  o n l y  b r i e f l y  i n  s e c t i o n  2 . 4 ,  a l o n g  with t h e  

f i n a l  & t h u d .  - 

S a m p l e  P r e p a r a t i o n  

2 . 1 . 1  . .Hater i a l s  C h o s e n  

The s a m p l e s  p r e p a r e d  c o n s i s t e d  o f '  many t h i n  b i n a r y  a l l - o y  
a ,  

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

t h r o u g h o u t  t h e  r a n g e  o f  * i n t e r e s t .  T h e y  were s u p p o r t e d  - - -  o n  - :imoutli -- - - 

s u b s t r a t e s .  Coppeer a n d  t u n g s t e n  h a v e  many v i r t u e s ' .  w h i c h  made - 

t h e m  s u i t a b l e  f o r  t h i s  s t u d y .  , 
-- - 

& .  
-. 

- 
+ 



- 0 

-- - 
1) Copper and  t u n g s t e n  were chosen  f o f t h e  a l l o y  components o,f 

- - - ppp------ - 

.a 

t h i s  l ' d l t i a l  s t u d y - d u e  m a i n l y  t o  t h e i r w i d e  s e p a r a t i o n  of  
- 

a t o m i c  numbers, 29 a n d  74 r e s p e c t i w e l y ,  which d i s p l a y s  t h e  
, 

r e l e v a n t  d e t a i l s  of d a t a  a n a l y s i s  c lear ly  w h i l e  h e l p i n g - t o  

g e n e r a l i z e  t h e  method t o  m a t e r i a l s  w i t h  Z v a l u e s  between , 

t h o s e  of copper  and  t u n g s t e n .  '. 
\\ 

2 )  Both coppr r and t u n g s t e n  p roduce  v e r y  uni form,  f a i . r l y  tough  \,, 
\ 

and a d h e r e n t  f i l m s  which show l i t t l e  s u r f a c e  s t r u c t u r e  e v e n  

under t h e  h i g h e s t  m a g n i f i c a t i o n  of  t h e  SEM. C o n t r a s t  due  
- - -  --- 

to surface &atures is a n  a d d i t i o n a l  v a r i a b l e  whIch was -- 

n e c e s s a r y  t o  c o n t r o l .  I t  is d i s c u s s e d  f u r t h e r  i n  s e c t i o n  

2 . 3 .  

3 )  Copper a l s o  is one of t h e  l o w e s t  a t o m i c  number b a s e  m e t a l s  

a which is n o n f e r r o u s .  T h i s  is a  d e s i r a b l e  q u a l i t y *  w e  d i d  

Q .. n o t  want a n y  m a g n e t i c  c o n t r a s t  t o  i n t e r f e r e  w i t h  t h e  
- 

, e x p e r i m e n t .  - 

4 )  Tungs ten  was a l s o  c h o s e n  f o r  i ts good s p u t t e r i n g  

c h a r a c t e r i s t i c s ,  and c o p p e r  s p u t t e r s  w e l l  a l s o .  - 

5 )  The Cu K a  x - r a y  peak is a d j a c e n t  t o  t h e  W L a  p e a k .  T h i s  

h e l p s  improve t h e  a c c u r q c y  of t h e  x - r a y  f l u o r e s c e n c e  
/' 

c o m p o s i t i o n  a n a l y s i s .  ,/ 

6 )  Both m a t ' e r i a l s  f o r r q l s t a b l e  t h i n  s u r f a c e  o x i d e s ,  t h u s  t h e y  d o  
J 

- ; . " ' *  - 
n o t  o x i d i z e  i n t o  , k l a k e s  i n  t h e  same way a s ,  f o r  example,  

/ 
7 1  Copper and  t p n g s t e n  a r e - n o t  m i s c i b l e  i n  one  a n o t h e r  t o  more 

i' 

/ - - than a frqktiun of an 'atomic p e r c e n t .  Thus  concentration 
/ I 

\ 

f 1uctuaf; ions due  t o  compound f o r m a t i o n  c o u l d  be avoided. 
/ 



I t  w a s  c o n s i - d e r e d  d e s i r a b l e  t o  a v o i d  s u c h  f l u c t u a t i o n s  SO 
- - 

- -- 

as  t o  r n i n i h f z e  t h e - c o m p l e x i t y  o f  t h e - e x p e r i m e n t a l  r e s u 1 . t ~ .  

- - .  . 
S u b s t r a t e s  w e r e  c h o s e n  t o  b e  s i n g l e  c r y s t a l  s i l i c o n  wafers  

hr k 

of the t y p e  n o r m a l l y  u s e d  i n  i n t e g r a t e d  c i r c u i t  m a n u f a c t u r e .  

Though  a s e m i c o n d u c t o r ,  S i  d o e s  n o t  c h a r g e  s i g n i f i c a n t l y  u n d e r  
. - 

t h e  e l e c t r o n  beam when i n  s i n g l e  c rys ta l  f o r m ,  a n d  t h e  materid1 

h a s  r e l e v a n c e  t o  i n d u s t r i a l  a p p l i c a t i o n s  f o r "  t h i s  t h i c k n e s s  

m e a s u r e m e n t  m e t h o d .  - 

A t o m i c  m i x t u r e s  o f  t h e  t w o  e l e m e n t s  w e r e  d e p o s i t e d  by 

s i m u l t a n e o u s l y  s p u t t e r  i n g  t a r g e t s  w i t h  b o t h  t . ungs t . e t~  a n d  c o p p e r  

s u r f a c e s .  T h i s  r e s u l t e d  - i n  s m o o t h  a n d  u n i f o x m  metal 1 i c  f i l m s  o f  

' c o l o u r  b e t w e e n  t h a t  o f  c o p p e r  a n d  t u n g s t e n ,  b u t  w h i c h  w e l e  
\ 

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

d a y s  t o  m o n t h s  . -  The d e t e r i o r a t i o n  r a t e  d e p e n d e d  o n  d e p o s i t  i o n  
/ 

a n d  s t o r a g e  t e m p e r a t u r e s  a n d  w a s  m a r k e d  b y  a n o t i c e a b l e  

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

b o t h  i n  a n d  o n  t h e  s u r f a c e  o f  t h e  f i l m .  T h i s  p rocess  is 

d i s c u s s e d  i n  d e t a i l  i n  s e c t i o n  4 . 2 , 3  a s  i t  l e d  t o  some a n o m a l o u s  ' 

b a c k s c a t t e r  c o n t r a s t  r e s u . L t s .  

2 . 1 . 2 -  D e ~ o s i t i o n  Method 

S p u t t e r  d e P s i t i 6 n 7 u a s  c h o s e n  a f t e r  i n i t i a l  t r i a l s  w i t h  
?. 

e v a p o r a t i o n  t e c h n i q u e s  f o r  t w o  r e a s o n s ; .  - I 

1.. Once e q u L l i f i r i u m  has  b,een regiched a t  t h e  t a r g e t  s u r f a c e ,  - 

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



- - 

target o r  a ta rge t  o f  t w o  d i f f e r e n t  metal s u r f a c e s  is c o n s t a n t  , 
pp - -- -- - -- 

- o v e r  a l o n g  p e r i c d  [ 2 5 1 .  , 

2 .  S p u t t e r e d  f i l m s  o f t e n  show s u p e r i o r  s u r f a c e  f i n i s h  a n d  

a d h e r e n c e  [ 26 1 .  

T h e s e  p r o p e r t i e s  combine  t o  g i v e  t h e  s u p e r i o r  c o m p o s i t i o n  a , 

u n i f o r m i t y  a n d  f i l m  q u a l i t y  needed  f o r  t h e  w ide  r a n g e  o f  

c o m p o S i t i o n s  a n d  t h i c k n e s s e s  u s e d  i n  t h e  e x p e r i m e n t s .  - - - I 

The s p u t t e r i n g  e q u i p m e n t  u s e d  was a  Basic S p u t  Fng C O r p =  
USt planar rriagrretxon s p n t r t e r i n g  g u n  w i t h  a n  E n e r g y  ReseaTclT - -  

- 

' A s s o c i a t e s  model PES 7 9 0 1  DC p l a s m a  power s u p p l y .  T h i s  was 6 

p l a c e d  ih a n  ~ R C  model  3114 h i g h  vacuum s y s t e m ,  a s  shown i n  
s 

f i g u r e  1. The p l a n a r  m a g n e t r o n  w a s  o f  t h e  s i n g l e ,  , 

c o n c e n t r i c - p o l e ,  pe rmanen t -magne t  t y p e  w i t h ' t h e  magne t  p l a c e d  

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

( w h i c h  i s  p l a c e d  i n  f r o n t  o f  t h e  magnet  a s  shown i n  f i g u r e  2) i n  
d 

a s e m i - t o r o i d a l  manner .  P l a sma  w a s  g e n e r a t e d  by c o n t r o l l i n g  t h e  - 

f l o w  of  p r e p u r i f i e d  Argon t o  b e t w e e n  6 a n d  12 SCCM ( s t a n d a r d  

c u b i c  c e n t i m e t e r s  p e r  m i n u t e ) - w i t h  a n  MKS t y p e  257  f l o w  c o n t r o l  

s y s t e m  w i t h  a s s o c i a t e d  e l e c t r o n i c  v a l v e s .  F low raee was 

measu red  w i t h  MKS f l o w m e t e r s  a n d  t h e  p r e s s u r e  was measu red  w i t h  
e 

a n  MKS t y p e  310 p r e s s u r e  t r a n s d u c e r .  The s y s t e m  c o u l d  be 

\ 
o p e r a t e d  i n  e i t h e r  c o n s t a n t  p r e s s u r e  mode o r  c o n s t a n t  f l o w  ra te ,  

t o  e n s u r e  a t o t a l  Ar p a r t i a l  p r e s s u r e  i n  t h e  bePl  iar -0-f~-between 

.010 t o r r  ( a  t o r r  is e q u a l  t o  a p p r o x i 6 e l y  133 .3  P a s c a l s )  t o  

1 . 08  t o r r  held constant to within .004  tor^ in most  -- 

c i r c u m s t a n c e s .  



Figure 1. Schematic of Sputtering System. Samples were sputter 

deposited in an NRC vacuum evaporator which has been modified 
- - 

for, sputter deposition as shown. substrates' were mounted 6-8 at 

a time around the circular sample holder (shown here in &sspec- 

tive view), and rotated into - position -- - far coating using - q geared -- -- - -  --pi- 

shaft. A slot in the shield allows only one sample at a time to 
-- 

be exposed to the sputter gun. The quartz crystal thickness 

monitor is also exposed to the sputter gun through the same ' d 
slot, and is used to monitor the deposition rate. The argon 

pressure necessary to sustain the sputtering plasma in the bell 

jar is controlled automatically by the MKS pressure controller 

and its associated pressure transducer and flowmeter/valve. 



- L U D  - 
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Bell Jar 
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-, 

F i g u r e  2 .  s c h e m a t i c  o f  a P l a n a r  Magnet ron  S p u t t e r  Gun. I n  

f i g u r e  2a,  a c u t  away v i e w  of a s i m p l i f i e d  s p u t t e r  gun is shown, 

i n c l u d i n g  t h e  p l a c e m e n t  of t h e  p e r m a n e n t  m a g n e t s .  The e f f e c t  on 
/ 

t h e  p a t h  o f  c h a r g e d  p l a s * ~  a b o v e  t h e  t a r g e t  is a l s o  shown.  I n  
-. 

- f igwe 2b, a c r o s s  sectixw ei the s a m e  s p u t t e r  g u n  shows ttre - - - - - 

i 

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

- and t h e  spaces b e l o w  t h e  t a r g e t  for c o o l i n g  w a t e r .  



- 
/ 
- 

Magnetic Field 

I 1 Taraet 

ol in g 
ter 

- - 



300 :to t500  volts DC was, applied between the target and e 

. 
grounded vacuum system an? the ensuing argon plasma was' 

= * 

concentzated by the magnetic field to a toroidal ring at the . 
surface of the target. The Cu-W targets khich were exposed to, 

the piasma were composed of eitherLcopper plate with tungsten 
- 

bl 

foil bonded to the surface or a tungsten foil and copper toi-1 
L 

bonded to the surface of an aluminum support plate. 
-1 

-- - - - - - - -- - - - - - 

All target materials were checked for purity us i n q .  x -ray 

fluorescence in the scanning electron microscope as described. in 
L 

the next section. Bonds between the different metals needed 

both thermal and electrical conductivity so colloidal 8ilver 

' paste was used for most connect'ions, and colloidal graphite was 

used where there was chance of accidental exposure to plasma 

during 'deposition. -. 
- 

C 

2 The surface area of C and W exposed to the high plasma 
-a 

density toroid determined the proportion of each element 
ae 

sputtered' off . However, the -relative numbers of atoms s p p t e r e d  
- - t off per incident argon atom (referred to as 'sputter yield 1 fqr  

the two eldmentk are quite different. For example, f o r  qormally ' 

impinging argon at 500 eV kinitic energy the sputter yields for 

Cu and W have been measured to be-2.3 and . 6  atoms y e r  InciTGnt- 

ion respectively 1271: This is due to the similarity in atomic 

mass of Cu and Ar atoms -and the large discrepancy ~~t~ tbmrr! 
- 

of Ar  and W, so collisions of A=+ ions with Cu had much greater - 



b . . 
- - c h a ~ P n C  tz+~shirrhr s i n g l e  c o l l l c i m . .  

R 

I 

F o r  o u r  e x p e r i m e n t  t h e s e  s p u t t e r  y i e l d s  c a n  o n l y  b e  u s e d  as  

g u i d e l i n e s ,  b e c a u s e  mos t  of  t h e  ~ r +  i o n s  d o  n o t  imp inge  o n  t h e  
1 

s p u t t e r  gun t a r g e t  a t  no rma l  S n c i d e n c e .  I n  f a c t ,  t h e  e r o s i o n  

p a t t e r n  o f  t h e ~ t a r g e t s  i n d i c a t e  lzhat t h e  p l a sma  i o n s  race a r o u n d  
- - 

t h e  t o r o i d  i n  a c l o c k w i s e  d i r e c t i o n  ( f i g u r e  2b) s o  t h a t  t h e  

r a i s e d  e d g e s  of t h e  f o i l s  a n d  i n s e r t s  p l a c e d  on t h e  s u r f a c e  o f  

t h e  t a rge t  a c r o s s  t h i s  ' r a c e t r a c k '  a r e  e x p o s e d  t o  f a i r l y  i n t e n s e  
-- . -- - - - - - - - - - - - - -- - -- -- - -- -- - - - - - - - - -- - -- -- 

e r o s i o n .  T h i s  f a c t  a l s o - c ~ n t ~ i b t , & e s  tb  t h e  d e t e r m i n a t i o n  o f  t h e  
1 

- c o m p o s i t i o n  o f  g p u t t e r e d  p r o d u c t s  a n d  p e r h a p s  t o  a v a r i a t i o n .  i n  
w. 

. c o m p o s i t i o n  w i t h  t i m e  o v e r  l o n g  p e r i o d s  as  s h a r p  e d g e s  i n  t h e  
/ 

t a r g e t  a r e  worn down. 

- 2 . 1 . 3  Sample P r o d u c t i o n  

Long s p u ' t t e r i n g  ' t i m e s  ( o n  t h e  o r d e r  of  h o u r s )  were  u s e d  t o  

p r o d u c e  f i l m s  o f  a p p r o x i m a t e l y  500 nm. t h i c k n e s s  f o r  e a c h  o f  t h e -  - 

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

a p p e a r  i n f i n i t e l y  t h i c k  a t  

T h e s e  f i l m s  weze s u f f i c i e n t l y  t h i c k  ' 

c o m p o s i t i o n  a n a l y s i s  t h e y  would 

a l l  t h e  a v a i l a b l e  e l e c t r o n  beam 
'. 

k i n e t i c  e n e r g i e s  (0 -40  kV). T h i c k  f i l m s  were n o r m a l l y  s p u t t e r e d  
. 

- f i r s t  s o  t h a t  t h e  o t h e r  f i l m s  t h e n  s p u t t e r  d e p o s i t e d  had  

c o m p o s i t i o n s  c l o s e s t  t o  t h a t  o f  t h e  s u r f a c e  o f  t h e  t h i c k  f i l m  i n  
- -- - 

c a s e  t h e r e  were a n y  v a r i a t i o n  o f  s p u t t e r  y i e l d s  w i t h  t i m e .  

- -- > To p r o v i d e  a c o n v e n i e n t  s i z e  o f  s u b s t r a t e  f o r - f u r t h e r  

measu remen t s ,  commerc i a l  g r a d e  h i g h  p u r i t y  S i  f o u r  i n c h  d i a m e t e r  - 



- - L F e r ~  were =~it>ed z G e p  .I . 
- 

presented minimal difficulties as the wafers obtained had a , 

[ 100 1 crysta4 orientation so tendeds to cleave in perpendicular , 

directions. The crystal cleavage plane orientation was given by 

the manufacturer as a flat on one side of the wafer. Most 

wafers were extremely clean and were coated without further 
- - 

surface preparation, but some were cleansed ih a chromic acid 
r 

bath, followed by acetone and alcohol washes with a final quick 

rinse with distilled water and blow dry with dry air. 

1 No effects upon thickness or uniformity of deposition were , 
* 

noted between the two surface preparations, though cleaned and 
> 

, 

not cleaned substrates were used in separate sputter runs to 

ensuke uniform ifiternal consistency. In all cas,es substrate: . ,  
I - 

were handled with steel tweezers both before and after coating 
. - 

to avoid contdmination from finger prints. 

Substrates were mounted 6 t c r  8 at a time on a circular 
I 

rotating sample,holder shown in figure 1, which was built to 

allow all samples for one target configuration to be sputter 

coated in one ffrunn i.e. without bringing to air and r e -  

evacuating fhe 'apparatus for each sample. This was especially 
. 

important in sputtering as residual air and water vapour ionizes 
- - - - - -- - - -- - -- - - - 

in the plasma giving extremely reactive oxygen ions which form 
, 

oxides in the deposited film, as discussed in section 4.1.3. 

Precautions taken against this were; 



*= 

1. the Lacuum system was left pumping overnight (or " 

even over the weekend in some cases)-- . - 

2 ,  the system was pre-sputtering for 1/2 to 1 hour to 

C getter any oxygen left over (and to bring-the target 

into equilibrium) 

3 .  high purity argon with low moisture content was used 

4. sputtering rates were maintained as high as 'possible 

without over-heat ing target o h  substrate surfaces. 

-tar& t -surf aceuaivater cooled f ram- the back-LLs&---- 
- 

strates relied a1,most exclusively on radiative heat loss, thus 

caution was needed for it was found that substrate overheating 

led to rapid sample deterioration as discussed in section 4.3. 

, Attempts were made to produce alloys with tungsten 

concentrations of 25, 50,'and 75%. Control of composition was 

effected by varying the size and shape of the tungsten and 
- -- 

copper surfaces exposed to the Ar plasma in a systematic manner. 

Variations from planned compositions are due to the variation in 

target erosion areas and the different sputter yields of copper 

and tungsten discussed in the previous' sect ion. 

Mass thicknesses of approximately 25, 75, 150, 250, and 

usually 375 and 1000 ~~/cm' were chosen hexplore-_the-limi-ts-of--  

the applicability of this thickness determination method. 

Thickness was controlled by rotating the substrate intx and & -- 

o f  position and recording the amount of deposited material- with 



- - the quartz oscillator, thickness monitor as diucussed  in section t( 
- 

2:Z.Z. The results of these runs are explafned in detail in the 

results section 4.1, and show a general evolution in the 

understanding of the sputtering mechanisms of what turned out to 

be a fairly complex system. 

Many variables control t h e  deposftion in t h i 3  sputtering - 

v 

environment so records of each run included information.on 

overall evacuation times and ultimate vacuum achiEved before the* 

-- a rqo n -imszniCre~rgo rrFliow--ra t-e =ni3 p r e s scIrZe, v o 1-t a ---and- -, 

3 
7 

current applied to the sputter gun, and deposition rate as 

ured with 'the quartz oscillator thickness motli tor and -='Y 
digital stopwatch. More qualitative observations included 

. apparent cleanliness of - . the bell jar (as occasional pump oil 

backstreaming was noted) and colour, density, and shape of t h e  . , 
plasma. All parameters could - be maintained at constant levels 

within uncertainties for extended periods, even 12 hours in the - 

case of sputter run 11 (pure tungsten deposited d t  s l o w  rates). 

As mentioned in section 2.1.1, sample deterioration w i t h  

time was of conceh whenever Cu-W alloys were deposited. 

Measures introduced to minimize this deterioration included - 
I 

1) keeping all qamples in a vacuum dessicator at all 

t i , m e s  to prevent oxkdakion. 
' f  

2 1 In sputter run 19, samples were immersed in liquid 

nitrogen inunediatply a f t e ~  deyosi+ion, ThM k & h  -- 

be abandoned as the nitrogen left surface deposits 



/ 
/ 

/ 
/ 

upon evaporation in the SEH. / 

/ 
-- --- -- - - 
Finally, doing all backscatter contrast mea8urements 

/ 

the same day as the films were deposited., '   his 
- 

procedure was introduced with good - success after the 
3 - 

measurement method had be& sufficiently refined. 

with these precautions, samples deteriorated, some- 

i times with surprising speed, but backscattezed ratio 
, 

measurements were expected to be quite insensitive to the 
-G 

1 

internal crxstal _structure anddmixed phase samples as long -as 

structures are smaller than the backscattered electron 
8 

generation volume [lo]. This volume is typically greater than 

500 nm. in diameter. Phases of this size should be clearly 

visible in the SEM image at high magnification, and observations 
- 

in this area have been described in section 4.5:' Thus more 
- 

complex deposition methods such as deposition on liquid nitrogen 

cooled substrates or post-deposition coating with silica were 

not considered necessary. 

2.2 Sample Characterization - 

2.2.1 Composition Determination 

Compositions were determined for each sputter run by x-ray - - - - - - - - 

- 

fluorescence ,in the scanning electron microscope. X-ray 

fluorescence spectra were taken with an EEbG-Ortec energy 
- 

dispersive x - r a i  spectrometer and analysed by their proprietary 
I 

1 
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// 

ZAF corrections and can theref ore be more accurate than when' 

full ZAP corrections are needkd. EEhG proprietary software to- b 

1 '  

make these minimal c~rrections was also available,, Another 

advantage is that background count levels are l-crwer and there 
, - 

are no interf6ring substrate x-ray peaks. However, care was 

needed to ensure that all brass components inthe SEM sample 
- 

chamber were covered with A1 •’of1 to prevent extra Cu &-rays 

from being'excited by tungsten ka x-rays or by stray electrons. 

Composition determination also included some measure of ' 

sample homogeneity because, as mentioned previously, sample 
% 

deterioration with time was a consideration throughout the work 

with Cu- W alloys. The method of measuring whether deterioration. 
9 

was advanced enough to affect other measurements consisted of 
! 

> 

visual checks with backscatter and secondary electron detectors 

under high magnifi ation in the SEM. With both of these F 
detectors, structures within the sample could be detected by 

change in backscatt~ratio, and surface structure \ 

2 - 
rearrangements or oxidations could be seen. Further discussion 

of work in these determinations is given in section 4.1. 

2.2.2 ~hickness Determination . 
- - 

- -  - - - -- 
The 1 cm2 substrates were sufficiently large to be 

differentially weighed before and after deposition of the alloy 
- - 

on a Calm ElectrobaIance with an accuracy of 20.2 micrograms 

(pg. ) .  This gave relative accuracies of 8% to 0.2% for the 
- 



u n c o a t e d  s u b s t r a t e  was i n c l u d e d  i n  ea t3  s p u t t e r  r u n  t o , a c t  a s  a 
- 

m a s s  c o n t r o l ,  t o  e n s u r e  t h a t  t h e  c a l i b r a t i o n  ox c o u n t e r w e i g h t  o f  
0 

t h e  e l e c t r o b a l a n c e  had  n o t  c h a n g e d  o v e r  t h e  2 t o  5 d a y s  t h e  

s u b s t r a t e s  we re  i n  t h e  s p u t t e r i n g  a p p a r a t u s .  

Mass t h i c k n e s s  was a l s o  measu red  d u r i n g  d e p o s i t i o n  w i t h  a 

S l o a n  v i b r a t i n g  c r y s t a ' l  t h i c k n e s s  m o n i t o r .  The p r i n c i p l e  of 
r P 

o , p e r a t i o n  for s u c h  m o n i t o r s  is t h a t  a q u a r t z  c r y s t a l  p l a t e  
B 

- 

( w a t e r  c o o l e d  f o r  t h e r w l  s t a b i l i t y )  is f o r c e d  t o  v i b r a t e  a t  i t s*  

n a t u r a l  h a r m o n i c  f r e q u e n c y  i n  t h e  r a d i o  f r e q u e n c y J r a n q e  by t h e  

p i e z o e l e c t r i c  e f f e c t .  T h i s  f r e q u e n c y  is p i c k e d  u p  t h r o u q h s a  
- 

t r a n s d u c e r  i n  t h e  c r y s t a l  h o l d e r  a n d  t a k e n  v i a  coaxial c a b l e  

o u t s i d e  t h e  vacuum s y s t e m  t o  t h e  m o n i t o r .  The m o n i t o r  g e n e r d t e s  , 
-- 

a n  a d j u s t a b l e  r e f e r e n c e  s i g n a l  t o  compare  w i t h  t h e  incoming  

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

t h e  two signals., 

C 

The c r y s t a l ' s  n a t u r a l  h a r m o n i c  f r e q u e n c y  is a l i n e a r  

f u n c t i o n  o f  i t s  mass o v e r  a f r e q u e n c y  range of several hl lnderd 

t h o u s a n d  h e r t z  ( H z ) ,  i ts mass i n c r e a s i n g  as d e p o s i t s  dccumulate 

o n  i ts  s u r f a c e .  The dhange  i n  f r e q u e n c y  w i t h  mass d e p o s i t e d  is 

s u f f i c i e n t l y  s e n s i t i v e  t h a t  for t h e  thinnest f i l m s  i n  this - 

e x p e r i m e n t  t h e  f r e q u e n c y  c h a n g e d  by 1000 H z .  T h i s  c h a n g e  was - - 

-- - 

m e a s u r e d  t o  f18, s o  t h i s  h e l p e d  i n c r e a s e  s i g n i f i c a n t l y  t h e  \ 

o v e r a l l  a c c u r a c y  o f  t h i c k n e s s *  measurement f o r  the' t h i m e r  f i fms - - 

a s  w e l l  a s  p r o v i d i n g  t h i c k n e s s  c o n t r o l  d u r i n g  d e p o s i t i o n .  
- 

t - 



The r e l a t i o n s h i p  between d e c r e a s e  i n  f r e q u e n c y  I A f (  w i t h  

mass d e p o s i t e d  AD is a n  e m p i r i c a l  one g i v e n  by; 

w h e r e  c is a c a l i b r a t i o n  c o n s t a n t .  The c a l i b r a t i o g  c o n s t a n t  was 
V 

- 

- 
g i v e n  by t h e  m a n u f a c t u r e r s  a s  b e i n g  a p p r o x i m a t e l y  e q u a l  t o  2,  

however ^ t h i s  was checked on e v e r y  r u n  by g r a p h i n g  t h e  we igh t  

measurements  v e r s u s  !A•’( a s  shown i n  s e c t i o n  4 . 1 . 2 .  

2 . 3  B a c k s c a t t e r e d  E l e c t r o n  ~ A e c t i o n  - 

2 . 3 1  The s i c k s c a t t e r e d  E l e c t r o n  D e t e c t o r  

For t h i s  s t u d y  b a c k s c a t t e r e d  e l e c t r o n  c o n t r a s t  me,asuremenls 

were done w i t h  a Robinson s t y l e  s c i n t i l l a t i o n  d e t e c t o r .  T h i s  

d e t e c t o r  came as  a c o m m e r c i a l l y  a v a i l a b l e  o p t i o n  on o u r  IS1 D S  
- - 

1 3 0  SEM. I t  c o n s i s t s  of a p l a t e  o f  s c i n t i l l a t o r  p l a s t i c  which 

s i t s  o v e r  t h e  sample  h o l d e r  and is a t t a c h e d  v i a  a l i g h t  p i p e  t o  

a p h o t o - m u l t i p l i e r  t u b e  which r e s i d e s  o u t s i d e  t h e  e v a c u i t e d  SEM 

sdmple chamber, as  shown i n  f i g u r e  3 .  The s c i n t i l l a t o r  p k a t e  is 

a p p r o x i m a t e l y  2 . 9  c m .  wide and  6 . 0  c m .  l o n g  w i t h  a copper  r i n g e d  

a p e r t u r e  ' in t h e  c e n t e r  t o  t r a n s m i t  t h e  e l e c t r o n  beam. The 

f a i r l y  complex geometry  o f  t h e  s c i n t i l l a t o r  p l a t e  was n e c e s s a r y  
- - -- - -- - - - - - - - 

b e c a u s e  of t h e  need t o  p r o v i d e  enough room i n  t h e  sample  chamber 
C 

for o t h e r  d e t e c t o r s  and  f o r  sample  movement, s o  is r e a l l y  a 
1 

- -- 

compromise s o l u t i o n  i n  a n  a t t e m p t  t o  c o v e r - a s  much s o l i d  ang le ,  

as p c s s i b l e .  



I 

a 

.L 

c3 
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To SEM Stub 
Holder 

F i g u r e  3 S c h e m a t i c  o f  t h e  D e t e c t o r  and  S a m p l e h o l d e r .  T h i s  

d i a g r a m  h a s  b e e n  d rawn  i n  p e r s p e c t i v e  t o  show t h e  s h a p e  o f  t h e  
/ 

R o b i n s o n  b a c k s c a t t e r e d  e l e c t r o n  d e t e c t o r  u s e d  i n  t h e  IS1 DS 1 3 0  

s c a n n i n g  e l e c t r o n  m i c r o s c o p e .  The l . i g h t  p i p e = d i r e c t s  t h e  s c i n -  

t i J l a t i o n  l i g h t  c a u s e d  b y  t h e  e n e r g e t i c  b a c k s c a t t e r e d  e l e c t r o n s  a, -- 
t o  a p h o t o m u l t i p l i e r  t u b e  o u t s i d e  the s a m p l e  &amber-. T h e  

s a m p l e  a n d  r e f e r e n c e  s u b s t r a t e s  c a n  be made c o p l a n a r  on t h e  

s a m p l e h o l d e r  s i m p l y  by t u r n i n g  t h e  a d j u s t i n g  s c r e w s ,  as swings 

u n d e r  t h e  a d j u s t i n g  s c r e w s  p r o v i d e  t h e  needed  c o u n t e r f o r c e .  



l a t o r ,  t h e  s o l i d  a n g l e  s u b t e n d e d  b y  t h e  p l a t e  f o r  e l e c t r o n s  
* 

e s c a p i n g  f r o m  t h e  s a m p l e  s u r f a c e  is r o u g h l y  1 . 0 ~  s t e r a d i a n s  

( s t r ; ) .  The s o l i d  angle of  t h e  a p e r t u r e  a n d  s u r r o u n d i n g  r i n g  is 

a b o u t  0.1rr str. T h i s  is d u e  t o  t h e  n e c e s s i t y  o f  s c a n n i n g  t h e  
-3 

beam o v e r  a wide  area i n  law m a g n i f i c a t i o n  i m a g i n g ,  b u t  t h e  

d e t e c t i n g  s u r • ’ = c e  d o e s  f o r m  a n  a n n u l u s  c o v e r i n g  t h e  a n g l e s  o f  

maximum b a c k s c a t t e r  i n t e n s i t y  as  measu red  b y  Hohn [ 2 8 1 .  ' 

- - - - - - - - - - - 

2 . 3 . 2  Sample H o l d e r  Conf i q u r a t i o n  

D u e  t o . t h e  a s s y m e t r i c a l  s h a p e  -- of  t h e .  d e t e c t o r ,  t h e  

o r i e n t a t i o n  o f  t h e  sa.mple w i t h  r e s p e c t  t o  t h e  d e t e c t o r  a f f e c t s  
- - 

t h e  r e s u l t i n g  s i g n a l .  T h i s  o b s e r v a t i o n  w i l l  b e  d i s c u s s e d  
- 

f u r t h e r  i n  s e c t i o n  2 . 4 . 2 ,  b u t , t o  m i n i m i z e  d i f f e r e n c e s  i n  s a m p l e  

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

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

were mounted i m m e d i a t e l y  a d j a c e n t  t o  one  a n o t h e r  o n  s e p a r a t e  

s u p p o r t s  as shown i n  f i g u r e  3 .  The s u b s t r a t e s ,  r e f e r e n c e  

m a t e r i a l s ,  a n d  f i l m s  were  a l l  p l a c e d  i n  e l e ~ t r i c a l  c o n t a c t  w i t h  

t h e  s a m p l e  h o l d e r  u s i n g  c o l l o i d a l  s i l v e r  p a s t e .  
- 

The s u p p b r t  f o r  t h e  s a m p l e  was mounted  on  3 a d j u s t a b l e  

s p r i n g  l o a d e d  screws, which  a l l o w e d  a n y  s a m p l e  t o  b e  a d j u s t e d  
- -- -- --- 

p a r a l l e l  t o  and i n  t h e  same p l a n e  as  t h 6  r e f e r e n c e  s u b s t r a t e .  

T h i s  a d j u s t m e n t  w a s  a@cornpl i shed  mos t  s i m p l y  by u s i n g  t h e  

s p e c u l a r l y  r e f l e c t i v e  n a t u r e  o f  t h e  s a m p l e  s u r f a c e s .  When 

o b s e r v e d  a t  g l a n c i n g  a n g l e z  a n y  a d j u s t m e n t  t o  b r i n g  t h e  s a m p l e  
- 



be tween  t h e m  would be j u s t  v i s i b l e  f rom e i t h e r  s i d e .  
I 

To a d j u s t  t h e  s u r f a c e s  t o  be c o p l a n a r ,  t h e  images  of  a 

s t r a i g h t  l i n e  ( s u c h  as t h e  o v e r h e a d  f l u o r e s c e n t  l i g h t i n g  u s e d  i n  

o u r  l a b o r a t o r y )  were  made p a r a l l e l  and  c o n t i n u o u s  a c r o s s  t h e  t 

- s u r f a c e s  u n d e r  , a l l  o r i e n t a t i o n s .  A f t e r  some p r a c t i c e  t h i s  

method showed r e p r o d u c i b l y  p a r a l l e l  s u r f a c e ;  e v e n  unde r  h i g h  

m a g n i f i c a t i o n  i n  t h e  SEM. I m p o r t a n t  t o  t h e  a c c u r a c y  of t h e  

method w a s  v i e w i n g  images  o f  d i s t a n t  o b j e c t s  r a the r  t h a n  c l o s e  

ones, a n d  v i e w i n g  t h e m  a t  a v a r i e t y  of  o r i e n t a t i o n s  a n d  a n g l e s .  

Once t h e  s a m p l e s  were mounted a n d  l e v e l e d ,  t h e  s a m p l e  . 

h o l d e r  was p l a c e d  i n  t h e  SEM 'uch + t h a t  t h e  s a m p l e s  wou ld 'be  ,/ 
p e r p e n d i c u l a r  t o  t h e  e l e c d r o n  beam column, a n d  t h e  s p e c i m e n  

chamber  w a s  t h e n  e v a c u a t e d .  The f i r s t  samples  were  t i l t e d  9 0  
/ 

- 
d e g r e e s  f r o m  h o r i z o n t a l  w h i l e  b e i n g  viewed t o  d e t e r m i n e  i f  t h e  

l e v e l i n g  p r o c e s i  h a d .  s u c c e e d e d .  The a n g l e  w a s  m e a s u k d i r e c t l y  
- 

o f f  t h e  s t a g e ,  a n d  v a r i a t i o n  o v e r  1 / 2  d e g r e e  w a s  n o t e d  i n  t h e  

i n i t i a l  t r i a l s ,  e v e n  a t  h i g h  m a g n i f i c a t i o n .  T h i s  w a s  v e r y  
- - 

i m p o r t a n t  f o r  t h e  measu remen t s  o f  b a c k s c a t t e r  w i t h  i n c i d e n t  beam 

a n g l e ,  d i s c u s s e d  i n  t h e  n e x t  s e c t i o n ,  where  a n g l e  was changed  

b e t w e e n  no rma l  t o  a l m o s t  v e r t i c a l  f o r  e a c h  sample. 
- 

2.3.3 B a c k s c a t t e r  R e f e r e n c e  M a t e r i a l  
J , -- 

A s t u d y  w a s  carr ied o u t  t o  d e t e r m i n e  t h e  o p t I m a 1  r e f e r e n c e  
/- 

material f o r  L l e c t r o n  c o n t r a s t  measu remen t s .  The f lnal c h o i c e  



+ifter several different raaterlzls were -skk-t-l&ek-p-rp-- 

W sample prepared in sputter run 11. It was measured against 

the W' foil 

equf val.ent 

advantage 

increased 

. used as the sputter target several times to ensure 

reflectivity for ,all energies and angles. The 

of using deposited material rather than the W foil was - 
surface smoothness, the smoothness being equivalent to 

- 
that of the other thin film samples to be measured. 

Other materials tried included the silicon wafer material' 
- - -- -- 

used as sample substrates, and tungsten foil used for sputter 

targets. The silicon wafer materi2l had the advantages of ready 
r 

availability, purity, - uniformity, and hiQ?ly polished front 

surface. However, after many measurements it became apparent 

that results using this material were not very repeatable at 
'i 

different magnifications. Further study revealed that at low 

magnifications the channeling pattern of the single crystal 

silicon (heretofore assumed to be negligible) played a role 

the repeatability problem. The tungsten foil was available 

.08 rnm thickness with a semi-polished roller finish. This 
-- 

surface was rather rough for regular work, as its surface 

contrast cou'ld change results 1-38 (see section 4.4 for 

experimental work on this) depending upon magnification and 

angle. - 
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- 

Two me thods  were  u s e d  t o  o b t a i n  q u a n t i t a t i v e  c o n t r a s t  

i ~ f o - r m a t i o n  f r o m  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 i g n a l .  I n  b o t h ,  ah 

s u i t a b l y  smoo th ,  c l e a n  s u r f a c e  wss  found  u s i n g  t h e  SEM i n  

r e g u l a r  i m a g i n g  mode a n d  p l a c i n g  b o t h  B a c k s c a t t e r  E l e c t r o n  (BSE) 
i 

a n d  S e c o n d a r y  E l e c t r o n  (SE) p r o d u c e d  images  on  t h e  two s c r e e n s .  

M o d e r a t e  m a g n i f i c a t i o n  o f  20x  t o  lOOx was u s e d  t o  e n s u r e  

s u f f j c i e n t  o v e r v i e w  o f  t h e  s a m p l e  t o  t a k e  a v e r a g e  i n t e n s i t i e s  of 
- - - - -  - - 

b o t h  t h i n  f i l m  a n d  r e f e r e n c e .  The sweep  was t h e n  s w i t c h e d  t o  
t, ' 

l i n e s c a n  mode, i n  wh ich  t h e  e l e c t r o n  beam s w e e p s  q u i c k l y  a n d  

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

t h e  d i f f e r e n t  r e f e r e n c e  m a t e r i a l .  

The s i g n a l  w a s  t h e n  s w i t c h e d  t o  m o d u l a t e  t h e  y d e f l e c t i o n  

o f  t h e  s c r e e n  a s  a f u n c t i o n  o f  d e t e c t e d  i n t e n s i t y ,  and  t h e  
I 

a m p l i f i c a t i o n  a d j u s t e d  s u c h  t h a t  i n t e n s i t i e s  f r o m  b o t h  surfaces 

a p p e a r e d  as  l i n e s  on  t h e  s c r e e n  wikh a  much lower  l i n k  i n  

b e t w e e n ,  a s  shown i n  f i g u r e  4 .  The low l e v e l  s i g n a l  is due  t o  

t h e  small g a p  b e t w e e n  r e f e r e n c e  s t a n d a r d  a n d  t h e  s a m p l e .  The 

beam d i a m e t e r  a n d  i n t e n s i t y  were n o r m a l l y  a t  maxlmum 
i 

( a p p r o x i m a t e l y  10-9 Amperes )  t o  p r o v i d e  a m p l e  s i g n a l  t o  t h e  

R o b i n s o n  d e t e c t o r  e v e n  a t  l ow  beam a c c e l e r a t i n g  p a t e n t i a l s .  The 
I * F 

- -- - 

c o n t r a s t  was m e a s u r e d  d i r e c t l y  o n  t h e  s c r e e n  o r  by a compu te r - .  
C -2 

method .  



F i g u r e  4 .  C o n t r a s t  Images O b t a i n e d  i n  t h e .  SEM. The u p p e r  

" d r a w i n ~ ~ s h o w s  t h e  s c r e e n  o f  t h e  s c a n n i n g  e l e c t r o n  m i c r o s c o p e  

w i t h  a t y p i c a l  l i n e s c a n  image on i t .  The h e i g h t  o f  t h e  l i n e  on 
I ? L J  

t h e  s c r e e n  i n d i c a t e s  t h e  s i g n a l  l e v e l  f rom t h e  b a c k s c a t g e r e d  

e l e c t r o n  d e t e c t o r .  A s  t h e  beam o f  t h e  SEM s c a n s  r a p i d l y  o v e r  
t 

-- Ehe same Iine on €he T a r g e t , - t h e  image-on  t h e  s c r e e n  is . 
c o n s t a n t l y  b e i n g  r e f r e s h e d  a t  t h e  same r a t e .  Thus a c o n t i n u o u s  

l i n e ,  b l u r r e d  by  random n o i s e ,  a p p e a r s  on t h e  s c r e e n .  The two 

sca les  t a p e d  on e i t h e r  s i d e  o f  t h e  s c r e e n  ac t  as a r e f e r e n c e  t o  

measu re  t h e  d i f f e r e n c e  i n  h e i g h t  be tween  t h e  s i g r i a l s  f r o m  t h e  
1 

s a m p l e  ( u s u a l l y  p l a c e d  on t h e  l e f t ,  as shown h e r e )  a n d  t h e  

t ~ n g s t e n  r e f e r e n c e .  The lower  p i c t u r e  shows t h e  image t h a t  t h e  

EEDS I 1  compute r  o b t a i n s  a f t e r  a c c u m u l a t i n g  qata fkom f i v e ,  o n e  - 

s e c o n d  sweeps .  Note  t h a t  the n o i s e  is s i g n i • ’ i c a n t l y  r e d u c e d  d p e  

t o  t h e  l o n g e r  d a t a  a c c u m u l a t i o n  t i m e s  p o s s i b l e  w i t h  t h e  
8 

c o m p u t e r .  



GRAPH OF THE SAME WAGE OBTAINED FROM THE COMPUTER 



Backscatter intensities were measured di;ectly on the 

screen using a ruler and a grid taped to the edges 04 the 

screen, The background, or zero signal level of the y - 
deflect'ion unfortunately was found to change as a function of 

signal amplification, so the .system had to be rezeroed wheneiief 
- - 

the amplification was changed. 

Re-zeroing was done by.turning the electron gun current down 
- - - - -  -- -- - 

- -- -- - - 
, ---- - - - ---- -- 

to stop beam emission,. then repositioning the resulting zero 

level line to correspond to a round number of the taped on grid 

using the brightness level control. Often the beam current could 
-. 

be adjusted using the Wehnelt cap voltage of the electron gun to 

set the reference sample intensity to a convenient level as well, 

usually 10 cm. above zero level, thus letting the unknown sample 
d 

reading be divided by a simple number to simplify relative 
L. 

intensity calculation and provide consistent screen parallas 
b 

e r r o r .  

2.4.2 Com~uterized Contrast Measurement 
I* . 

A somewhat more precise method was devised using the EEDS 

I1 computer and some associated image processing and control . 

software (also proprietary to this same company). Once the 
- - - - --- - - 

linescan irnaqe had been obtain6d 06 the SEM screen by the 

methods discussed previously, a program was run to accumulate 
& - - 

the linescan image in the 2048 channels ~ • ’ . t h e  multichannel 

analyzer normally associated with spectrum collection. The 
, 



- - z--- -- +-----01 uf  t-cw of 'L- and -nu ' 

is g i v q n  f o r  a r a n g e  o f  s c a n  s p e e d . a n d  s i z e  t o  be c h o s e n .  A 
/' 

l i n e s c a n  r e p e a t e d  5 t h L e s  a t  l o w e s t  m a g n i f i c a t i o n  was n o r m a l l y  - - 
c h o s e n  with-  s c a n  s p e e d  of one sweep p e r  second  over  a  l e n g t h  o f '  

1 t o  3 m. 

There  a r e  4 s p e c i a l l i z e d  f i r m w a r e  memories f o r  2 0 4 8  c h a n n e l  
. a 

i k g e s  ( o r  8 1 0 2 4  c h a n n e l  images )  i n  t h e  EEDS I 1  computer ,  s o  

once  3 d i f f e r e n t  images were o b t a i n e d  t h e  beam c u r r e n t  was 
- - - - - - - - - - - - - - - - - - - - - - - - - - - 

t u r n e d  down and  a n  image of t h e  e l e c t r o n i c  background or  d a r k  

s i g n a l  l e v e l  was t a k e n  and  s t o r e d  i n  t h e  f i n a l  image memory. 

T h i s  background l e v e l  is c o n t r o l l e d  by t h e  b r i g h t n e s s  l e v e l  

c o n t r o l &  on t h e  SEM and  t h e .  computer  i n t e r f a c e  a n a l o g  t o  d i g i t a l  

c o n v e r t e r .  T h i s  i n t e r f a c e  module h a s  a n  LED d i s p l a y  i n d i c a t i n g  

whether  t h e  incoming s i g n a l  ( i n  t h i s  case f rom t h e  same 

c i r c u i t r y  which c o n t r o l s  t h e  s c r e e n  image) is of t h e  a p p r o p r i a t e  . 
magni tude  f o r  p r o p e r  d i g i t a l  c o n v e r s i o n  b y  i ts a m p l i f i e r s .  

Both b r i g h t n e s s  and  c o n t r a s t  c o n t r o l s  on t h e  SEM were 

a d j u s t e d  t o  m a i n t a i n  t h e  s i g n a l  between upper and lower l e v e l s  
-. 

d i s p l a y e d  on t h e  i n t e t f a c e  module b e f o r e  a n y  d a t a  were t a k e n .  t 
* F 

I f  t h i s  was n o t  done,  t h e  a n a l o g  t o  d i g i t a l  c o n v e r t e r  would c l i p  

h i g h  s i g n a l s  o r  have a n  i n c o r r e c t  o v e r a l l  l e v d l ,  l e a d i n g  t o  
- -  - - -  --- - 

Lv 
- -- - - - --- - - - - - -- - - 

m i s t a k e n  c o n t r a s t  r e a d i n g s  which a p p e a r  s u p e r f f c l a l l y  normal as 

t h e  a p p e a r e n c e  of  t h e  irbage is n o t  d i s t o r t e d  ver&much.  
\ -i 

- 
To t e s t  f o r  s y s t e m a t i c  e r r o r s  and random m e a s u r i n g  



u n c e r t a i n t y ,  many images  of t h e  were t a k e n  a t  
A - -- -- -- 

d i f f e . r e n t  s e t t i n g s  o f  b o t h  c o n t r a s t  a n d  b r i g h t n e s s .  R e s u l t s  are  
7 

t a b u l a t e d  i n  t a b l e ' I  f o r  s i l i c o n  v e r s u s  t u n g s t e n  a t  2 0  keV ( b o t h  
- . 

s a m p l e s  t h i c k )  w i t h  on  s c r e e n  measu remen t s  t a b u l a t e d  as  w e l l  f o r  

c o m p a r i s o n .  R e s u l t s  showed min ima l  d i f f e r e n c e s  as  l o n g  as 

s e t t i n g s  were k e p t  f r o m  e x t r e m e  v a l u e s ,  b u t  s e t t i n g s  were l e f t  

the  same o r  changed  o n l y  m i n i m a l l y  t h r o u g h o u t  e v e r y  a c t u a l -  

m e a s u r e m e n t  t o  maximize i n t e r n a l  m e a s u r i n g  c o n s i s t e n c y .  
/ 

TABLE I - - - 

A p r o g r a m  w?s  w r i t t e n  i n  EE&Gts  BASIC-1 i k e  programming 

l a n g u a g e  ( c a l l e d  ORACL) t o  s u b t r a c f  the b a c k g r o u n d  i m a g e ' s  
- - - - - - --- - -- -- -- 

c o u n t s ,  s e t  up a n d  i l l d g t r a t e  ( i n  d i f f e r e n t  c o l o u r s )  t h e  two 

r e g i o n s  o f  . t h e  image 

c o n t r a s t  r a t i o .  The 
\ 

t o  be cumpared ,  and t0 c a l c u l a t e  t h e i r  
- -- 

program a n d  a n  e z p l a n a t i o n  o f  t h e  
I C 



mathemat ics  in i t  a r e  Given i n  a p p e n d i x  i. To m x i m i z e  
- -- -- - 

accuracy, t h e  d e f a u l t  s e t t i n g s  i n  t h e  program averaged t h e  t w o ,  

s i g n a l  l e v e l s  o v e r  500 c h a n n e l s  e a c h .  The c o u n t s  of t h e  channels 
a 

i n  e a c h  a r e s  were summed and  d i v i d e d  by t h e  number of chan  e l s  7 
t o  o b t a i n  an a v e r a g e  l e v e l  which smoothed t h e  s i g n a l  n o i s e .  

However, i t  was soon  n o t e d  t h a t  i f  t h e  s i g n a l  had a n  i n h e r e n t  

s l o p e ,  t h i s  - method c b u l d  l e a d  t o  s y s t e m a t i c  e r r o i s .  

. - d - 
S l o p e s  were f r e q u e n t l y  v i s i b l e  i n  t h e  image, which s h o u l d  , . 

- -- -- 

be two s t r a i g h t  h o r i z o < t ~ f  l i n e s  on t h e  s c r e e n  a s  shown In  

f i g u r e  4 .  No s l c p e s  were n o t e d  i n  t h e  images t a k e n  w i t h  t h e  

beam c u r r e n t  t u r n e d  down, i n d i c a t i n g  t h a t  t h e - s o u r c e  of  t h e  
* 

s l o p i n g  s i g n a l  was n o t  i n  t h e  e l e c t r o n i c s  of t h e  d a t a  c o l l e c t i o n  

s o u r c e  

g e  p r o c e s s i n g .  The s m t o m s  i n d i c a t e d  more t h a n  u -c /" 
t o  t h e  p rob lem and  s e v e r a l  s t e p s  w e r e  t a k e n  t d  minimize 

-. 

this. 
P 

_The l o w e s t  p r a c t i c a l  m a g n i f i c a t i o n s  were used  t o  g a i n  a n  
1 

a v e r a g e  v a l u e  of b a c k s c a t t e r  i n t e n s i t y  and a n  a c c u k a t e  

e s t i m a t e  of t h e  s l o p e .  

Sample and r e f e r e n c e  had d i f f e r e n t  s l o p e s  i f  n o t  p r o p e r l y  

l e v e l e d  on t h e  sample  h o l d e r ,  t h u s  t h e  care d e s c r i b e d  

p r e v i o u s l y  i n  e n s u r i n g  t h a t  t h e y  were c o p l a n a r .  

S l o p e s  a p p e a r e d  on s o l i d  samples  as  w e l l  as t h i n  f i l m s ,  

b u t  t o  e n s u r e  t h a t  i t  w a s  n o t  ii c h a r g i n g  e f f e c t  l-i'berxl - 

a p p l i c a ' t i o n s  ' o f  s i l v e r  p a s t e  were used when a t t a d h i n g  

s ~ m p z e s  t o  t h e  sample h o l d e r  t o  e n s u r e  good e%ectrtrral - 

c o n t a c t .  



\ 

As the sloping signal was never completely eliminated, an 
i 

option for the image analysis program was written which measured 

the slope of each side ~y taking two smdll areas at the extremes 
U 

of the area3 summed over, summing, and using these points to 

\ determine slope. As the same slope (within uncertainty) was 
d \y in both sample and reference, the two gilopcs' averaged, and 

cor ections were calculated for the relative contrast using the d,- -y 
method shown in Appendix A. The program was written to print 

- t - 

- - 

--- - 

- 

, out both slopes and the corrected and uncorrected values of the 
Y 

contrast ratip. The values for slopes ranged from 0 to 1%- 
, 

typically, and produced corrections of approximately 1%. .- . 

2.5 Variation of Parameters Measured - 
I 

0 

As mentioned in the introduction it was the goal of this 

Lexper inent to measure both thickness. and composition of thin 
I 

4 films of known binary alloys. Thus for two unknowns two 

variables must be measured. One of these is BSE contrast with 

known solids. The choice of the second was determined by 

studying-how the contrast changed with variation of one of the 
- -- - - - --- 

experimental parameters. Several parameters were possible, but 

the three most promising parameters were those a-dy found in 
l- 

- 

the literature, as reviewed in section 1.4. 



2.5.1 V a r i a t i o n  with Electron Beam Enerqy 
- 

S t r a i g h t  l i n e  g r a p h s  were o b t a i n e d  when c o n t r a s t  w a s  

p l o t t e d  v e r s i s  t h e  r e c i p r o c a l  o f  t h e  e l e c t r o n  deam e n e r g y .  A s  

w i l l  be  d i s c u s s e d - i n  s e c t i o n  4 .1 ,  t h i s  made e l e c t r o n  beam e n e r g y  
J 

a n  a p p o r p r i a t e  v a r i a b l e  t o  u s e  i n  t h e  s t r a i g h t f o r w a r d  s e p ~ r a t i o h  

of t h i c k n e s s  i n f o r m a t i o n  f r o m  c o m p o s i t i o n  i n f o r m a t i o n .  1,n 
i 

a d d i t i o n  t h e  e n e r g y  may be l o w e r e d  and raised q u i c k l y  a n d  

a c c u r a t e l y  w i t h o u t  c h a n g i n g  t h e  s a m p l e - d e t e c t o r  q e o m e t r y ,  t h u s  
- 1  

e n e r g y  w a s  selected t o  be t h e  s e c o n d  v a r i a b l d  t o  be u s e i  i n  t h e  
9 

dekermination a•’ bath t h i c k n e s s  and composiLlun - 

2 . , 5 . 2  O t h e r  6 a r a m e t e r s  V a r i e d  

The t w o  o t h e r *  p a r a m e t e r s  men t ioned  i n  t h e  introduction were 

a l s o  t e s t e d  b e f o r e  c h o o s i n g  t h e  f i n a l  method .  V a r i a t i o n  o f  t h e  

a n g l e  at which  t h e  beam is i n c i d e n t  on t h e  s u r f a c e  of t h e  s a m p l e  

w a s  v a r i e d  by t i l t i n g  t h e  whole  s a m p l e  s t a g e .  The Rob inson  

d e t e c t o r  was mounted on  t h e  s i d e  on  which  t h e  m a j o r i t y  o f  

- e l e c t r o n s  were d e f l e c t e d  when t h e  s a m p l e  was t i l t e d ,  b u t  

r e m a i n e d  s t a t i o n a r y  t h r o u g h o u t .  T h i s  meant  t h a t  t h e  s o l i d  a n g l e  

s u b t e n d e d  b y  t h e  d e t e c t o r .  changed  w i t h  a n g l e  ' a s  w e l l ,  s o  resu ' l tu  

were  c o m p l i c a t e d  by  t h i s  a n d  became d i f f i c u l t  t o  i n t e r p r e t .  

The s o l - i d  a n g l e  f r o m  which  e l e c t r o n s  were c o l l e c t e d  w a s  
- 

var ied  by s i m p l e  t e c h n i q u e .  The  Rob inson  detectox _ c o u l d  be a ---- 

p a r t i a l l y  w i t h d r a w n  f r b m  t h e  s a m p l e  chamber n o r m a l l y  t o  

f a c i l i t a t e  o t h e r  measu remen t s  by t h e  SEM. To vary t h e  so .1  i d  

a n g l e  o f  t h e  d e t e c t o r  t h e n  w a s  s i m p l y  a matter of w i t h d ~ a w i n 4 ~  
- 



incoming beam. 

With t h e  d e t e c t o r  withdrawn a l l  t h e  way p o s s i b l e ,  o n l y  
, 

e l e c t r o n s  from a n g l e s  70 t b  90  d e g r e e s  t o  t h e  beam normal were 

c o l l e c t e d .  With t h e  d e t e c t o r  p a r t  way o u t ,  e l e c t r o n s  from 
- 

8- 
a p p r o x i n d t e l y  35 t o  60 d e g r e e s  from t h e  beam c o u l d  be d e t e c t e d ,  

a n d  w i t h  t h e  d e t e c t o r  i n  normal  p o s i t i o n ,  as  ment ioned  

p r e v i o u s l y ,  e l e c t r o n s  from a p p r o x i m a t e l y  1 0  t o  50 d e g r e e s  were 

T h e  r e a s o n  t h e s e  two methods were n o t  p u r s u e d  i n  f a v o u r  of  

t h e  v a r i a t i o n  of e n e r g y  method fs t h a t  i n f o r m a t i o n  f rom 

c o m p o s i t i o n  and t h i c k n e s s  of t h e  unknown. f i l m  b e i n g  measured is 

n o t  s i m p l e  t o  s e p a r a t e .  Also  i t  was f e l t  t h a t  b o t h  of t h e s e  
* 

methods would r e q u i r e  t h e  u s e  of t h i n  f i l m  s t a n d q r d s  of  s i m i l a r  . 
/ 

c o m p o s i t i o n  t o  t h e  unknowns. Both of t h e s e  methods exceeded  t h e  - 

d - 
scope of t h e  immediate  r e s e a r c h  b u t  b o t h  have  p o t e n t i a l '  f o r  

i 

f u r t h e r  development ,  a s  d i s c u s s e d  i n  s e c t i o n  5 . 2 .  



3 THEORETICAL RESULTS - 

Interactions between ra~idly moving electrons and solid 

metals are complex in general, with many scattering mechanisms 

possible 1293. X-ray excitation, Auger processes, and electron-. 
t 

plasmon interactions all play roles along with the more famiJiar 

Rutherford elastic scattering. Scattering cross sections for 

the various interactions are often poorly defined experiment- 
- - 

ally, so rigourous formulations describing either the electron's 

path through a solid or its statistical probability of being 

scattered back out of the solid are not practical' in general. 

Mathematical models which have been developed to 

approximate the interactions fall into two main catagories, 
-7 

analytical equations and ~onte-'carlo simulations. Both types ' 
Q 

have been adapted to model the results of this study. Various 
9 

analytical expressions are described in section 3.1 as an 

attempt to obtain a closed form expression from semi-empirical 

' relationships. Section 3.2 describes 'Monte Carlo' type 

computer simulations of an electron's path through the solid 
C 

which, when done several thousand times by computer, gives the 

necessary statistical information about the fraction back- 

scattered. Results from analytical and statistical models are 

compared and summarized in section 3.3. They are discussed side 

by side in terms of results-and approximations, in sections 

3.3.1 and 3.3.2. 



3.1 Analytical Models of Electron Backscatterinq - 

3.1.1 Backsround to Analytical Models 

Efforts to model mathewtically an electron b&mfs inter- ' 

actions with solids have been going on since beams of electrons 
, 

/ ' 

have been experimentally realizable, with important pioneering 

work being done by J.J Thomson, Rutherford, Bethe, [30, 31, 321 

and more .re8cently by Nakhodkin et. al., Everhart, and Thummel 
- - --- - - - - 

- 
I * 

( 3 3 ,  34, 351. Early theories concentrated on transmission of 

\ electrons through gases and very thin foils to study diffusion 

and elbctron collisions with single atoms. In the late 1920's 

and early 1930's Bethe I321 expanded the diffusion case to 

electrons passing through iqfinite solids. In addition, he 

derived a more exact formulation ,for the continuous energy loss 

observed as an electron passes through a solid based on quantum 
.. 

mechanics. Though sophisticated, the Bethe model was not 

solvable to determine backscatter coefficients in closed form, 
- 

and neglected contributions from single event backscattering. 

% 

In 1960, Everhart [341 published a simple model to explain 

the total backscatter.ing coefficients of solids. This model 

relied on the assumption that all electron backscattering could 
-- - - - - - - - - - 

be modelled as electrons undergoing one large angle collision 
P 

before escaping to the surface. The Rutherford single scatter- 
- - 

ing formula I311 (see appendix.8) was usedto cplculate the 

probability of backscatter into a given-solid angle from an 



- - 
I 

i n • ’ n i t E i  thickness o f t h e t a = g X .  The probabilify of 

-. 
electron scatter into angles which took the electrons out of the 

target was integrated from the surface of thes tartget to a 

characteristic depth R / 2 ,  subject to the condition of the 
-- 

electron having enough energy to reach the surface. - 

The characteristic range, I?, of el.ectrons in the target was 

calculated using the Thomson-Widdington continuous energy loss 

formula (which is a mathematically simpler, approximate form of 
- - -- - - -- 

the B,ethe energy loss formula 1 3 2 1 ) .  This range is one of the 

boundary conditions of the integration. The characteristic 

range was defined as the mean distance an electron can travel in 

the solid befors its energy goes to zero. This simplified range 

is proportional to the square of the incident beam energy, and 

' is discussed further in section 3.1.3 as this is -a source of 

errdr when model1 ing energy dependent-backscatter i ncj 

coefficients. - 
.. '7 

Given the simple analytical form of the electron range in 

the target, the probability of backscatter can be integrated in 

closed form, yielding a value for the backscatter coefficient . 
Quantitative yields .calculated by this model were about 1/3 of 

/ 

the experimental values, but showed good correspondence with the . 
- - -  - -- 

experimentally obsetved trend of increased backscatter vi th 

increasing 2 .  In Everhart's paper a fitting factor was added to 
A - 

the formula to simulate multiple scattering, and this helped the 

i made1 to fit experimental esults for elements of 2 < 4 0 .  
T 



961 Archard [ 3 6 1  used simplifying assumptions to expand 

art model to a two collision case, and found much 

better agreement with experiment without using Evprhartls 

fitting parameter. Archard Calculated backscattered electron - 
coefficients for the htgh atomic number elements •’&om. a 

slnplif ication of the diff4sion theory of Elithe 1 3 2 1 .  Archard1s 

v simplifying assumptions in luded- the geometrical ideal that all 

electrons penetrate the target to a given distance, then scatter 
-- 

is~tropic~llydfrom that "point. The electrons then f ~ l l o ~ e d  the 

diffusion formula to make their way out of the sample. Because 

of these geometrical assumptions, the Archard model works well 

only for flat, semi-infinite bulk solids, with no closed form 

analytical solutions for more complicated geometries, such as 

our thin film system. 

In the early 1970's Thummel I351 modified Archard1s 

diffusion model by addit'g a probability distribution to the 

. depth at which the incoming beam is scattered. This distribu- 

tion .increases with depth (as the electrons lose enerqYbto the 

sample) as the beam- asses through the sample, then decreases 
asymptotically to zero as more electrons are scattered or 

absorbed. The isotropic scatter to the surface can be 

integrated at each point along the way, to the depth where 

electrons no longer have sufficient energy to reach the surface 

again. This gives the depth dependence needed to apply the' 
- 

diffusion model to thin films. Thunune l t s  model neglects single 



-- s c d ~ r e r  ing, m - g f v e s m t u e s  somewhat lower than experimental I f 

realistic probability distributions are used. 

3.1.2 An Analytical Model for This Experiment 

In 1981 Niedrig proposed a combined model t 3 7 1  using the 

Thummel model with a modified probkbflity distribution and the 

.Everhart model without the Everhart fitting factor. Thus it is 

a more realistic simulation than previous work, as both single 

'larqe.anglef scattering and isotropic 'small angle scatteringt . 
- - -  - 

diffusion contributions to the total backscattering coe'fficient 

Y+, are accounted for. A detailed explanation of the mathematics 

of Niedrig's model has been given in appendix B, along with 

brief explanations of the ~verhart and Thummel models from whicti 
B 

it was derived. The combination of the two models is a fairly 

simple one. The Everhart model was added unmodified to a 

modified Thummel model, using Everhart's original (analytically 

derived) scattering constant rather than his fitting factor 

described in the previous section. 
/ 

- 
To make the added Thummel equation consistent with this, 

Niedrig added a diffusion constant multiplier k - t o  the original 

Thummel model. The introduction -of k was justified as a 

description of -thi fraction of electrons scattered by dl t f u s i o n ,  
- - -  

and thus unavailable to be singleiscattered. Niedrig calculated 

k by setting-the single'scattering portion of the dombined model 

to zero, and comparing results with a modified Thumr.21 model 

which used a more realistic probability distribution than 



- -- -original work. The values of qb calculated from this 

modified T h u ~ l y s  model were approximately 2/3 of experi- 

mental valu-es. Thus, the one third due to the Everhart model 

C 
was added to this two thirds due to the modified Thumef model. , 

Values of nb from the Niedrig model show good correlation 

. with published experimental data t 2 1 , ' 3 7 1  for pure materials 

throughout the range of atomic numbers, though it does not'use a 

explicit fitting factors. This model works reasonably well for * 
A --- - - - - - - - - - - - -- - - 

thin free standing films also, but the diffusion~aspect requires 
% i 

an isotropic target, so the model has not been extended to 

I >  

I 
, 

supported thin films. The complications inherent in electron 

dif-fusion across boundaries in material is an area for further 

work. 

- 

Thus to adapt Niedrig's model to our experimental system, 
/ 

two modifications were necessary. The first was to change 

variables from those of pure materials to effective values for. 

an alloy of given composition, and the second was to include the 

effects of having the thin film sample supported on a substrate 

of known compuuition. 

/ 

1) To obtain effective values for 2 and A for alloys, a simple 
- - - - -  -- - 

average value was taken accotding to Ehe relative 

proportiod of ato& present 'in t-he solid. Thus; 
[ 7 -- 



%here ai and a= are the relative fractions of atomic 

species -1 and 2. This approximation gave good results t o r  - 

random mixed alloys, though somewhat more complicated 

methods have been worked out [ 2 3 ,  381 for compounds and - 
4 

8 

heterogeneous mixtures. 

- - -- 

e 

4 2 )  To account for the backscattering of electrons by the 
4 

, substrate which supports the thin'film we utilized a simple, 
5: 

empirical relation derived by DeNee and others [ 3 9 ,  401. -. 
I 

They observed that the backscatter ratio of the filrn- 

substrate system combination q, is similar to that of a 

free standing film vthin but varies between the substrate 

T )  and the bulk value vbulk rather than from zero. Thus; 
e 

A 

Values for ~ ) t ~ ~ ~  can be supplied by the Niedrig formula, as 

can values for qbulk and Q . 
0 

To calculate values for and 'thn 
using the 

Niedriq~analytical_expression, values for Niedrig's diffusion 
? 

coefficient k were needed for each effective atomic number, as k 



-- - -  is a function of Z - -- The formula for solving for k is 

discussed in appendix B. +It was necessary to solve for k 

numerically, so the computer program written in BASIC to do this 

is also included in appendix B. Another program included in 
. 
appendix B was written to calculate nbuLk and ?thin8 plug them 

into DeNeets formula, and derive nb for our experimental system. 

3.1.3 Error and Uncertainty for ~nalyticah Calculations 

The ma j a r  source of error l'n Niedr ig% analytical -mc%-el iXP- 

> the neglect of the backscattering contribution from multiple 

'large anglet Rutherford tyqe collisions. This a@proximation 

appeared to have led to many of the differences between this 

model and experiment, asfdiscqssed in section 3.3 below. Though 

the' model showed good correspondence with bulk backscatter 

coefficients, this does not indicate that it is the true picture 

of' real eleckron-solid interactions. The majority of elastic- 

ally scattered electrons undergo more than onemelastic ,+ 

collision. Therefore" the division of electrons into single 

backscattered and diffusion backscattered is somewhat 

There are also several "constants" in the formulation wh'ich \ 
to experimental error or which are, not tru&y 

corts tant a function of tho experimental variables. An 

\ 
on the electron such parameters are sources of 



error &L thenmilel, mnre arcrurafe f n u n u l a t i n n s '  bterp -%Y- 4 $ - 

n o t  i n c l u d e d  a s  t h i s  would  c o m p l i c a t e  t h e  mode l  s i g n i f i c a n t l y ,  

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

The mode l  u s e s  a n  E~ d e p e n d e n c e  on r a n g e  i n  t h e  r a n g e -  

e n e r g y  r e l a t i o n s h i p  w h i c h  is v a l i d  a t F ' e n e r g i r s  a b o v e  1 0 0  k e V .  

However,  a t  l o w e r  e n e r g i e s  t h e  e x p o n e n t  becomes  d e p e n d e n t  o n  

i n c i d e n t  beam e n e r g y  a s  w e l l ,  c h a n g i n g  f r o m  2 a t  1 0 0  k e V  down t o  

a p p r o x i m a t e l y  1 . 5  a t  5 keV. T h i s  h a s  b e e n  showti b o t h  
W 

- -  - 

t h e o r e t i c a l l y  b y ~ e t h e  [ 3 2 1  a n d  e x p e r i m e n t a l l y  b y  s e v e r a T o t h t 3 r s  

134,  411 .  T h i s  e r r o r  makes t h e  t h e o r e t i c a l  model g i v e  v a l u e s  p/f 

Q whi \a re  t o o  l o w  a t  l d w e r  v a l u e s  of  i n c i d e n t  e n e r g y  a n d  t o o  

h i g h  a t  > h - g h  i n c i d e n t  e n e r g y .  

The e m p i r i c a l  c o n s t a n t  i n  t h e  r a n g e ~ e n e r g y  r r l a t  i o n s h i  p 

( r e f e r r e d  t o  a s  T e r r i l l ' s  c o n q t a n t  [ 3 4 1 )  b e e n  measured by 

C o s s l e t t  a n d  Thomas 7 4 1 1  t o  be a • ’ u n c t i o n  o f  i n c i d e n t  beam 

e n e r g y  as  w e l l .  The e f f e c t s  o f  a n  e n e r g y  d e p e n d e n t .  T e r r  i l l  " s  

c o n s t a n t  were s t u d i e d  f o r  t h e  E v e r h a r t  mode l  by K d l e f - - E z r d ,  
\ 

H o r o w i t z ,  a n d  Mack [ 4 2 1 .  T h e y  i n c l u d e d  a n  approxlrnatr-r  r e l d t i o n  
L 

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

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

s c a t t e r  c o e ' f f i c i e n t s  f o r  l,ow Z e l e m e n t s .  R e s u l t s  showed 
* 

r e a s o n a b l e  a q r e e m e n t  w i t h  p u b l i s h e d  exper imenta l  data, - -- 

- - - 

i n d i c a t i n g  t h a t  w i t h  f u r t h e r  work ,  s i ~ i l a r  i m p r o v e m e n t s  c o u l d  be 

made i n  t h e  N i e d r i g  m o d e l .  



model. Host constants used are well known; such as the value of ' 
* 

electzonic c%arge e, and Avogadrols number N . The only 
a 

experimentally measured constant was Terrill 'st constant of' 
\ 

4 

effective electron penetration. 

3.2 ,Monte Carla Si'mulation - 
G' t 

3.2.1 Backqround to Monte Carlo Simula-tions 
- -- -- - - .  - -  

Monte Carla, simulations use an entirely different set of 

. approximations fromrthose of analytical models, resulting in a 

more versatile approach to tSleacalculation of backscatter 

coefficients. The method had been developed for nuclear physics 
k. 

applications but was applied to the backscatter,of 10-50 keV 

electrons by Bishop [ 4 3 1 ,  Shimizu and Murata 1 4 4 1 ,  and was used 
a 

in analysing samples by Kyser and Murata [ 4 5 1  in 1974 onam 

thickness determination us5nq .X-ray peak heights. ' These 

df 
simulation4 used the elastic scattering formula of Rutherford to 

sirnulake an electron's interaction with a solid; but allowed the 

electron to undergo multiple elastic collisions in suitably 

randomized directions using computer simulation. 
@ . 

e 

The computer progEam follows the progress of a simulated I 

- - -- - - - - - - - -- - - - - - - -- 

electron until it either makes its way out of the solid (either 

by passing through or coming back" from the direction whence it 
- -- a--- - 

, came) or loses enough energy to be 'absorbedf at thermal 

energjes. The computer program then starts over with a new - 



t 
- - I 

-- - -- - - - -&ecFtrarrstmti-rr~at thc-surf - i i&,  eveniua 1 ly - 

t 

simulating a sufficient number of electrons to compile - .  
/J 

significant statistics. 

An advantage of the Monte Carlo method is that it can 

simulate the complicaked geometries of actual sgmples quite 

simply. -This is because the computer program keeps track of the 

coordinates of a simulated electron's path through the solid 
J7' 

during the simulation. Boundaries between different materials 
- 

and the outer su'rface of the sample can be expressed in these 

coordinates and supplied to the computer program as well, so 

when an electron. passes beyond given coordinates it is told to 

respond to the parameters of a different mater'ial (or be counted 

as having escaped in the case of the outer surface). Thus in - 
the case of copper-tungsten on si$icon the computer uses the * 

silicon parameters for scattering calculations once an e l e c t r o n  

& - penetrates the thin film and enters the substrate. 

~lthough the simulations of an individual electron's o a t h  

through a solid might seem to imply a detailed knowlehge of the 

individual interactions which take place, results from 
, ' -  \ 

simulations which use average parameter values show'results 

G" 
remarkably consistent with experiment. This has been amply 

- - - -  

shown in the literature on the subject, see especially [ 4 6 ! .  

1 
3 . 2 . 2  Monte Carlo Model Chosen ior this Work 

I .  

The model chosen f b r  this experiment is that of the 



% 

-- - 

-- 

2- 
- -- -- - - - -- - 

National Bureau of Standards ( N . B . S . ) ,  as published in ( 4 7 1 .  
I 

.There are three important approximations in  the'^.^.$. model: 
1 )  + ,an electron passing through the solid undergoes elastic 

scattering collisions only in accor\qQnce with a modified 

%itherford scattering equation. 

2 Electrons lose energy continuously as they pass through 
r 

the solid according to a formula derived by Bethe [ 3 2 1 .  

3 )  Intervals between 'collis are governed by a mean free 
e% 

path eqyat ion suitably randomized : 

A summary of the mathematics of this model ,iS given in a~pendix 

C, but the physical implications of each of these approximations 
I 

are discussed below. 

The 'elastic scattering onlyt approximation ignores the 

other scattering processes mentioned in section 3.0, but for 

electrons wdth kinetic energies greater than about 10 keV, 

elastic scattering is expected to dominatk over other processes 

IL91. The majority of electrons backscattered have energies 

within 30% of (see figure 12 in section 3.3.2) s o  that 
-> 

for simulations with incident electron energy 15 keV or above. 

th* approxi&tian is s good one. In this study, simulations 

were carried out down to 5 kV, so the effects of this 
-- 

approximation are discussed further in the next section. 
- - -  - - 

v 
- 

P 

In the N.B.S. model. the Rutherford scattering formula has 

been modif led to include' relativistic effects of the' electrons 

and an atomic screening factor after Hotb I 4 8 1 .  Relativistic 



7 -- - 57 - 
1 

e f f e c t s  a r e  . . -- ~ l h b - w t  2 0  kv,. 

t h e  e f f e c t  o f  o r b i t a l  .charges 

o f  t h e  e l e c t r o s t a t ? ~  f i e l d  o f  t h e  n u c l e u s .  I f  e l e c t r o n s  o n l y  
b 

u n d e r w e n t  e l a s t i c  c o l l i s i o n s ,  t h e y  would  n e v e r  l o o s e  e n e r q y :  
\ 

The  s i m p l e s t  a p p r o x i m a ~ o n  t o  m a k e  t h e  Monte car10 model w o r k  is 
- 

t o  a s s u m e  a c o n t i n u o u s  e n e r g y  l o s s  t o  t h e  s u r r o u n d i n q  solid. 
L \ 

c 

The  e x p r e s s i o n  d e r i v e d  by B e t h e  [ 32 1 h h s  b e e n  f o u n d  t o  be qui  t.6 

a c c u r a t e  e x p e r i m e n t a l i y , '  a n d  is b a s e d  on t h e  s o l - i d  b e i n q ,  

m o d e l l e d  as  a n . e l e c t r o m a g n e t i c  c b n t i n u u m .  . 

F i n a l l y ,  th; ra te . a t  w h i c h  c o l l i s i o n s  o c c u r  i n  a g i v e n  

s o l i d  is g i v e n  b y  t h e  c o l l i s i o n  c r o s s - s e c t i o n .  T h i s  
- - 

' c r o s s - s e c t i o n  c a n  be d e r i v e d  f r o m  t h e  m o d i h e d  R u t h e r  f o r d  

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

is g i v e n .   hisw we f o u n d  f r o m  t h e  d e n s i t y  a n d  a t o m i c  number 

A of t h e  mater ia l .  B e c a u s e  t h e  v a l u e  o b t a i n e d  i n  t h i s  manner  is 

B 
a mean p a t h  l e n g t h ,  t h e  Monte  C a r l o  s i m u l a t i o n  u s e s  a n  

e x p o n e n t i a l  r a n d o m i z a t i o n  a r o u n d  t h i s  mean.  

To a d a p t  t h e  N.B.S. model  t o  o u r  e x p e r i m e n t a l  system t h e  
B 

p r o g r a m  was m o d i f i e d  t o  i n c l u d e  a ' d e p t h '  p a r a m e t e r  t o  i n d i c a t e  
,I 

t h e  t h i c k n e s s  of t h e  f i l m .  I f  a s i m u l a t e d  e l e c t r o n ' s  - B 

c o o r d i n a t e s  b e y o n d  t h i s  d e p t h  t h e  p a r a m e t e r s  were c h a n g e d  

- - 
f o r  t h o s e  o f  A l s o  p a r a m e t e r s  s u c h  a s  a t o m i c  n6&erpand 

m a s s  " w e r e  n e e d e d ,  a n d  as i n  t h e  a n a l a y t i c a l  m o d e l ,  t h e s e  were 

c a l c u l a t e d  u s i n g  s i m p l e  9 v e r a g e  v a l u e s  a s  shown i n  e q u a t f o n s  4a 

a n d  4b. A l t h o u g h  t h e r e  a r e  many i m p r o v e m e n t s  o n  t h e  N . B . S .  . .- 

< 



wide acceptance over the last ten years and as such is a useful 

reference to the experimental results. 

3.2.3 Error and Uncertainty in Monte Carlo Simulations 

The main source of error arising from the above approxima- 

tions i& that values obtained for 'lower energy simulations will 

be less accurate. This leads to values for q which are too high 

for low energy. This effect wa; indeed noted in the results 
% 
-- - - - -- 

section 3.3. Other sources of error include the approximations 

used in the Rutherford scattering formula and Bethe energy loss 

formula, which both have very appr\oximate semi-empir ical 

portions. The Rutherford formula has the empirical atomic 

screening correction and the Bethe formula has been modified 

with a fitting factor. 
&@ 

- 

Random uncertainty is inherent in the Monte'Carlo method, . 

as all results are statistical compilations of individual 

simulations. To estimate this uncertainty, Poisson distri- 

butions were used, but it is important to note that the distri- 

bution applies to the number of electrons backscattered, not thec 
7 

total number simulated. Thus, uncertainty can be given by; 

where n. is the number of electrons backscattered from a given 

sample and S is the approximate uncertainty. For a typical 



ratios ranged from -17 to .62, giving uncertainties of '78 and 
d 

?4% respectively. For more important measurements (such as for 

bulk values of Cu.or W) over 5000 electrons were simulated to 

give uncertainties less than 22% kelative. 

3.3 Results of Analytical and Monte Carlo Calculations - 

3.3.1 Discussion of Results - , - - 

The results from the analytical model and the Monte Catlo 

simulations are shown in figures 5 through 9 for' the full range  

of compositions and electron beam energies used in the e x p e r l -  

ment. Plots were tried on regular linear and log-log plots, but 

the linear-inverse energy plotting seems to give the best fit 

and allows straight line sections (horizontal and inclined) to 

be drawn through the important regions of the graphs. 

Both analytical calculations and Monte Carla simulations 

give absolute values for the backscatter propottion qb for an 

element of atomic number ZIIl and atomic weight A e f f .  The  

experiment, however, gives the relative proportion of electrons 

escaping from the thin film on substrate to those escaping from 

the solid reference (in this case tungsten) vb/nw. Thus - to - -  -- - -  

simulate experimental results, all results were divided by the - 
appropriate bulk tungsten backstatter coefficient. 



t Figures 5-9 Theoretical Results. All theoretical results were 
- 

obtained and;plotted in a similar manner. The upper graphs show - 

results from the analytical %model of section 3.1.2, and the 

B 
low6= graphs show results from the Monte Carlo simulations of 

a 

section 3.2.2. The same mass thicknesses were used in each 

graph and were plotted using the same symbols for each graph. 

- The r e s u l t s  f o r  .028 mg/cm2 thkk samples have been plotted -as - 

squares, crosses indicate results for . O B I  mg/cm2 thick samples, 

diamonds were used for samples .I68 mg/cm2 thick, and triangles 

represent results for . Z 8 O  mg/cmz thick samples. compositions 

are in atomic percents of copper and tungsten. All backscatter 

results have been plotted relative to those for thick tungsten 

to simulate experimental conditions. Results were plotted as 

the inverse of the incident electron beam kinetic .energy,'also 

in agreement with experimental conditions. 
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Figure 5. Theoretical Results for Pure Copper 



AnolyUeal Routta for 25% Tung.tm 
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Figure 6. Theoretical R e s u l t s  f o r  25% Tungsten, 75% 



F i g u r e  7 .  Theoretical Results for 50% Tungsten, 5 0 %  Copper 



Monta Corlo R@.ulta for 75% W 
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F i g u r e  8. Theoretical Results f o r  75% Tungs ten ,  25% Copper 
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Figure 9. Theoretical ~ e s u l t s  for Pure Tungsten 
'A 



energies in the experimental range. It was a straightforward 

matter to calculate the tungsten rlbuLk far the analytical model, 

a 'bulk 
vaLues are independent -of electron incident energy. In 

the Monte Carlo simulations, the results from bulk tungsten for 

all voltages needed careful simulation, as the functional 

relationships between nbuLk and incident beam energy were not as 

straightforward. 

7 - -  
-- -- 

Values of qbuLlc obtained in the simulation of bulk tungsten, 

copper, and silicon all show a slight downward trend of nbUlk 

with incxeasing voltage, as shown in figure 10. Published 

experimental evidence (see for example [411) indicates a flat or 

slightly upward trend for thick W and Cu, but this should have 

minimal effect on the accuracy of the simulation, as the slopes 

of all three lines are approximately equal and all values were 

diyide'd by the tungsten values at each value of the energy. 

.a 

When comparing the slopes of the inclined portions of the 

results, the slopes for the analytical model are both steeper 

for thick samples and less steep for thin samples. The 

parameter l / E i ,  which is the inverse energy at which the sloped 

and horizontal lines intersect, shows these differences clearly. 
--- -, - - -- -- - -- - - - - - - - .. For thick films, 1 / ~  increases with increasing tungsten content 

in the analytical niodel, a trend which is not observed" either in 
-- 

Monte Carlo result% or the experimental results of section 4. 



0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 

- l W E  ACCEL POTDjTW (1/E IN KV) 

F i g u r e  1 0 .  ~ o n t e  C a r l o  R e s u l t s  f o r  Thich S a m p l e s .  T h e  f r a c t i o n  
i 

n 

of s i m u l a t e d  e l e c t r o n s  b a c k s c a t t e - r e d  by t h i c k  t a r g e t s  of 

t u n g s t e n  ( s q u a r e  s y m b o l s ) ,  c o p p e r  ( c r o s s  s y m b o l s ) ,  and s i l i c o n  

(diamond s y m b o l s )  h a s  been p l o t t e d  a s  a '  f u n c t i o n  of  i n v e r s e  

i n c i d e n t  beam e n e r g y .  5 0 0 0  e l e c t r o n s  were s i m u l a t e d  f o r -  each  
- - - - - - - - - - 

p o i n f  t o  c o v e r  t h e  r a n g e  o f  i n c i d e n t  beam e n e r g i e s  u s e d '  i n  t h e  

e x p e r i m e n t .  The s l o p e s  of t h e  l i n e s  a l l  f a l l  w i t h ; n  r 'un'certairrty 
a -- 

of  one a n o t h e r .  . 



T t  is inferGfing-to note that experimental values of nb 

for copper and tungsten obtained frvm the literature are within 
3 k 

uncertainty of those froi the analytical model, but are 5-103  

lover than those .of the Monte Carlo simulation. Fortunately 

thi* effect is minimized in these experiments by the comparative - 

nature of the measurements. Thus the Monte Carlo results o f  
- 

figures 5-9 show very good tzorrelation to the eTxperim6ntal - 
B 

- results and are within the statistical uncertainties (which will 

be discussed in section 3 . 3 . 3 ) .  , 
4 - - - 

3 . 3 . 2  Differences in Both Models From the Experiment 
I 

Implicit in the analytical an" Monte 'carlo models presented 

is that electrons backscattered from the surface are collected . 1 

over  a full 2 n  s t r .  .sslid angle.. But as noted previ~usly,.~ tho 
9 

detector qsed in thisSexperiment has a considerably more complex 
I .  

geometry, whose character is shown in figure 3. The .models have 

the potential for simulqting more restrictive collection solid , t 
angles, but this would require further work; and th; 217 results 

have the 'advantage of being comparable to the results ,of others. 

3 

Simulation results of the angu.lar backscatter distributions 

for t E  excreme cases of pure bulk copper and tungst'en are 
1 
I 

plotted in figure 11. Although these show a~negligible 
1 

-- - -- - - - - - - - - - 

? 

*difference., Hbhn [ 28 1 has shown exp&rimentally that the tungsten 

distribution'is wider angle in general. This could produce a 
t + 

- -  - + 

. systematic error irr that propo;tiona1ly more electrons from the 

1 7 tungsten surface will missldetection by the Robinson detector, 
\ 

i - 



~ i g u r e ' l l .   he ~ n g b l a r ~ ~ i s b r i b u t i o n  of  Backsc  k l e c t r o n s .  
, 

0 5, 

S t a t i s t i c s  were  c o m p i l e d  o n  t h e  a n g u l a r  d i s t r i b u t i o n  of t h e  
& 8 

e l e c t r o n s  which  were b a c k s c a t t e r e d  . i n  t h e  Monte C a r 1 0  s i m u l a -  - 
. I 

t i o n s .  The a n g l e  a t  which  a s i p u i a t e d  e l e c t r o n  l e a v e s  t h e  

s u r f a c e  of  a  t a r g e t  w a s  d i 'v ided,  i n t o  1 0  d e g r e e  i n t e r v a l s .  The 

number o f  e l e c t r o n s  b a c k s c a t t e r e d  i n t o  e a c h  10- deg%e---inlFrvXl 

was d i v i d e d  by t h e  t o t a l  numbet of  e l e c t r o n s  h a c k s c a t t e r e d  

before b e i n g  p l o t t e d , &  s o  t h a t  t h e  c u r v e s  f o r  b o t h  b u l k  t u n g s t e n  

( square  symbols) a n d  copper  (d iamond s y m b o l s )  a r e  normal l i zAed .  
7 



aperture in the Robinson detector for which a proporfionally 

larger number of electrons from copper are not detected. 

Total systematic error due to geometric considerations is 

not expected to exceed 2%, in part because of the cancelling 

aature of the apertur'e and other shape corrections. The actual 
, 

systematic error due each geometrical consideration is hard to 
'i 

estimate, because the rea1,distributions of scattering angles 
- V - -- -- - 

have not been measured here (though there are citations in 

the 1 i terature for .,copper and gold ) . k 

Another possible difference between experimental results , 

and the Monte Carlo simulations is Cue to the response of the 

detector to electrons of diffdrent eneigirs. In general 

sc,intillation detectors have threshold energies in the kilovolt . 
- 

range, below they do 'not detect the incoming particle. 

For the detector used in this exp&riment very little below 3 kV 

is detected with useful signals occuring at 4 kV and above. 

Thus the Monte Carlo program was modified to.print out the 

energy distribution which the backscattered electtons have, as 

. shown in figure 12 for the case of bulk copper and tungsten. 

* 
This effect appears to be. skgnificant-, with systematic 

differences between experiment and Monte Carlo simulation 

expected to be on the order of 2-10s. The effect is minimized 

for thin film measurements at higher energies as the back- 



_ 
l "  * "  

F i g u r e  1 2 .  The Ene rgya  D i s t f  i b u t  i o n  , o f  ~ a c k s c a t t e r e b  E l e c t c o n s .  
r 1 

S t a t i s t i c s  we re  compile_d 'on t h e  e n e r g y  d i s t r i b u t i o n  of back-  
\ 

s c a t t e r e d  e l e q t r o n s  i n  t h e  Monte C a r l o  s i m u l a t i o n s .  The 

i n c i d e n t  beam e n e r g y  u s e d  was 1 0  kV, and  t h e ' r a n g e  of e n e r g i e s  

f o r  s c a t t e r e d  e l e c t r o n s  w a s  i n t o l o r l k y  - - p p p  

P 

i n t e r v a l s .  C u r v e s  were  n o r m a l l i z  f i g u r e  11, and  t h e  

r e s u l t s  f o r  t u n g s t e n  a r e  p l o t t e d  a sses, w h i l e .  sguares  were - 

8 

u s e d  f o r  c o p p e r .  



- . I1 - 

--- - - B " -- - A - -- - - ---- - - -- 
. 1  

scattered electron energy distribution of the substruate becomes 

" dominant, .but for the bulk measurements t,o be discussed in 
-w- 
section 4.3 this effect is more likely to cause a difference 

between the experimental values of this work and those of others 
a 

' (on which the analytical model is based). Once ?gain, there is 

very little data in the literature on actual backscattered 

electron energy'distributions for thin films on suhtrates, so - 

the above effect would be difficult to correct for. The effect 
\ C 

does not affect the overall~accuracy of the thickness determin- 
- - - - ---- 

- 

cltion method .derived in this thesis, so corrections were not 

- attempted. 

The final discrepancy between Monte Carlo Simulations and 
, 

the actual exp6riment is differences in densities of the 

experimentally realizable-thin films compared to the bulk 

density values assumed for the Monte Carlo work. The effects of 
B 

s 

error in density w e r w s t e d  by running simulations of bulk 

1 -  tungsten, changing the density value over a factor of four 

bithout changing thesother parameters (for a semi-infinitely 

' t  .thick case). Values 'are shown in: table I 1  for the 10 &eV ' 

g . -  

B 

accelerating potentialecase. 



are within 

'A 
> 

All values 

systematic 

random uncertainty of, one another and. no 

be noted. Thus thin ilm density errors a 

. 
Density 
in gm/cm 

I 

19.3 

25.7 

12.9 

6.43 
> 

trends can 

Carlo simulations k c o n s t a n t  

Portion 
Backscattered 

.5675 

.5760 

.5690 

.5812 

can be neglected in 

thickness. 

r 7 

Uncertainty 

+ .0075 
+ .0107 
+ .0107 

f rf: .0108 
d 

Monte mass 



Results from independent measurements of the samples are 

summarized in section 4.1. ZAF x-ray fluorescence measurements ' 

were conducted on samples from each sputter run, and these r 

results along with other composition determinations-are 

summarized in sections 4.4.1 and 4.1.2. Results from the 

differential weighing and quartz oscillator thickness medsure- 
- - - - - - - - - - - 

ments are discussed in sectiin 4.1.3. Sections 4.2.1 and 4 . 2 . 2  

discuss results from the contrast determinations and how they 

compare with results from the theoretical section. 

The accuracy and applicability of the thickness measurement 

method presented here is mainly dependent on the accuracy of the 

contrast measurements. Sections 4.2.3 and 4.2.4 are studies of 

poas ible systematic errors in contrast measurements and' the 

random error associated with them. Meth ds for calculation of 7 
J the composition and thickness from these esults are derived in 

sections 4.3.1 and 4.4.1, with their accuracies estimated in 

sections 4.3.2 and 4.4.2. Finally, section 4.5 coverg the 

.. -+. applicability of this' new method of thickness determination 

with regard to ease of use and which samples can be measured. 



4.1.1 Com~osition Determinations 

Results of the ZAF x-ray fluorescence analyses done for 

each sputter run used in this experiment are summarized In table 

TABLE I 1 1  

Sputter Run % Tungsten and Copper 

The rationale behind the sputter run numbering is as 

follows: TO obtain the five desired compositions of samples, 26 

differen-t runs of sputtering done, as mentioned 'in section 

2.2. Early sputter run runs 1-14) of Cu-W had 

deteriorated before the final thickness measuring methad had 

been established. The pure copper run number 9 and pure 

tungsten run number 11 did not deteriorate so were used in the  
I 

final analysis. .Other reasons f o x  the need for so many runs 

include the trial and error composition control and some 
- -- 

equipment failures (sputter runs 19-21). Sputter run 17 was 

used for the thin free standing film experiment and sputter run 

23 was used in a sample deterioration experiment disoribed 

below. 



The internal consistency of the ZAE' measurements was 

checked by doing the same sample several times and at different 
4 

*accelerating pqtentials. ~a;iations on the' order of 2%-3% 

relative were observed, and averaged together to obtain the 
\ 

final values listed. Analyses were done under nearly ideal 
T 

condftions for analyses of this kind, so accuracy of the ZAF 

corrections is <expected to be 1-28 relative, as shown by 

Yakowitz [ 50 I. This indicated that samples were not ideal, 
- - - - - -  - 

either because of non-homogeneities or non-ideal 
+ 

sample-detector geometry. Though analysis routines of this type 

are based on empirical - formulae and &re prone to ldng tefm 

drifts in measuring parameters, our system is checked regularly " 
.lir I 

for accuracy using stoichiometric compounds. - 

Results from the thin free stanping film ZAF analyses 

discribed in section 2 . 2 . 3  are given in table IV. 

TABLE IV 

-- 
Results from the compositional analysis of free standing 

Sample 

supported film 

Thin free film 
different spot 

films prepared in sputter run 17 was in good agreement with 
-, 

4 " 

- -  - - 

Campos i t ion 

3 1 . 6 %  Cu 
2 7 . 1  

2 9 . 1  
3 0 . 7  

Thickness 

-650  nm. 
-240 nm. 

1.20 nm. 
2 2 0  nm. 



- - - - - -- -- - - - - -- ----- 

results from regular ZAF analysis. As noted previously, the 

x-ray analysis .of freestanding films is expected to be much mare 

accurate, to the order of - 5 %  [511, .so this provided a good 

verification of the composition values obtained in table 111,  

even though deposition was on a different type of substrate. 

4.1.2 Thickness Determinations - 
Results of the differential microbalance weighing have been 

plotted against the change in frequency of the quartz oscillator 

for all sputter runs. A sample plot is given in figure 13 ~ 4 t h  

the slope equal to the experimental value of c (after th6 
m 

masses of the films had been converted to mass per unit r e d  'as F 
I described below). Values of c and standard deviations for  ea;:h 

v Y 

of the s i x  sputtering runs used in the final analysis are in 

table V. 

TABLE V 

Sputter Run 
Number 

Masses were converted to mass 'per unit area measurements by 

dividing each sample mass by individual substrate sizes and 

Calibration 
Constant 

1.97 
2.8 

8 2.32 
6.8 4 

3.16u 
2156 

correcting for partial coating of the sides of the substrates. 

Orcertainty 

5 

k . d7 
2 . 2  
_+: .15 
t . 3  
-t .I5 
2 . 0 5  



0 2 4 6 8 10 12 14 16 
(Thousands) 

Absolute Change in Frequency. (Hz) 

F i g u r e  1 3  - - 
f r e q u e n c y  

. C a l i b r a t i o n  Graph f o r  t h e  T h j c k n e s s  M o n i t o r .  The 

r e a d o u t s  of t h e  S l o a n  v i b r a t i n g  c r y ~ t a l  t h i c k n e s s  

m o n i t o r  were c o r r e l a t e d  w i t h  mass  m e a s u r e m e n t s  o f  t h e  sample 

s u b s t r a t e s  (mounted  a d j a c e n t  t o  t h e  v i b r a t i n g  c r y s t a l )  e a c h ' t i m e  

t h e  m o n i t o r  was u s e d .  The s l o p e  o f  t h e  r e s u l t i n g  FuriGe g i v e s - -  

t h e  c a l i b r a t i o n  f a c t o r  cs. Shown h e r e  is t h e  c u r v e  f o r  s p u t t e r  

r u n  9,  after masses have  been  c o r r e c t e d  f o r  v a r i a t i o n s  i n  

s u b s t r a t e  s i z e  and  c o a t i n g  of  t h e  s i d e s  of t h e  s u b s t r a t e s .  



- - L  - - - - - - - - - - - - - - -- 

All substrates were found to be within"% of the 1.00 cm' 
\ 

nominal area. The area of the sides of the substrates was 

approximately .15 cmz in total. Estimation of the total . 

coverage of these sides was made difficult by their irrdgular 

texture, but thickness of the coatings on the sides were 

estimated from backscattered electron measurements in the SEM. - 
i 

'Thickness appeared to be 1/2 to 4/5 OC the front surface 

coverage and extremely non-uniform. Thus corrections of 5% to 

12% were applied to the &tal masses -- to obtain -- - the mass -- per - unit 
7 

area. 

! 

i 
Estimating the surfabe area'and coverage of the sides of 

'I 
the substrates was a major source of uncertainty in c.. This 

was included in the standard deviation of the calibration 

constants listed above. Other uncertainties (including the 

uncertainty in frequency readings and vernier caliper readinya - 
- 

for the dimensions of coated substrates) were less than +1% 

relative, so were not significant. 

As mentioned in section 2.2, the calibration constant was a 

function of the sputtering parameters, in general increasing cm 
5 

was observed for'increased argon gas pressure while sputtering. 

This variation in c was tested in sputter run 23. The argon 
0 - - - - - - - - - - - 

pressure was cnanged from the lowest practical value (for which 
L 

5 

the plasma remained excited) for sample 23.1 to the highest 
- -- 

practical value (after which other parts of the sputtering 

chamber give spurious glow discharges) in sample 23.2. Though 



both were nominally 3000. Hz depositions, the mass of the high 

pressure deposit was four times greater. Changing sputtering 

parameters changes the substrate heating and angle of incidence 

of the impinging tungsten and copper atoms-, and both of these 

effects, were felt to play a role. 

I 

4.2 ~ o n t r z t  Results from the SEM - 

The results given in figures 14-18, consist of 5 graphs of 
t 

4 or 5 samples each with contrast relakive to bulk tunkjsten 

plotted as a function of impinging electron beam energy. Data 

was taken with both on-screen and computer methods as these - .  
agreed to within 2-3% in all cases. Accelerating voltages were 

- -- - -- - 

chosen for simplicity*as well as accuracy and with the inverse 

energy scale in mind. However, there is capability on our SEM 
\ 

to make measurements at 1 kV intervals if desired. The lower 

limit of 5 k V  was chosen as signals from the 4 k V  measurements 

were very noisy, and the upper limit of 40 kV was the maximum 

accelerating voltage obtainable with the IS1 DS 130 SEM used. 

As mentioned previously, all plotting of dkta wag done on , 

an inverse energy scale as this gave the best corresp~ndence-to------ 

straight lines for the higher energy regime. The use of an 

inverse scale also enhances the division between the hor izan ta l  
.? 



F i g u r e  1 4  

Sputter run 9, Pbn Coppw 

o 0.02 0.04 0.06 0.m 0.1 0.12 al4 0.16 0.18 oz t 6 L L u  

•÷ i * ~ , -  
INVERSE A X E L  WTENTW (1/E in keV) " .  r . 

1 

E x p e r i m e n t a l  C o n t r a s t  R e s u 1 , t s  f o r ' s p u t t e r  k u n  9 .  A ' 

p u r e  c o p p e r  t a r g e t  w a s  u s e d  f o r '  t h i s  s p u t t e r  r " n .  SSrnple 

t h i c k n e s s e s  o f / .  020 ,  . 0 6 0 ,  ' - 1 2 0 ,  a n d  . 2 0 0  mg/crnz  were d e p o s i t e d ,  

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

q q u a r e s ,  a n d  t r i a n g l e s  r e s p e c t i v e l y .  A l l  v a l u e s  w e r e  o b t a i n e d  r 
- - - . . - - 

u s i n g  t h e  p r o c e d u r e s  o u t J i n e d  i n  s e c t i o n  2 . 3 ,  w h i c h  g i v e  a v a l u e  
* - 

f o r  t h e  c o n t r a s t  between t h e  b a c k s c a t t e r  c o e f f i c i e n t , o f  t h e  - 
- ,  -- 

-4 

s a m p l e ;  a n d  t h a t  f o r  t h i c g  t u n g s t e n .  



A - 
: - F i g u r e  1 5 .  i x p e r i m e n t a l  C o n t r a s t  R e s u l t s  f o r  S p u t t e r  Run 2 4 .  . 

- I 

* 

S p u t t e r  r u n  2 4  g a v e  a Z A F  c o m p o s i t i o n  analysis of  a p p r o x i m a t e l y  

1 9  a t o m i c  , p e r c e n t  W,  8 1  a t o m i c  p e r c e n t  C u .  Sample t h i c k n e s s e s  
. U 

o f  ,032, . 0 9 5 , . 1 9 0 ,  a n d  .310 rng/cm2 w e r e  depdsitk, & d . r e s u l t s  - --- 

f r o m  t h e s e  h a v e  been p l o t t e d  as c r o s s e s ,  s q u a r e s ,  d i a m o n d s ,  a n d ,  
I 

t r i a n g l e & Y F s p e c t i v e l y .  A l l  v a l u e s  w e r e  o b t a i n e d  using the  - 



- 
.- Sprtter-run 15, ~ O % T ' ~ @ & I  

- ~ - -  - -  - - r - 
. - 7 .< 

d- 

, . 
I - 
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F i g u r e  1 6 .  ~ x ~ e i i m e n t a l  ~ o n t r a & t  ~ e s u i t s  f o r  S p u t t e r  Run 15 .  

S p u t k r 3 r u n  1 5  gave  d Z A F ~ c o m p o s i t i o n ~ l y s i s  o f  a p p r o x i m a t e l y  
* - - 

30 akomic  p e r c e n t  W, 70 a t o m i c  p e r c e n t  Cu. Sample t h i c k n e s s e s  
L 

2 '  
of  . 0 2 3 , '  . 070 ,  .140, ahd  .23Z0 mg/cm were  d e p o s i t e d  i n  t h i s  

-- -- 

. s p u t t e r  r u n .  C o n t r a s t  r e s u l t s  from t h e s e  havh b e e n  pIcEfea a s  
, 

s q u a r e s ,  t r i a n g l e s ,  c r o s s e s ,  a n d  d i amonds  r e s p e c t i v e l y .  A l l  
a 

-- 
v a l u e s  were o b t a i n e d  u s i n g  t h e  procedures o u t l i n e d  i n  s e c t i o n  

- 7 Y 

I - 2 . 3 ,  aS i n  f i g u r e  1 4 .  
, 

* 
8 

..s- - 
- .  



~ p u t t i r  run 2 2  gaGe a ZAF compositibn analysis .of approximately 
9 

68 atomic percent W, 32 atomic ~ e r c e n t  Cu. Sample thicknesses 
0 

of- .034, .068, .140, and .210 mg/cmz were deposited in this 
- 

sputter run. contrast results from these have b e e n - p f u t t e d  ss , - -  
---'-- 

- - 

squares, crosses, diamonds, and triangles respectively. All 
. I  

-- - v a l u e s  were obtained using the procedures outlined ~6ction 

&:3, as in figure 14. 



\ - 
J 

* 

I 

~ i b ~ u g t r e  1 8 .  E x p e r i m e n t a l  C o n t r a s t  R e s u l t s  f o r  S p u t t e r  R u n s  11 
\ 

a n d  2 6 .  S p u t t e r  r u n s *  11 a n d  2 6 ' w e r e  b o t h  p u r e  t u n g s t e n  r u n s .  
r . - 

S a m p l e  t h i c k n e s s e s  o f  . 0 2 6 .  a n d  ,. 1 7 0  *mg/cm2 w e r e  o b t a  j n e d  f r o m  
i 

s p u t t e r  r l j n  2 6 ,  a n d  t h i c k n e s s e s  o f  . 2 2 0  a n d  : 2 8 0  mg/cm2 w e r e  

d e p o s i t e d  i n  s p u t t e r  r u n  11. C o n t s a s f / _ r e s u l t s  f r o m  t h e s e - - h a v e  - - - -  -- 

9 b e e n  p l o t t e d  a s  c r o s s e s  a n d  d i a m o n d s  o r  t h e  s p u t t e r  r u n  26  ' 

s a m p l e s ,  a n d  a s  k q u a r e s  a n d  t r i a n g l e s  •’or s p u t t e r  run 11 samples.  - 

*. 



.. s 

t \ 
sebction of a glVen graph where' the electron beam, no longer 

-- - - 

' pedetrates'tbe film and the 'It-near region' in which the beam - '  
T 

C , 

readily penetratest Thus the tdfokmation of film thickness can - 9 

A- 

be separated from the ihtormation about composifion in a natural 
P 4 

wiy simply by diviairig the , p l o t  into two porttons and doing 
I 

/ . 
1 inear e'*trapolation ob each. $lethods for: finding c7omp&si t i b n  

'A 
from the,horizontal, low energy portion of the-plot are d i s c u s z  

> b" 

sed further below as are methods for thickness determin6kibn. . - 
' , 

The shapes of the curves in the Monte Carlo and analptical 

\ "r 
* results show g-ood agreement with experimentdl curves. However, <. 
, \ 

in point by point 'comparison of theor8tical resltlts w i t h  the 
;+ *- 

.experimental results, &f 1 differences in the* lower ehergy 
Q - 

regults and siqnif icant depart-s from experimental results at a 

30 and 40 keV are noticable. Agreement is better for samples of 

compasitivns near tungsten as this is the internal standard for 

t h e  expbrimental and theoretical results. 

B - - 

Two trends in the experimental data are ngt well modelled . 

theoretically. The slopes of the inclined portionsrvf the 

curves were different, legding to different intercepts of the 

. ' saoped and h&rizontal_ sections of the results, and linearity of - . , 
I -  

the graph of the backscatter contrast ? versus inverse .energy_- -- 

* 

at higher energies was not modelled \n the aqalytical results 
I 

alone. In both of these trends the Monte Car20 simulakisn bid.  3 

a better than the analytical model, but neithek was suf f icienf ly . . 
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P 

f 
- 8 6 -  

. 8 "' 
L 

- --- a c c u r a t e  t o  be used i n > t h i c k n e s &  def-ermin;ltinns of u-n 
. - *  

a-, 

s a m p l e s .  The a c c u r a c i e s  f o r  c o m p o s i t i o n  d e t e q m i n a t i o n a  were 
-PI 

be$*;, as d i s c u s s e d  i n  s e c t i o n  4 . 3 . <  . . t 

,Pt- , 
3*5 - .Q - .  
C -'= 

4 . 2 . 3  . Accuracy of c b n t r a s t  Measurements -- - 
9 * - - .. 

The o v e r a l l a c c u r a c y  of e a c h  raea3urement uas d e p e n d e n t  on ' 

-- 

a numbei of p a r a k t e r s ,  some of which-&ve been o u t l i n e d  i_n 

' s ec t i -on  2 . 4  a l r e a d y .  - These p a r a m e t e r s  c a n  be d i v i d e d  i n t o  two 

g roups ,  s y s t e m a t i c  e r r o r s ,  a h d  random measuremept u n c e r t a i n t i e s .  + - -- 
- - - -  

- s&e=al s o u r c < ~ - d r - ~ o ~ s ~ b l e ~ ~ ~ s ~ ~ t %  ;=;-were i n v e s t i g a t e d  
- - 

and  t h e s e  w i ~ i  be" d i s c u s s e d  i n  t h i s  s e c t i o n ,  w h i l e  d i s c u s s i o n  o f ,  - 
Q 

, \ I 

random u n c e r t a i n t i e s  h a s  been r e s e r v e d  f o r  t h e  n e x t  s e c t i o n .  

P o s s l b l e  c a u s e s  of s y s t e m a t i c  e r r o r  amenable  t o  s t u d y  i n c l u d e d  

c h a r g i n g  e f f e c t s ,  , sample  non-homogenei t y ,  s u i a c e  t e x t u r e  
i .  

e f f e c t s ,  and s u r f a c e  contamination d u e  t o  t h e  e l e c t r o n  beam. 
- 

E r r o r s  a r i s i n g  from t h e  mic roscope  i t s e l f  and  o t h e r  s u r f a c e  - 
Pnan t s  are a l s o  d i s c u s s e d  b u t  i n  more g e n e r a l  t e r m s  

\ '  , 

d u e -  t o  - t h e i r  n a t u r e s .  .+ 

I 

* rg 

c h a r g i n g  of a samples$nder t h e  e l e c t r o n . b e a m  o c c u r s  

whenever t h e  sample  h a s  e l e c t r i c a l  i & s u l a t i n g  ~ r o p e q t i e s  o r  'is 

r 2 s 

not p r o p e r l y  grounded.  G'hargingg c a n  be e i t h e r  p o s i t i v e  o r  
, 

n e g a t i v e  ( b u t  is u s u a l l y  n e g a t i v e ) ,  and  w i l l  c h a n g e \ h e  
- -- - -- - - 

back, c a t t e r e d  e l e ~ t r o n , ~  i n t e n s i t y  d o w n G r d  o r  u ward a c c o r d i n g l y .  . 

b y* '='% P 
C h a r  i n g  c a n  be d e t e c t e d  d i r e c t l y  i n  two ways, i t . h a s  t h e  & f f e e t  

, 'r4 

of blurking any- h i g h  k g n i f i c a t t m i  images i n  t h e  SEM, and i t  c a n  

c a u s e  time d e p e n d e n t  d e f l e c t i o n  o f  t h e  . e l e c t r o n  beam, w i t h  t h e  



- d - . ' *- 
, . 

r e s u l t  t h a t  ?he image on the s c r p p n  a w a r a  t e v a n d ~ r .  
-- 

\ .  

- - d h a r g i n g  wap f i r k t  n o t e d  i n  s p u t 8 t e r  r u n  6, wh ich  g a v e  t h i n  
" 

f i l m '  b a c k s c a t t e r .  v a l u e s  h'icjher t h a n  t h o s e  of p u r e  t u n g s t e n ,  ' I t  

was a l s o  f o u n d  t h a t  t h e  b a c k s c a t t e r  c o e f • ’ i c c i e n t  d i d  n o t - f l a t t e n  - - ' 1 

o u t  a t  low i n c i d e n t  beam e n e r g i e s  as  f t  s h o u l d ,  b u t  had a r i s i n g s  
- - 

v a l u e .  T h i s  w a s  t h o u g h t  & b e  d u e  t o  t i e  , s a m p l e  c h a r g i n g  t o  a 
%. --3& 

c o n s t a n t  g o t e n t i a l  ( s a y  1 k ~ )  which  o n l y  became a p p a r e n t  a s  4 h  , - 
h .  

r e a c h e d  a s i g n i f i c a n t  p r o p o r t i o n  of t h e  i n c i d e n t  beam e n e r g y .  
/ C the .- mag q++l'- -- - - -  -- - I -- - 

As expecfea, c a t i o n  image showed c h a r g i n g  
Q +  effect.^ w e l l .  

-') 
d .  

S p u t t e r  r u n  6 was a n a l y s e d  t o  'be p u r e  t u n g s t e n ,  which d o e s  

\ n o t  c h a r g e ,  n e i t h e r  s h o u l d  t u n g s t e n  w i t h  a t h i n  layer ofi 

-" t u n g s t e n  o x i d e  on t u n g s t e n ,  so  t h e  most p r o b a b l e  c a u s e  of t h e -  . 
L 

/ *  

c h a r g i n g  w a s  p a r t i a l l y  o x l d i z e d  t u n g s t e n  mixed t h r o u g h o u t  t h e  

t u n g s t e n  f i l m s ,  S u s p i c i o n s  t h a t  t h i s  w a s  t h e  cause were - 
/ , 

s t r e n g t h e n e d  b y  t h e  f a c t s  t h a t  t u n g s t e n  i o n s  a r e  a s t r o n g  g e t t e r  
- - 

f o r  a n y  r e s i d u a l  oxygen  i n  a vacuum s y s t e m ,  and t u n g s t e n  o x i d e  
. ,. . 

f o r m s  srnboth f i l m s  o f  metallic a p p e a r a n c e . .  O t h e r  s p u t t e r  rurk 
t 

also showed c h a r g i n g  e f  fec&, a n d  a t  5-6 keV. i n c i d e n t  e n e r g i e s ,  

e r r o r s  i n  nr of  5-109 wexe- .no ted . .  T h i s  e r r o r  was t h e  major 
4 

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

- - -- - - - - - 
from b a c k s c a t t e r  c o e f f i c i e n t s .  

t 

* Sample inhomageneity was B i s c u s s e d  somewhat in s e e t i o n  2 . 2 .  

Copper and t u n g s t e n  a re  i m m i s c i b l e ,  t h u s  s e p a r a t i o n  of t h e  b 



a e l e ~ n t s  c o u l d  o c c u r  i n  .the .eta.t'*hlp ,. -- . - . . 
The e f f e c t s  on, q of  t h e *  s e p a r a t i o n  o f  copper  t o  

r Y 

+ 

-. 
Rrn 

" t h e  s u r f a s e  02 t h e  t i  1- 4 t h a t  I, a p p e a r e d  td  d e c r e a m  as * 
. a  r W '  - - 

s e p a r - a t i o n  continued.-"Yllso, r )  d e c r e a s e d  a t  low i n c i d e n t  . , 
r 

P 

e n e r g i e s  r a t h e r  t h a n  f l a t t e n i n g  o u t  as  is t h e  c a s e  <or hbrqo- 
> , i 

g;neous s a m p l e s ;  T h i s  was b e c a u s e  a  g r e a t e r  p r o p o ~ t i o n  of  
... 

D 
copper  was n e i r  t h e  s u r f a c ;  and doppe; h a s  a lbwer  Gb t h g n  ' c- 

4 
tungs ten ' .  A t  lower  beam e n e r g i e s  t h e  beam.does  n o t  p e n e t r a t e  a s  

i 

f a r  i n t o  t h e  sample ,  t h u s  t h e  b a c k s c a t t e r  p r o d u c t i o n  volume w i l l  
-l . ---- ---A - 

-- ---- --ppv--- -- -- -- 

- - 

I .  

- be -cloxer-o f h e T = f a c e ,  where t h e  c o n c e n t r a t  i o n  o f  a t u n g s t e n ,  is 
a .  7 

L 
lower ,  t h e n  t h e  a p p a r e n t  a v e r a g e  atom-ic number w i l l  be  lower ,  . 
r e s u l t i n g .  i n  a lower  v a l u e  f o r  T. S t r u c t u r a l  c h a n g e s  were a l s o  
- - a 

erpec t . ed  t o  accompany component s e p a r a t i o n ,  a  s t u d y  was 
. - \ 

- conduc ted  t o  ~ ~ s t e ' m a t i c a l l y  d e t e r m i n e  sample  

1 4  T h q h e a t i n g  of a .ampie c a n  i n c r e a s e  t h e  r a t e  o f  component 
- 

& - 0 

s e p a r a t i o n  d r a m a t i c a l l y .  !Heat ing  o c c u r s  i n  va ry ing .a ,mounts  a t  
4 9  

t h e  t i m e  of d e p o s i t i o n  d e p e n d i n g  on s b t t e r i n g  p a r a m e t e r s .  

t o  s i m u l a t e  t h i s ,  two- s a m p l e s  o f  s p u t t e r  r u n  23, one w i t h  

a n o m a b u s l y  h i g h  vr, t h e  o t h e r  w i t h  anomalous3y low Y):, of  t h e  
$2 

same t h i c k n e s s  were . h e a t e d  i n  a vacuum s y s t e m  w i t h  a p a r t i a l  " - h 

p r e s s u r e  o f  a r g o n  a t  appro xi mat el^ 1 0  m i l l i t o r r .  Both s a m p l e s 5  
- -- - 

had d r a m a t i c  s u r f a c e r  f e a t u r e  changes  w i t h p v e r y  l i t t ~ e  h e a t i n g ,  
/ 

a n d  t h e  sample  w i t h  a n o m a l o u s l y r n g h  vp nnd gave  a n o m a l o u s l y  law 



- 
e 6 

\ s ., 
a Pq., 000 t i m e s  ) t h e  ~ u r f a c e '  of  b o t h  s i p l e s - h a d  changed f rom 

. - 
. f 

$;3.iform smooth'  and  c o n t i n k o u s  t o  b e i n g  c o v e r e d  wiFh t a i  
9 - -- 

c i r c u l a r  s p o t s  of  a p p r o x ~ t e l y  .l t o  .5 microns  i n  r a d i u s .  
bc 

. 
X-ray f l u o r e s c e n c e  a n a i y s e s  were done on some of  t h e  c i r c u l a r  

i 

s p o t s .  ~ e s u l t s  of  t h e  a n a l y s e s  showed t h a t  t h e  s p o t s  were q u i t e  
\ T 

- 

o b v i o u s l y  c o p p e r  ~ i c h ;  w h i l e  t h e  r e m a i n i n g  f i l m  i n  t h e  back- 
A, 

ground went from a p p r o x i m a t e l y  80% Cu t~ 50% Cu ( t h e  r e m i n d e r  ,%*"  

-- > 5 

. b e i n g  W, o f  c o u r s e ) .  T h i s  a p p e a r s  t o  be s t r o n g  e v i d e n c e  f o r  
/ 

- / 
phase- SePaxAti O*e*us-i n m e - a n a , 7 0 i i s l y  1 o w  "a 1 u e s  o f  ,, . ' 

2 w 

.f 

r 

- 

Summarizing, 'sample inhomogenei t y  ' l e d  t o  two e i fec t s  : 

i )  t h e  d e c r e a s e  of  q as t h e  i n c i d e n t  beam e n e r g y  d e c r e a s e d  and 
r' 

i i )  s t r u c t u r a l  c h a n g e s  V i s d b l e  at h i g h  m a g n i f i c a t i o n .  E i t h e r  

+ o r  b o t h  of  t h e s e  e f f e c t s  c o u l d  be used t o  t e s t  fo r .  compone'nt 

s e p a r a t i o n .  I n  p r a c t i c e  the c o n s t a n c y  o i  a t  Low beam 

v o l t a g e s  w a s  u s s d  t o  e s t a b l i s h  sample  tiomogeneity f o r  . f i l m s  o v e r  -7 

40 pg/crn2 t h i c k .  F o r  f i l m s  t h i n n e r  t h a n  t h i s ,  h i g h  m a g n i f i c -  

. a t i o h  o b s e r v a t i o n s  w e r e  used  t o  check t h a t  t h e  s t r u c t u r e s  
L 

a s s o c i e t e d  w i t h  s e p a r a t i o n  had n o t  d e v e l o p e d .  

S u r f a c e  r o u g h n e s s  e f f e c t s  were i n v e s t i g a t e d  by p r e p a r i n g  

f o u r  e x t r a  s a m p l e s  \ in  s p u t t e r  r u n  8 .  S t a n d a r d  s i l l c o n  
I - 

s u b s t r a t e s - w e r e  ~ o u ~ h e n g d  with  400 gr i t - "emery-c l%th-and  80 hr  i t  
I 

s a n d p a p e r  t o  g i v e  them a  v a r i e t y  of s u r f a c e  t e x t u r e s .  They-rere , - 

- -  - 
t h e n  c o a t e d  i n  t w ~ ~ ~ t h i c k n e a s e s  of  Y - C r r f i l m ,  one e a c h  of  

- 

, = p p i o x i n a t e l y  70 pg/cmZ and  220 pg/cmz t h i c k n e s s .  ~ e & l  t i o n  
2 

= 



a , w a s *  done using the sank sputtering parameters & for -the sn;doth 
'A 

samples 'of sputter rt;n 8. ,- o 3 
- . - 

--. 
, - 

a. 

i 

- - . '~s'bhown in table VI, surface roughness did not have a 
+ '  * rr 

3- 5 

strong:affect on": at normal incidence,-while at high gncjles. * 

r 
7- - 

& all r~ugh~samples were signficantly brighter than smooth samples 

of equal thickqss . All roughened samples responded with 

sirnilaz results. Samples were measured at 10, 20, and 30 k e ~  

with relative results, almost equal in each case, so only the 20, 
\ 

-- 

ic-- 
/I - ke V --woT;t-h&krte sarnchFstrbstrate cox t e-a-w i t hPa--7mgZrn 

thick f iln are showq for. the sake of clarity. - 

TABLE VI 

I Sample C'ontrast I 
I smooth I degrees I. I 

rough 
1. 

k smooth , 

b 1 

All values tor roughened and smooth samples we(re,equal 

rough 

Y - 
within uncertaintyflor anglps b=tween 0 and 50 degrees (measured 4' 

Q 
\ 

I 
in l$ degree intexvals),  - TA &s is prvbabl y 6ue t o  t9-wide-sul lb- 

7 5  

- 
angle of the Robinson detector which tends to 'flatten out1, or 

. 8 7 8 8  
, 

70 

minimize surface feature 

along with the very g o ~ d  

.9309 

C 

effects on . the 4 mage obtained;-This,' -- 

spatial resolution capable with this 

C\ 



:thickness measurement method, makes it an excel lent candidaci . I 

foie a rough* film measuring technique. A morb thoii~ugh surve.y of - , I .  

different surface 'textures (especially finer ones) needs to be 

done in' this area, as discussed in section 5.2. , 
- 

.. .. r * 
0 - \ 

E f f i e c t s  of sample contamination by the electron beam were 
f 

. . 
measured by allowing the beam to traverse the,same line for-an 

, 
extended period to see if a change in backscatter contrast would. 

fi - - 
be noted. Althouqh a 1 ine of cafhonaceous cdntami n a t  ion became 

A 0 $ - .  

-4 -- 

10 minutes, no change in the image was seen in BSE inaging,mode 

even after an-hour. A narmal measuring process for a variety of 
\ 

energies typically took about 20 minutes, so'this contamination 

was not expected to be a problem. 
b . 

- 

Other possible sources of systematic errkr could -be samples 

not perppndicular k~ the beam or,ndt coplanar, calibration 

1 the acce erating voltage (or energy) ofbthe electron beam, 

charging of the scintillation .plasH-c if not grounaed propeily, 
I 

and dirt or grease contamination of the samples. A 1 1  ofthese 
- 

errors ar% avoidable by using -careful technique and we'll . I 

maintained equipment, but  could contribute significant errors to 
-/ 

the experimental results if not avoided. -. 
. - - - . . 

4.2.4 sources' of Random Uncertainties 
m 

',sources of random uncertainties can he i t i v i d e d ' i n ~ n  

basically two catagories; screen or computer reading . . . 



0 
1 

I* - ' uncer.tainty, and, random f iact , 
?-z .a 

accelerating voltage f luctuat ions~e;lectron beak cerrent - 
K 

- fluctuations, and electronic noise inherent in the detector .and 
.-* 

1 

- amplifiers. . , 

. .r 
' i  

. " 

=?& 
Uncertainties in .'on screen' readings come from parallax in 

lining up the ruler with the screen, -the finite-iine"$dth of the 

screen trace, and in the case of noisy (typical lower - 

readings) signals, the determination of -the average lev% b y  , 
- -L-- - 

-- r s t;hna tkon . ~ a r a ~ u t ~ e a T i i i i & X E F m u c  h ie~Eubjectto-@=e 
U * 

considerat.ions, but the computer will average over an imageL yi th 
% 

- , 
specks of dust or pinholes in the film which can lead to a small 

random-uncertainty, especially in tilteb-or noisy imabes. 
. - 

I 
. -  4 

d 

Fluctuations in voltage, current, intensity or brightness 
0 

due to amplifier noise, photomultiplier signal hnd all the other - 
noise and interference can be expe~ted in a system ofathis 

, 
' t 

, complexity and power output; However, the modern SEN is 
, - 

designed to minhr ze sychh fluctuations. I 
* '  

Statistical 

not be avoided is a major portion of the reading uncertainties 
6' 

of both image analysis techniques mentioned earlier; so 

constitutes the largest source of random uncertainty: 

. 
?'st& uncertaintkes- in these two metTiodFhave-6een 

4 

estimated by repeated measurements of the same samples on 

b beam accelerating potential so estimates. ranged for 'on screen 



1 w - .A 

measurqrtents ' from +O. 01 Jwher'e c ~ntrast is tiormall lzed 'fo a 
* - 

Q d-' 

zero to one scale) at 40 kV to k3.03 at 5 kV. Similarly fok 
% 

computer aided measurements the range was from 0.002 to 0.005. - - +s 

. e - - 
. -  . L 

, - 
- - 
- 

- 

4.3 Composition Determination - i 

4 - 
6 - - 

4.3.1 Com~osition Determination Methad * 
- =  * 1 

values have been extrapolated to in figures 14 to 18 have been 
d 

plotted in figure 192s a function o•’ composition. ~lso' plotted 
- 1 

are analytical results from the Niedrig equation and the Monte * 

Carlo simulation results, bdth  using the simple average atomic 
*dr 

number as outlined in equations 4a and 4b on page 51. The 

correspondence bemeen all three is good except: for the-copper 

value of nr for which there is a .03 toW.07 difference. This - 

-- 

* . difference is significant, so for best' accuracy a calibration3 

f curve of backscatter versus atomkc number Z *  is necessary. 
/---.c,_ 

#-". 

Excellent agre ment with experimental.. iesults was obta'ined 'e 
usihg an empirical r derived for pure elements by 

rrnann and Reirner [231 and using the r b  values for -ZI,, for 

alloys. is demonstrated 'ii~ b b t e  W f ;  



P 

Figure 19. C a l i b r a t i ~ ~  Curve for Compositions. The extrapo-2 
s. 

lated horizontal segments of the experimental curves in figures 
- 

1 
14-18 have been plotted as a functipn of composition using the 

square symbols. Similar results~from the analytical model and - 

-- 
Monte Carlo simulation graphs of figures 5-9 have been 

r ,  

as diamonds and crosses. Compositions for the theoretical - ., 
- 

-- results were obtained from the simple averages of atmnic numbers 

used in these calculations. d 
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TABLB 'VI I 

The a g r e e m e o t  o f  Her rmann  a n d  Reimex's mode l  w i t h  e x p e r i m e n t a l ,  

d a t a  was f e l t  d u e  t o  i ts  more  a c c u r a t e  m o d e l l i n g  o f  t h e '  h i g h  r )  
- - + - - -~- . . 

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

a s i m p l e  a n d  well e s t a b l i s h e d  m e t h o d  f o r  d e t e r m i n i n g  t h e  a v e r a g e  

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

c o m p o s i t i o n  i n  t h e  case o f  a b i n a r y  a l l o y  whose  t w o  c o n s t i t u e n t s  ' 

a r e  known. ~ u r t h e r  p o s s i b l e  a p p l i c a t i o n s  i n c l u d e  compounds and 
- - 

m i x t u r e s  o f  s t o i c h i o m e t r i c  compounds  s u c h  a s  m i n e r a l s ,  p rov ' ided  

t h e  e f f e c t s  o f  c h a r g i n g  of t h e  s a m p l e s  c a n  be a v o i d e d .  . 

f 
4 . 3 . 2  A c c u r a c y  o f  C o m p o s i t i o n  D e t e r m i n a t i o n s  

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

c o m p o s i t i o n  is m a i n l y  c o n t r o l l e d '  b y  t h e  accuracy of t h e  d e t e r  - 
- 

m i n a t i o n  o f  rl f o r  t h e  material b e i n g  m e a s u i e d .  * However,  f o r  
r 4 

h i g h l y  a c c u r a t e  m e a s u r e m e n t s  o n  c l e a n ,  homogeneous ,  c o n d u c t i n g  

f i l m s  t h e  a c c u r a c y  is a l s o  a f f e c t e d  by t h e  c h o i c e  of c a l i b r a t i o n  
- -- 

& 

c u r v e  ( e . g .  u s i n g  Her rmann  a n d  Rermersl o r  o n e  d e r i v e d  f o r  a 

s p e c i f ~ i c  m e a s u r i n g  a p p a r a t u s )  and by t h e  a c c e l e r a t i n g  v o l t a g e  
d 

used t o  make t h e  m e a s u r e m e n t .  - k.  



A Some variations were noted in the level of -r) I' 'extrapolated 

for the members of-'a single sputtering run. These a'ppea~; to 
4 

arisk from variations in the composition-of the samples them- . . ?  

selves. -Though sputtering in general gives 'consistent cyposi- \ 

tidns, several po9sible causes for a 2%-3% variatiqn in a,give'n . - 

sp;tter run ha e already been discqssed in sectioh 2.3. T h e w  '. Y 
I " 

var tat ions of composition \could not usually by tested explicitly 

due to the difficulties in quantitative x-ray analyses of thin 
- - - - - - - -- 

suppart d films noted earlier.   ow ever. cqualitatively the x-ray 7 
analyses fol?ow the trendssof composit ion variation 'displayed by 

the backscattered electron method and do show its sensitivity to' 

composition variation. The varia ions encountered fall mostly . 
4 i 

into the c+mwh++e uncertainties in the experiment, however, so * 

it was not .felt ,important to pursue this further or draw any 

_ c o n c l  us i ons from i t . 

- 

The fact. that,~errmann and ~qimer's empirical curve fit the 

data bf  this experiment within uncertaintres does not mean that 

it will fit data taken with other detectors under other condi-. 
i- 

tions. The scatter in pubiished results over the last 30 years 
, 

proves this. Thus a calibration curve measured using the 

experimental apparatus is the most accurate. Thq agreement with ' 
, - 

empirical anTThiForet ical curves does indicate that a single - 

calibration curve will be reasonably accurate for all binary 
I 

alloys. 2 



- 9 p , t h e  f a c t  t h a t  r e l a t i v e  b a c k s c a t t e r  c o e f f i c i - e n t s  • ’ o r  - d i f f e r e n t  

materials a r e  , r e l a t i v e l y  c o n s t a n t  over t h e  r a n g e  o f '  a c c e l e r a t l n q  
* 

p o t e n t i a l s  "Led. Though t h e s e  c o e f f i c i e n t s  h a v e  been shown t o  

vary o n l y  s l o w l y  w i t h  e n e r g y ,  t h e r e  is s o m e - v a r i a t i o n .  The '. 
v a r i a t i o n  w a s  n d t i c a b l e  i n  measu remen t s  uf bulk s i l l c o n  r) 

d / v e r s u s  e n e r g y  a shown i n  f i g u r e  2 0 .  F o r t u n a - t e l y ,  m a t e r  i a l s  o f  
1 

ZL30 - a l l  v a r y  i n * a  s i m i l a r  manner ,  s o  i n  a c o m p a r i t i v e  

e x p e r i m e n t  l i k e  t h i s  t h e  effect g o e s  u n n o t i c e d .  However, f o r  - 
% .  % c. - - 

- -- 

e,xper imenZaf  s y s t e m s  o f  l o w e r  2, a s y s t e m a t i c  c o r r e c t i o n  f a c t o r  
w f 

would h e e d  t o  b e  i n t r o d u c e d .  T h e s e  c o r r e c t i o n  fac tors  c o u l d  

d e r i v e d  q u i t e  s . imply  u s i n g  b u l k  pu re  element samples, a s  

' d i s c u s s e d  f u r t h e r  i n  s e c t i o n  5 . 2 .  
,3 - - 2 



Figure 10. Experimental Contrast Results for Bulk Silicon. The, 
' Q 

r e u l t s  in this figure were taken using an uncoated silicon 

substrate for a sample. Measurements a n d t h e  plotting of the 
, 

results were done in the same mann& as for figures 14-18. \ 



. - 
4.4 BSE Contrast Thickness Det i n a t i o n  

- -  - - erm' 

4.4.1 Interce~t Method ., 

Of utmost importance to the usefulness of this thickne~s 
. . 

determination method is the applicability of the calibration 

curve 'derived here to ex~erimental systems of other elements. ' 

As backscattering of electrons is mainly dependent upon the 
r - 

I 6 % 

incident el&tronls interaction with charges in the taiget, the - 

backscatter coefficients should be a functio* of 'charge 
- --- 

thickness.' for a n  mate_rrials rather than mass thicknesj. charge 

thickness den be found 'from mass thickness according to; 

where and 
zolf 

are 
A*ff 

the effective ato L C  rl number and atomic 

mass as defined in equations 4a and 4b on page 51. N Is 
a 

P 

Avogadro's number, which can be excluded if Tch is to be . ~ i v e n .  
0 - - I - , 1  

" in moles of electrons rather than in abSolute numbers. 

I 

In figures 14-18, an inclined straight line for each 

-\ ' thick,ness-,of sample intersects the horizontal ' low\,energy' 1 i ne 

at a particula; value l/EL, where E will be called the 

- intercept energy. When E is plotted a2 a function of charge 
L 

thickness as in figure 21 it is found that all results follow a 
single curve within uncertainty. The curve on the log-log grdph 

-, 

is-almost a straight line, and can be approximated by one for . - 
quick thickness estimates, Theelope is approxivtcly 1.6, 



Ln (Intercept Energy in keV) 

* * -.. 
Figure 21. Experimental Thickness Calibration Curva. The data 

- ' I 

- far this curve was taken from the extrapolated intercept 
\ 

ene~gies E of figures 14-18 for all of the samples. These were 
- 

, plotted against the samplesv charge thicknesses.. The scatter of 
--- 

the-po;nts falls within the uncertainties in the thickness and 

, . 
\ d 4 ' 

- n o  signi f icanf dif terences between different sputter run results 

4 

were  noted. 
1 - .  

\ 



- - ~ ~ i n g ~ t ~ - ~ ~ s k r + r g e  t h i c k n e s s  T - c .  
+ ch 

I 
, 

- 2 ,  

I f .d  T = a , E i  
% .  

ch mi  , 
' i 

i $' . . 

where  ac is a p r o p o r t i o n a l i t y  c o n s t a n t :  e q u a l '  t o  7 . 6  x 16-.+ . 5  x 

i f  E. is i n  keV a n d  TCh is i n  moles/cm2. 

'The t h i c k n e s s  o f  a g i v e n  s a m p l e  c a n  t h u s  b e  o b t a i n e d  b y  

d e t e r m i n i n g  its, v a l u e  o f  LE. a n d  i n t e r p o l a t i n g  i ts  c h a r g e  
t 

* 
- 

t h i c k n e s s  %from t h e  g r a p h  i n  f i g u r e  21 ,  o r  t h e  straight-line - , - -  

-\ A 

a p p r o x i m a t i o n  t o ' t h a t  g r a p h .  T-his t h i c k n e s s  d e t e r r h l n a t i o n  t 

' . 
method* is' d e p e n d e n t  'on t h e  o b s e r v a t i o n %  t h a t  E is. i n d e p e n i e n t  of  

- c' 
a - 

. I 

' t h e  c o m p o s i t i o n  o f  a s a m p l e  f o r  a g i v e n  c h a r g e  t h i c k n e s s .  T h i s  
b 

+ ?  
I o b s e r v a t i o n  c a n  b e  e x p l a i n e d  by t h e  f a c t  t h a t  E is a measure  of 

t h e  i n c i d e n t  beam e n e r g y  a t  w h i c h  a s i g n i f i t a n t  nu'mber -of 
- 

e l e c t r o n s  p e n e t r a t e  t h e  f i l m  a n d  t r a v e l  i n t o  the s u b s t r a t e .  The 
i 

e l e c t r o n s  mos t  l i k e l y  t o  p e n e t r a t e  t h e  f i l m  are t h o s e  which have 

unde rgone  small a n g l e ,  i n e l a s t i c  s c a t t e r i n g  e v e n t s  w i t h  a t o m i c  
5 

P 
e l e c t r o n s  r a t h e r  t h a n  ' e l a s t i c  c o l l i s i o n s  w i t h  &he n u c l e i .  o f  t h e  

" 4 

_ , s a m p l e T  Thus  t h e  c o m p o s i t i o n  o f  t h e  n u c l e i  h a s  l i t t l e  e f f e c t  on . 
' I - 

b 
1- 

E,, w h i l e  t h e  c h a r g e  t h i c k h e s s  .(which r e f e r s  t o  t h e  t h i c k n e s s  of 

a t o m i c  e l e c t r o n s  p a s s e d  t h r o u g h )  is t h e  r e l e v a n t  p a r a m e t e r .  

To c o n v e r t  a d e r i v e d  c h a r g e  t h i c k n e s s  t o  mass t h i c k n e s s ,  

mos t  a u t h o r s .  a p p r o x i m a t e  t h e  Z/A r a t i o  a s  1 / 2 ,  h o w e v e r .  t h e r e  l a  - 

a 1 2 %  d i f f e r e n c e  be tween  t h e  Z /A  r a t i o  o f  c o p p e r  a n d  t u n g s t e n .  

B e c a u s e  o f  t h e  l o g a r i t h m i c  n a t u r e  of  t h e  g r a p h s ;  c o r r e c t i o n s  o f  



-uhsse Z/A ratio is not well known, an intermediate value basedr ' 

on the simple compositional analysis of section 4.3 should lead 

to errors of legs than 2%. L 

- - 4 . 4 : ~  Accuracy of This Method , . 
6 \ - 

Thus fromthese straight line approximakion to the charge 

'thickness log-log curve the thickness of films can be' 

determined, probably to a relative accuracy of 210% typically, 
- - - -- - - -- 

. - - - - - -- - - -- - -- 
A- 

without the need for further cakulations or thin film 
'V -- 

standards. Extrapolating charge thic nesses directly from the 
I .  't 

graph in figure 21 can be much more accurate, giving an~accuracy 

2 
of under 2 3 8  O K  21 pg/cm for films of 4 9  ~;/cm' thickness. 

r 
Extreme care must be taken'in the graphical determination ' 

of, the intercept energy E,, as the sloped port$on'of the results 
I 

- 

is not truely straight. Consistent results were obtained in- - 

this experiment by taking the four experimental points of the 

highest energy for each sample and interpolating. Interpolation 

of the resulting value of E. on the charge thickness calibration 

curve must also be done with great care, as relative errors in 
- 

E are increased by the 1:6 exponential factor. 

f - - -- - - 
- I 

The intercept method of thickness determination is 

extremely sensitive to differences in thickness between samples - .  
of the sane composition. A difference-in thickness of less than - 

1% was detected in.sputter run 2 5  for two thin films of the same . 



I 

~ H z k ~ ~ ~  i i l i s  PifCerence was within the measuring' - '  

r- , . 
uncertainty-of the weighing thickness determinatians. 

- - a 
4.5 A~~licability of the Method . - 

An important and underlying consideration in any method 

developed for determining thicknesses 15 its inherent 
, 

practicality and ease of use, Monte Carlo ceilculations so far 

do show that the method developed' here may be transferrable to 
- - - 

- --- -Motr --- - -  

other systems pf eleGents under certain restrictioys in their 

atomic number combinations. 1 

An implicit assumption in the thickness determination 

portion of the method is that the substrate atomic number is ' 
I 

either lower than or higher than both atomic numbers.o•’ the 
L 

constituents of the deposited film. If its atomic number were 

- to be between, slope determinatiohs for f i l m  of average, atomic 

number near that of the substrates would be yery inaccurate. I f  
I 

$4 * 

the fi1.m and substrate had -me effective atomic #lumber, the- 

film would appear to have zero thickness, independent of its 

actual thickness. 

I 

With regard to the use of contrast to determine composition 
- . 

- --- - -  -- - 

it iseevident from figure 19 that the two components of the film 
. . 4 

must have reasonably different Z valued. When therdifference i s  

large the slope of the curve is -correspondiiq'ly - large and hence 

it is possible to determine the composition with reasonable - - 



- - .  I 

a r- 

accuracy .. .I  t thicknessT alone. is bei-ng measured the 'composition 

does not play an important role beembe it only affects the 

interpolated value of Z/A used to convert charge thickneGs t o  
-r  ' 

mass thickness. 
. , 

In spite of the limitations discussed above this method for 
- 

+ 

measuring thickness and composition i applicable to a w i d e  4 
range of syhtems and is at least %rapid as other methods with 

similar capabilities. The time taken •’or an average thickness 
- -- -- - - --- - -- - -- --- - - - -- -- 

- - -- - - - - - 
- 

measurement was about 30 minutes including pump down of the SEM 

and full computer data aquisition (on screen data aquisition was 

considerably quicker, shaving 10-15 minees off this ti$e). a 

braPhical data analysis was a190 estimated to take 30 minutes at 

the outside, and this is cbnsiderably better than x-ray. . 
fluorescence.methods, most of which rely a n  hours of Monte Carlo 

simulations (which need to be run overnight in batch jobs at bur 

The necessary equipment and standards for the practikal 

employ bf !this method includd an SEM with BSE detector and 

provision for l i n v a n  mode, a sample holder capable of holding 

the sample and reference coplanar to one another and normal to 
. + 

9 

the beam. Standard reference-materials are simply pure metal ' 

+oils (preferrably well polished) with atomic numbers near the 
, 

atomic number of the lowest or highest of those in the binary 
- - 

alloy to be measured. While thPs latter constraint is not- 
D 

strictly necessary it will impfove accuracy somewhat and is 



simple to-achieve in practice. Computer processing of the image 
b 

and or dat; is optional, but desirable because it increases 
,- 

earlier in section 
b 

random 
h 

as noted accuracy, 

4.3,. 

uncertainty 



5 CONCLUSIONS ' - 

5.1 Sumrnary of the ~xperiment - 
A method .for determining thin film thickness has been 

I 

deLeloped from the Curzon-Rajora method and has been tested on 

binary alloys of copper-tungsten on silicon substrates. 

Calibration curves were deiived to enable the composition and 

thickness b f  an unknown sample to be determined. Theoretical 
- - -- - - - 

- --- - -- -- - -- - - 

calculations done by a Monte Car10 method indicate that these 

" "k. calibration curves would be useful lor any samples* of. elemental 

compositions with atomic numbers 'between 29 and 74 (those ' o f  

copper and tungsten) and that the method sho-uld be exp ndable to 

include samples of all atomic numbers. / 
7 

~ombosition can be determined to between 3% and 6% 

depending on the sl'ope of the curve b f  qontrast versus 

composition in the region o'E actual sample. . Similarly, the 
i >@: 

total uncertainty in tKickness determination is between 3% and 
..- 

lo%, ~depending both on .the thickness and analysis method chosen. 
,- 

The ~ ~ c u r a c y  of the thickness determination was only wg$kly 

related to the accuracy of the composition determination, duch 
% 

that an erkor of 109 in composition would lead to an error of 
- -  - 

- - 

less than 1% in mass thickness. q 

- 
L- L 

Applicability of the new method has been shown t q  bepuch 

wider thai the copper-tungsten system studied in this 



$ 

e x p e r i m e n t .  C o n s t k a i n t s  on t h e  a p p l i c a b i l i t y  of t h e  method 
- % - -  

i n c l u d e :  - .  
t 

. t h a t  t h e  s u b s t r a t e  a t o m i c  number is e i t h e r  lower  t h a n  
-- 

o r  h i g h e r  t h a n  b o t h  a t o m i c  numbers of  t h e  c o n s t i t u e n t s  
- 

b f  the .  d e p o s i t e d  f i l m ,  
I- 

_- 
2 )  t h a t  t h e  s u b s t r a t e  o r  f tlm.may n o t  c h a r g e  

a-  
- - 

t - 
s i g n t f  i c a n t l y  u n d e r  t h e  e l e c t r o n  beam, . r 

T 

3 )  t h a t  the\  - f i l m s  be  be tween  40  and  300 p g / c m z -  t h i c k  ( f o r  
- 

a n  SEM .of 4 0  k V  maximum a c c e l e r a t i n g  p o t e n t i a l )  . 
- - - - - - ---- - - 

7 
The m e t i ~ o d  shows p r o m i s e  of  ove rcoming  some o f  ' t h e s e  

l i m i t a t i o n s ,  as  d i s c u s s e d  i n  t h e  n e x t  sectyI.on.  

- 

P r a c t i c a l i t y  a n d  ease of u s e  o f  t h e  new method have  been 
8 

shown to be  b e t t e r  or e q u i v A l e n t  t o m o t h e r  , n o n d e s t  c t  i v e  po-st- 
4 P -. 

d e p o s i t i o n  method,  r e q u i r i n g  u n d e r  a n  hour  p e r  measurement  f o r  , 

1 

a n  e x p e r i e n c e d  o p e r a t o r .  A l l  e q u i p m e n t  and  s t a n d a r d s  needed  a r e  

c o m m e r c i a l l y  a v a i l a b l e  a n d  are  becoming more r e a d i l y  a v a i l a b l e  

a s  t h e  SEM becomes a more p o p u l a r  r e s e a r c h  a h d  a n a l y t i c a l  t o o l .  

5 . 2  T o ~ i c s  f o r  F u r t h e r  Work - 
$ 

Many t o p i q s  for f u r t h e ;  work h a v e  b e e n . a i s c o v e r e d  i n  d o i n g  
L 

t h i s  e x p e r i m e n t .  Some o f  t h e s e ,  s u c h  as  t h e  variation i n  
- - - - - 4- 1 L--p-- - 

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

a n g l e ,  h a v e  f u n d a m e n t a l  s c i e n t i f i c  i n t e r e s t .  0&ers,# such,asx 
- - I . , 

improvemen t s  i n  t h e o r e t i c a l  m o d e l s  have  mixed s c i e n t i f i c  a n d  - 
p r a c t i c a l  a p p l i c a t i o n s ,  w h i l e  e f f o ; t s  t o  i n c r e a s e  the e l e c t r o n  

-- _c 



beam intensity and studies to.expdnd the applicability of this 
+- - - - --A- 

/ method have main1y:practical interest only. Each topic , 
w - 

mentioned elsewhere in this theb,is is discussed briefly ig 

sections 5.2.1 to 5.2.6. 

5.2.1 Variation of Incident Beam and Detector AnqIes - -- 

As mentioned in the introduction, work in both of these 

topics has been done before, with results of fundamental 

scientific interest. It is of fundamental interest to see how 
* 

varies with enerqyat -_arka off-nermdlf incidenL beam 'angle f.or - -- 

-c 

bulk and thin film samples, or to measure how the distribution 

of backsdattered electrons varies with incident energy. 

Evidence collected so far in this experiment indicates that n 

varies slowly as a function cf both of these parameters, so 

careful measurements would d o  be made to be of fundamental 

interest. 

5.2.2 Improvements in Theoretical Models 
- 

The analytical modelAdisc[ls~ed in section 3.1 showed - 

qualitative agreement with experimatal data,but deviated from 
h 

that data and the Monte ~arlo~~lmulations in both linearity of 

the graphs and invariance of intercept energy Ei with corapos- 

it ion Loi a give& charge thickness. These sho;tcomings pr;clude - +  
3 

its .use as a mode5 for t thickness determination method. 
> 

The assumptions' made in the model 

designed to enhance its agreement with 

I 

were very simple and 

experimental bulk data 



< 
for % as published in the literature. Changing some of these 

- - - 2  
-- - - -- -- 

- 

1 

assumptions (such as the enexgy dependence on the electron range 
4 

in the sample) could improve the model to the point where i t s  

cpantitative results agree to within uncertainty of experimental 
. . 
results. Arf ef fo-t was made in the theory "to staySaway from an 

empirical formulation, but,removing this restriction for 1 
b 

practical purposes should als'o yield more accurate results. 

5.2.3 Increas q Si-qnal Current . 

Noise ir espee4alZy appa ent' inr the low signabhigh f 
- -- 

aGlif i c h n  situations of low biam energy. Dramatic 

improvements can be .obtained by withdrawing the final aperat-ure 

from the objective polepiece of the SEM. This allows many more 
I 

electrons through, but the resulting loss in resolution due to 

the broadening !of the, beam spot made &ocussing dif f ic:ul t. and d n y  

high resolution work (e.g. checking for charging effectsf i n  the 

sample, as in section 4.3) impossible. 

- + 

- 
Further investigation into the effects of using a 

defocussed beam on measured values of'r) are needed to ensure 

that this method yields similar values as any charging effects 

are magnified by the increased current. The computer 
L\ 

accumulation of data gives the dption of cou ata extremely 7 
slowly. This may also improve the signal - 

needs to,be studied for beam contaminatio A effects. 
9 



+ 

, 

110 

- - - 

9,Z.A -eme&-+--Ffe~v 'Phi11 Films 
, 

Sheng et al. [ 5 2 1  have s h u n  that the Curzon-Rajora 
- - - 

thickness method can determine the thickness o • ’  very thin f i lms 

(from 0 to 40 pgt&very accurately using calibration curves. 

Because these films are too th.in to determine the energy 
?. 

intercept EL, calibration curves would also be need~d for the 

-method of this thesis. 

0 

. - 

such calibratibn curves could use a- slope-point deter- 
,-- 

-- - 

&t ipreferably near the mination, as the slope and a single 

5 keV region) would uniquely identify the composition and 

~ i c k n e s g ~ o f  a film. This can be see'ri by teferring to the ~ o n l e  
b - . - 

Carlo results in figs. 5-9. For a given thickness, ('say 28. 

pg/cd) the slope of the. data increases, slowly and monotonically 

with increasing tungsten concentration: Also the value of at 
& 

5 eV increases dramt ically with increasing tun@ten J 
%gncentration. So the combination of these two values should , 

B yi Id a unique composition and thickness value. 

5.2.5 Thickness Determination for Rouqh Films 

As discussed in se'ction 4.2, the measurements of vr were 

quite insensitive to surface textures in the f i l m  or 
i 

substrates. A quantitative survey of the effects of different 
-- 

textures and roughnesses could provide the m s s a r y  correction 

factors to give good accuxacy for rough film thickness measure- 

ment. The meaning of thickness is less well defined on r6ugh , 

substrates and this too would require further investigation. 



- .  - 
C . . .  r = 111 - 

- - - 

-2 - 
-- - - r - -- - -  - --- - - 

- 
The systematic nature of LoUghness effects at high angles-" - 

could be miniriiized by having the reference subatrbte,'gr material 

, of sim31ar roughness as the 'film to be measured, but a  decrease^ 

in accuracy is felt to be inevitable in extremely rough films as 
, 

the overall thickness is no longer so,clearly defined, and 

neither 'is the incident angle of the electron beak (especially i 
* 

if t backLcatter production volume is of similar dimensions as 
, 

the texture, of film and substrate). -- - 

5.2.6 Measurement of Films' of Arbitrary Comwosition 
C 

The charge thickness determination technique presented in , 

this thesis ha-s proven to be independent of composition for the 

- materials tested. With more experimental data the method eould  

prove,to be independent a • ’  composition for films of arbitrary 
@ 2 
number of components.* The Z/A conversion factor to change 

a charge *thickness int; mass thickness could be graphically 
, 

interpolated from the periodic table but experiments need to be 

done to eDxamine the adount of error introduced. ?bus t h i s  

'has been' explored by this' experiment. 



APPENQIX A 

- 

T h i s  adpend ix  d e s c r i b e s  t h e  im& p r o c e s s i n i d o n e  u s i n g  t h e  

EE&G Ortec EEDS I1 computer  and  i ts  a s s o c i a t e d  hardware  a n d  

s o f t w a r e .  The EEDS I 1  s y s t e m , i s  r u n  by a ~ i g i t a l  Sys tems Corp.  

PDP 11 computer  runnln-g t h e  RT 11 s y s t e m  s o f t w a r e - .  EE&G have 

p r o v i d e d  a programming l a n g u a g e  d e r i v e d  f rom BASIC i n c o r p o r a t i n g  

commands and f e a t u r e s  s p e c i f i c  ' t o '  t h e  EEDS I1 hardware  c o n f i g -  

u r a t i o n .  The a u t h o r s  of  t h i s  l a n g u a g e  added s e v e r a l  
- 

image p r o c e s s i n g  commands and d e l e t e d  t h e  more s t r u c t u r e d  

c o n t r o l  s t a t e m e n t s  of BASIC, naming t h e  r e s u l t i n g  l anguage  

ORACL . 

An image p r o c e s s i n &  program c a l l e d  LSCANR was w r i t t e n  

ORACL t o  compare t h e  s i g n a l  l e v e l  of two segments  of  a l i n e  
I 

image which had  b e e a . p r e v i o u s l y  s t o r e d  i n  t h e  computer  ( u s i n g  

t h e  method d e s c r i b e d  i n  s e c t i o n  2 . 2  of t h i s  t h e s i s ) .  The 

p r e d e f i n e d  f u n c t i o n s  a n d  s u b k o u t i n e s  i n  ORACL were e a c h  s t o r e d  

s e p a r a t e l y  on t h e  8 i n c h  f l o p p y  program d i s k  s o  o n l y  t'he 
- - 

n e c e s s a r y  o n e s  were c a l l e d  t o  r e s i d e  i n  t h e  c o m p u t e r ' s  s o f t w a r e  

memory, _ a s  shown i n  l i n e s  60-110 of  t h e  program. 

' Each  l i n e s c a n  image is h e l d  i n  two c o n s e c u t i v e  of t h e  e i g h t  

1024 c h a n n e l  memories which have  been g i v e n  t h e  a d d r e s s e s  A 
- 

t h r o u g h  H .  I n  l i n e s  160 t o  240 t h e  program i n t e r a c t s  w i t h  t h e  

b p e r a t o r  t o  o b t a i n  t h e  a p d r e s s e s  of t h e  l i n e s c a n  image and . 
background image Can image of c o u n t s  o b t a i n e d  when t h e  e l e c t r o n  



- - v 

Seam-Ts 'Turnea  o-r w m c 5  are,-gTvenpaKdo,ubleletters, ey .  the - - - 
d e f a u l t  9 a l u e s  BC a n d  DE. The SELHEM f u n c t i o n  i n  l i n e  210 - - - .  C 

se lec ts  ( f o r  t h e  p r o g r a m )  w h i c h  o f  t h e  f i r m w a r e  m e m o r i e s  

s u b s e q u e n t  f u n c t i o n s  i n  t h e  p r o g r a m  are  t o  ac t  upon ,  r e t u r n i n g  

a n  e r r o r  message i n  v a r i a b l e g i  ER a n d  J i f  i f  i n c o r r e c t  a d d r e s s e s  - 

are i n p u t .  

- 
The p r o g r a m  h a s  a n  o p t i o n  t o  se t  the p o r t i o n s  o f  t h e  l i n e -  

s c a n  whose  l e v e l s  a re  t o - b e  c o m p a r e d  ( o r  R D I t s ,  s t a n d i n g  f o r -  
- - - -- 

R e g i o n s  Of I n t e r e s t )  a u t o - m a t i c a l l y  o r  t o  a l l o w  a n  image t o  h a v e  

i t s  R O I ' s  s e t  m a n u a l l y .  Manual  s e t t i n g  o f  R O I ' s  i s ' u s u a l l y  d o n e '  

when t h e  image is c o m p l i c a t e d  b y  scratches or u n u s u a l  g e o m e t r i e s  
- 

w h i c h  t h e  a . u t o m a t i c  R O I t s  d o  n o t  c o v e r  p r o p e r l y .  The'EEDS I 1  

s y s t e m  has  b e e n  d e s i g n e d  f o r  s t r a i g h t f o r w a r d  m a n u a l  s e t t i n g  o f  

R O I  ' s  w h e n e v e r  a n  image is b e i n g  a c c u m u l a t e d  o r  ac:ces:3ed. The 

c o m p u t e r ' s  a u t o m a t i c  g r a p h  g e n e r a t i o n  r o u t i n e  p r o v i d e s  a c u r s o r  
- - 

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

j o y s t i c k  b u i l t  i n t o  t h e  EEDS 11. U s i n g  t h i s  c u r s o r  a n d  s p e c i a l  

f u n c t i o n  k e y s  f o r  R O I  s e t t i n g ,  a n y  r e g i o n  o f  a n  imaqe c a n  be 

m a r k e d  as  a n  ROI i n  a n y  o f  1 4  c o l o u r s  l a b e l l e d  f r o m  A t o  N. 

'. 9 

. '. 
-The p r o g r a m  h a e b e e n  s e t  u p  t o  s e a r c h  f o r  o n e  ROI marked 

l i n e  s e g m e n t , : ( u s u a l l y  t h e  o n e  o n  t h e  l e f t )  i n . c o l o u r  A ( r e d )  a n d  

t h e  s e c o n d  F i n e  s e g m e n t  i n  c o l o u r  B ( g r q e n ) .  T h i s  s e a r c h  is 
- - 

d o n e  b y  t h e  GETROI f u n c t i o n  i n  l i n e s  2 4 0  a n d  2 8 0 .  GETROI 
0 

r e t Q r n s  t h e  c h a n n e l  numbe'rs  o f  t h e  l e f t  a n d  r i g h t  e x t r e m e s  of 
- 

the ROI, a n d  r e t u r n s  z e r o  v a l u e s  i f  a n  ROI i n  t he  c o l o u r  \ 



+ - 114 - .. .. 

-- 
- 

3 .  - 
s e a r c h d d  • ’ o r  is n o t  f o u n d .  I f  n o t  found,  t h e  pro*gram t r a n s f e r s  

c o n t r o l  t o  t h e  e r r o r  h a n d l i n g  s e c t i o n  of t h e  program. 

I f  t h e  program s e t s  t h e  R O I ' s  ~ u t o m a t i c a l l y ,  i t  marks them - 

on t h e  image u s i n g  t h e  SETROI command i n  l i n e s  631 t o  650 .  The 
4 0 

m o d i f i e d  image is t h e n  d i s p l a y e d  u s i n g  t h e  GODSP cominand. GODSP 
A- 

r u n s  t h e  c o m p u t e f f s  a u t o m a t i c  g r a p h  g e n e r a t i o n  = r o u t i n e  t o  
. - 

d i s p l a y  t h e  memdry s e l e c t e d  by  t h e  DSPMEM command. To g e t  back 

t o  t h e  i n t e r a c t i v e  t e r m i n a l  mode of t h  computer  o n c e  i t  is i n  a 
. d i s p l a y  mode, t h e  "Terminal"  s p e c i a l  f u n c t i o n  k e y  is p r e s s e d  ( a s  

s u g g e s t e d  by t h e  program i n . l i n e  632). 

= - 
I n  e i t h e r  a u t o m a t i c  o r  manual m o d e s f 7 t h e  program t h e n  sums 

the v a l u e s  (which  r e p r e s e n t  s i g n a l  s t r e n g t h  apd hence  p r o p o r t l 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  from t h e  s a m p l e )  from 
- . u s l n g  t h e  SUMMEH command. - When d i v i d e d  by t h e  number of  

c h a n n e l s  summed o y e r ,  the' r e s u l t  g i v e s .  a n  average* v a l u e  of the 

r e l a t i v e  i - n t e n s i t y  of b a c k s c a t t e r e d  e l e c t r o n s  , d e t e c t e d  f o r .  
- 

p o r t i o n  of t h e  l l n e s c a n  c o v e r e d  by t h e  ROI. However, t h i s  

d i v i s i o n  was n o t  k o n e  as  a l l  o p e r a t i o n s  c o u l d  be  c a r r i e d  OL& 

u s i n g  t h e  sums and u s i n g  sums gave  b e t t e r  p r e c i s i o n  (smaller 
. - 

r o u n d  o f f  e r r o r )  i n  t h e  compute r .  

The program p r e s e n t s  t h e  o p e r a t o r  w i t h  t h e  o p t i o n  to 

c o r r e c t  f o r  s l o p e ,  i n  manual mode b u t  s l o p e  

a u t o m a t i c a l l y  i n  a u t o m a t i c  mode., 

c o r r e c t e d  

I n  b6th modes t h e  p r o c e d u r e  . 
f o r  s l o p e  c o r r e c t i o n  is t h e  same. Small  ROI's are. s e t  up on 



- - - ---- - 
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" 1  
e i t h e r  si.de o f  t h e  red a n d  g r e e n - R O I  I s ;  C o l o u r  H ROI  I s  ( m e ~ i u r n  

*.s 
u-. ' 

b l u e )  b r a c k e t  t h e  red R O I  a n d  c o l o u r  N (black) is u s e d  f o r  t h e  - 
4. 

0 .  . # 7 

> ' b t h e r .  E a c h  o f  t h e s e  smaller R O I f s  ( t h e - y  a re  t y p t i c a l l y  1 0  t o  2 0  
- 

c h a n n e l ?  w i d e )  are  summed o v e r  a n d  d i v i d e - d  by t h e i r  .number o f  

c h a n n e l s  t o  o b t a i n  t h e  average number o f  c o u n t s  i n  t h e  q i d d l e  o f  
< - 

t h e  ROI. A s l o p e  is c a l c u l a t e d  f r o m  e a c h  o f  t h e  b l u e  a n d  b l a c k  
a - - 

~ 0 1 ' s  by t a k i n g  t h e  d i f f e r e n c e  i n  t h e  h e i g h t  o f  t h e  r i g h t  h a n d  

ROI f r o m  t h e  l e f t ,  a n d  d i v i d i n q  by t h e  d i f f e r e n c e  o f  t h e i r ,  

c e n t r e  c h a n n e l s .  I n  the a u t o m a t i c  mode t h i s  is q u i t e  s i m p l e  as 

- - 
t h e  c h a n n e l  .numbers  a re  a l l  p r e s e t .  Once t h e  two s l o p e s - a r e  

c a l c u l a t e d ,  t h e y  a re  p r i n t e d  o u t  b y  l i n e  3 7 0 .  

' / '  

Genera l y  i t  w a s  f o u n d  t h a t  t h e  t w o  s l o p e s  were approx- 
I t 
i m a t e l y  e q u a l ,  i n d i c a t i n g  t h a t  t h e  e f f e c t  was i n  f a c t  o n e  s l o p e  

a f f e c t i n g  t h e  e n t i r e  i m a g e .  T o  c o r r e c t  f o r  t h i s  s i n g l e  a l o p e  

t h e  number o f  c o u n t s  u n d e r  e a c h  R O I  d u e  t o  t h e  s l o p e  -was 
T' 

c a l c u l a t e d  by a s i m p l e  g e o m e t r i c a l  f o r m u l a .  To d e r i v e  t h i s  

f o r m u l a ,  t h e  i n h e r e n t  s l o p e  o f  - t h e  image is g i v e n  t o  a n  

i m a g i n a r y  l i n e  t h r o u g h m e  o r i g i n  ( t a k e n  t o - m e a n  z e r o  c o u n t s  i n  
' 

- 

c h a n n e l  z e r o  i n  t h i s  case) o f  t h e  image ,  as  shown i n  f i g u r e  A l .  

The  e q u a t i o n  o f  t h e  l i n e  is t h e n ;  - 

Where. m is t h e  s l o p e  a n d  x is t h e  c h a n n e l  number .  The number of  

. c o u n t s  c o n t r i b u t e d  t o  e a c h  R O I  c a n  t h e n  b e  c a l c u l a t e d  by 
-. - - 

i n t e g r a t i n g  t h 6  ar'ea, u n d e r  t h i s  l i n e  b e t w e e n  t h e  minimum and 

maximum c h a n n e l  nm-tbers o f  e a c h  ROI . 
-, f 

, . * .  
0 a i 

1 , , , , . -  
& 



Computer- ~or;ection of Slopes in Linescan Images. Figure Al. 

T,he upper drawing shows a typical linescan image as recorded by 

the computer, (with exaggerated slope for clarity). The regions 

used for calculating a correction for the intrinsic slope.(shown 
- 

here ht the -bottom of the image) are su~er-imposed by the ./ 
computer in the blue and black colours. The lower drawing shows - - 

the result of the corrections on the two areas, bed and green, 

Chich are to be compared for'a contrast measurement. The dashed 

line shows what the image would look like without slope. 



max 

Area.  = S m x dx 

m , 2  Area = -( (max) - (min)') 
0 

where 'min' and ' m a x '  are the minimum and maximum channel numbers 

of a given ROI.. Wheii these areas. are sudtracted off of the 'imaq& . - 
# 

C, 

the remainder appears flat, as shown in figure Al. 

The final correction to'tho image needed 'is the subtraction 

of the background level of counts. The backgr~und'count' level 

was found by taking an additional image of the number'of counts 
B 

.obtained when ' the electron beam was turned off. Background 
I 

images,were found to be very flat and o t l a  lpvel adjustable by 

adjusting the amplifier settings of the detector, so .werc 

attributed to electronic DC level offset. Corrections are d o n e '  

simply by subtracting the relevant areas of the background 
1 

'image, defined by the min and max channel numbers of the ROI's, 

from the image being processed. This correction is done in lines 

400 to 480 of the program using the same irrrdge processing 

functions described previously. 
- -- 

The-computer divides the sums from, the two 

.corrected ROI1s green) and prints out the ratio, the, 
0 



4 

-- - - tk&rmFmsnlt .~~rrtfkhr+nversErorconvenience. Experience 
O r 6  

showed that the contrast uncorrected for slope effects was also , 

of interest for comparison, so this is also printed out. ?herd 
- - 

- 

- is a final option for another run or the program transEers - 

control to the 'main menu of the computer in lines 530 to 545 .  

- 

The main menu of the program disk was modified to include 
A 

running LSCANR as an. option. '6; resulting program package was . 
designed to be operated be a non-expert, with appropriate prompts 

---- - ---- -- 
- - -. 

and several options for image processing available automatically. 

This increases the time needed to run the program to over a 

e ir lcreased f lexibillty and ease of use saved many . 
but?" ) 

hours of timk re-measuring samples. 



!PROGRAM TO TAKE R O I S  OF 
! A LINESGAN IMAGE2 5UE. 
! EACk.GROUND AND INTEGRATE 
!TO DETERMINE CONTRAST 
I 

INTEGER TRUSUM, CHANS, TRUZ. CHANSZ 
INTEGER SUM1 , SUMZ. B, SUMF. SUMEZ 
CALL SETROI 
CALL GODSF' 
CALL DSPMEM 
CALL SELMEM 
INTEGER ER. ERR. ERRR. ERRRR 
INTEGER AF:, AER. ARF:R. ARRRH. RAR 
INTESEH PJJIN,NAX.MINZ, MAX2 
CALL SETROI 
IN iESEf t  I . J .~- .~ .M,N.C) ,P.O r \ 
STF: i MG BAC ( 3 > . WEPi G) . MEPk2 i 3 
STRING DAT i3!, T I L T  i T )  . AN3T I,, 
CALL SUMMEM 
INTEGER C.D.E.F,G.H 
INTEGER X I ,  XZ, X 3 .  X 4 ,  X 5 ,  X b .  X 7 ,  X9 
I 

! F'ROGWM ASt-S FOR DATA LDCATIONS I N  PlEM3P'r' 
J 

L&f="SC " 
ASt' "MEMOHY LOCATION OF DATA IMAGE'  ", DAT 
E,QC="DE " . 
ASt. "LCICATION OF EACC SF:3!JN2 IMAGE' ", EAC 

I 

! NCW SELECT THE SOFTWG~E MEMCF~Y FOF: Y ~ N :  PULAT I ON 
BY THE ,SELMEM FN. 

I 4 

J=SELPIEP QkT, ER) 
I F  ,t:J). 3 U. (-11 GOTO hi15 
ASt ' . . "SET E C I  ' S AUTOMATI CALL Y'"" . T I L T ,  
I F  ! T I L T ' .  ED. ( " Y " )  : 60TO t T Z  
I 

! NOW GET EHAN.. NOS. FOR THC WE-ZIONS OF 1PiTEF:EST 
! WITH REGIONS A & E <RED AND GREFN) ON LEFT 



AVG4=SUMMEM ( X 7 ,  XS) / ( X S - X 7 + 1 )  
G=GETROI(1,1,14,X5.XbbERF:R~ * ,  
AVGJ=SUMMEM(XS, X 6 )  ( X 5 - X 5 + 1 )  

'SCOPEZ=GAVG~-AVGZ)  / i i ~ 7 +  i x a - ~ 7 )  , / 2 )  - i ~ ' +  .d ( x A - x ~ )  ;'2> ) 
TYPE ! , "SLOPES 1 AND 2 CALCULATED TO BE: " , SLOF'E1, SLOPE2 
SLPAL~G= i SLOPEI +SLOPEW 
! SLOPE CORRECTION .................................. 

- M I N = M I N - I  ' 

MINZ=MIN2_;SI 
COF:l?SLPAVG+ iMAX*MAX-MIN*MIN)  / 2  
CORZ=SLPAVG* IMAX2*MAX2-P1IN2*r ! IN2)  / 2  
P l I N = M I N + l  m,"mpe--- -- - - 

! SUEThACT EACL'GF:OrJNCS AND TAk'E E A T I O ,  F I N A L  P 5 I N N T O L  ---- 
I--------------- __--------------------- 7 

CHANS=MAX-MIN+1 
CHANS2=MAX2-MI.N2+ 1 
SIZFAC=CHANSZ/CHANS 
SUMl=SUMl-SUM3 
SUM2=SUMZ-SUM3 
UNCOF:=SI ZFAC+SUMI ~ J M Z  
TYPE !."UNCORRECTED L E F T  S I D E  OVER E I S H T  IS : " ,UNCOR 
TF:USUM=SUP? 1 -COR i 

L - 
I 

TRU2=SUM2-CqF;2 
F :ATIO=SI  ZFAC+TRUSUMiTRU2 
TYPE ! ,  " E A T 1 0  (L .H .S .  OVER R.H. S. 15: ",.RATIO 
R A T I O > l ~ ' R A T I O  
TYPE ! ." I T ' S  I N V E R S E  I S : " , R A T I 0 2  
! 

ASt .  ! . ! . ! . "WOULD YOU L I K E  ANOTHER RUN?". ANOT 
I F  CANOT).EG. ( " Y " ) ;  G O T 0  152 
TYPE ! . "GOOD E Y E  THEN"  / 1 
YEXIT TUN MENU MAIN" 
STOF' - - - 
I 

! THIS ENDS THE MAIN BODY OF *THE F ~ O G R A M .  BUT' THERE ARE THE 
! ERROR H A N E L I N G  S U B R O U T I N E S  A S  WELL. 

e - 

TYPE ! , "PROELEM W I T H  S E L E C T I N G  MEMORY, TRY A G A I N "  
ASK !."DO YOU WANT TO T R Y  A G A I N ?  ( Y  OR N) ",MEN- 

b, 6 





This appendix is a summary of the mathematics used by the 

Niedrig model for calculating the electron backscattering from 

solids. As the Niedrig model is a combination of two previous 
e 

theories developed by Everhart 1341 and Thumel 4351, each of 

these theqf ies has been ~mmariked' as well. All th'e theories 
-* 

J 

presented her33 have been revilewed in detail in Niedrig's paper 

a_ 1371, so these summaries, whil necessary in explaining the. 

comput.er programs written for this thesis, will be kept as brief. 

as possible. - L 

The  analytical model of Everhart was derived by assurnin-g 
w - C 

that 211 backscattered electrons travel straight into a target 
4 

and undergo one elastic collision according to the Rutherford 
4 .  

atomic scattering formula before escaping the surface. The 

number of ekctrons scattered into a conical solid angle 
, 

~nsin~d@fr& an incrementar volume of solid Sdx by atoms of + 

charge Ze is given by; 

-. 

E is the kinetic energy of the (electron (~=rnv=/2) anQ n is the 
0 

electron density per square centimeter at the depth x in the 

solid. NA i s  ~vogadro~s.~nurnber, and .s is the permittivity of 
0 

free space. p is the matxial's density, and A is the atomic 
1 -  

weight of the atoms in the solid. 

1 

. - 



c Typically in theories of this kind the distance travelled 
-- --- - -- ---- - - - 

through the solid by an incident electron ~ ~ ' w r i t t e n  in terns of - 
I 

the dimensionless parameter-y=x/R. Where R i s  the totai range , 

of the electron in the solid. Everhart Land Niedrig) used the 

Thoniso'n-Widdington formulation of continuous energy loss in 

solids to calculate this range. This l a w  gives the energy of an * 
electron having passed a distance x through a solid a s 2  

where E is the Enitial electron energy, and cT is T e r r i l l ' s  * - 

0 

constant as measured by Terrill in 1923 [ 5 3 1 .  The electron 

range can be calculated by setting E equal to zero. This gives; 

Also- the sulpt4tution of 8=n-4  ,is a more convenient parameter, as 

shown in figure Dl. Substituting the relationships for x, 8, dnd 

R '  into the probability B1 gives the relationship; 
/ 
1 

- 8 
a n (y)dy sin(@)-de 

. dno(y,e) = ---o (B4) 
\ = 2 (1-y) cos4(e/2) 

where a is usually referred to as Everhart's constant; 

L The equation 83 can be solved for n (y) by integrating over 
0 

9 and y using the assumption that electrons scattere,d less than 

90 degrees are not scattered at all. Thus 6 goes f rorn 0 .to n / 2  
- 



Figure B1. Idealized Electron Beam Path in the ~verhart Model. 

The variables indicated on the diagram are discussed 

- 
i n  the text. The model is symmetrical about the , - - 

vertical axis discribed by the incident beam path.-- 
% / 

- 

and y is left as an indefinite integral. When this is done the . 
- - 

integrals are solvable and result in; 

To solve for the number of electrons backscattered, 

equation B6 can be substituted back into B4 and the resulting 
- - 

--- -- 
equation integrate the boundary condition that only 

/ 

electrons with energy to reach the surface will be 
\> . I 1 

counted. Mathe~~~ttieall condition becomes that y + ysece - 

2- 
- 51 ( see  figure Bl). Th angle 8 for which electrons  

0 



can still escape from a given depth y-thus becomes one of the 
- - - - 

-- . 

boundaries of thq integration, while y is integrated from 0 t d  

1/2 (x=R/2) ,. as beyond, this depth no;;'iectrons have sufficient 

energy to return to the surface. -For a more complete derivation - 
t 

and explanation see 1 3 4 1 .  - - 

- 

The resulting equation for the backsc&ter coefficient is; . 

This result is extendable to the thin film case *(where the film's 
1 

, thickness D<R/2) by integrating y from 0 to to .y=D/RL. This 
I 

, - 
gives; 

with y = D / R .  
a 

0 - 

The Thummel continuous diffusion model has a similar 

derivation but with different scattering assumfltions. The beam 

- is assumed to travel straight into the' target before scattering 
a 

at a depth xD which has a probability"distribution 4 ( x D )  

associated with it. This is rather like the Everhart formu- 
< 

lation, but once scattered the electrons travel in all -- 

directions isotropicalIy - such that their total digtance 

travelled i s  equal to their range R. The total range of 

electrons in the solid has been calculated in the same manner as 

1 .  f 



- - 

in the Everhart mode$. Thus the proportion of electron3 which 
a --- - 

-- - - - - 

I 

are backscattered is ca'lculatad quite easily by consider'ing the 

range of the electrons around the scattering depth to be a 

scattering sphere; ' The backscattered pprtion is just that 

- portion in' the solidangle of the scattering sphere subtended by 
, . 

k 

the surface of the solid. As the scattering is isotropic, the - 
number scattered-tntb that sotid angle is proportional'to the 

- \ 

solid angle divided 6y the total solid angleQ 437. This dives; 

in cartesion. coordinates. B(yD) is the probability distribution 
'$ . .  

for the diffusion depth yD. This equation can be integrated in. -- , 

a similar manner to the Everhart model to give the botaJ-back- 
I .  

scatter ratio r ) .  Results depend largely on :the 'f&rm-of the , , 

- - 

probability distribution i assumed. 

f' 

- The Niedrfg model uses the function; . 

where k is a-constant to be determined. ' This function was 

chosen to 'make the lhumml model mathemtically analogous to %the 
I 

*" * * k* 

~ v e k h a r t  model, such that their differential forms could be added 
$' -m. &@ 

together and mkgrated together. Substituting 810 into B9 and * 
B 

adding B4 gives; 



t 
/ 

- 

, - 
- 

- - 
! 

w * 
n 

I 

- a A P -- 
a n(y)dy s i n e d e  dn(y,B)- = - % t  k 2 n( Id sinede ( B l l )  
2 (1-y) c0s4,(e/2) ( 1-y 

, .r 

This formula can be ,integrated in ti% same fashkn as the 

Everhart model, to give for thick sampfed; - 

and for thin films; 

. &  \ " 
\ -  

, A - 
,The diffusion constant k was'solved for by setting the . - 

II 

single scatter constant a tozero and equatipg the result with 

the results'of a Thurnmel type model which uses a more realistic 

function for %(ub). ' Neidrig used :he function;, 
I 

using this functipn the Thummel model gives the result of-; * 



0 ,  

The v a l u e  o f  . t h e  mean: -d i f f "s ion  d e p t h  yD was c a l c u l a t e d  f r o m  a . . 
f  o r m o l a  d e r  i v e d  by'  ~ r c h a r d - ;  , ,  - - 
&* 

where  Z is , t h e  a t o m i c  number;' o f  t h e  t a r g e t  material .  
* 

5 
1 .  

The d i f f u s i o n  c o n s t a n t  k c o u l d  t h e n  b e  c a l c u l a t e d  

I t e r a t i v e l y  f r o m  t h e  f o r m u l a  ( s e t t i n g  a = O  i n  e q u a t i  p f t - B l 2 ) ;  - 

where  t h e  d e p e n d e n c e  o f ' k  on Z bas b e e n  shown e x p l i c i t l y  h e r e .  

!. 
The c o m p u t e r  p l o g a m  KZCALC shown b e l o w  w a s  w r i t t e n  i n  t h e  . 

I 

BASIC programming  l a n g u a g e  t o  c a l c u l a t e  'k f o r  e a c h  v a l u e  o f  2 o f  

i n t e r e s t  ( v a l u e  o f  Z f o r  a l l o y s  were c a l c u l a t e d  a c c o r d i n g  t o  

e q u a t i o n  4 i n  s e c t i o n  3 . 1  o f  t h e  t e x t ) .  L i n e  1 6 0  c o r r e s p o n d s  t o  

e q u a t i o n  B16 and uses  t h e  v a l u e  of Z o b t a i n e d  f r o m  t h e  
f 

- 

i' programmer b y  l i n e  1 4 0 .  L i n e s  180-220 c o r r e s p o n d  t o  e q u a t i o n  

B14 a n d  t h e  r e s u l t i n g  v a l u e  of DIFETA (pN) is pcinted by l i n e  



E q u a t i o n  1317 w a s  a l q e b r a i c q l l y  mani 'pulated t o , b r i n g  a l l  

t e r m s  t o  t h e  r f g h t  hand s i d e - a n d  was t h e n  set  e q u a l t o  ZBROWd as 
. - 

4 

-shown i n  l i n e  320. A t r i a l  v a l u e  of k w a s  i n p u t  and  t h e  r e s u l t  
, 

checked t o  s e e  . i f  ZEROW was h i g h e r  thZn o r  lower  t h a n  zero. I t  
t v 

w a s  found t h a t  i f  t h e  a c t u a l  v a l u e  of k is lower t h a n - 1 ,  a 
. . 

M 

p o s i t i v e  r e s u l t  f o r  ZEROW i n d i c a t e d  t h a t  t h e  t r i a l  v a l u e  of k . - 
, 

w a s  t o o  h i g h .  However i f  t h e  a c t u a l  v a l u e  f o r  k was g r e a t e r  

t h a n  1 ( k  was found t o  v a r y  between 0 and 1.3 f o r  a t o m i c  numbers 
,4 

between 0 and 8 5 )  t h e  t h e  i n d i c a t i o n  meant t h a t  t h e  s e e d  v a l u e  . - 
k 

of k w a s  t o o  low.t T h i s  f a c t  is r e f l e c t e d  i n  l i n e  370, which 
-- 

c h e c k s  e s t i m a t e d  k v a l u e s  f o r  v a l u e s  g r e a t e r  t h a n  1. L i n e  390 

t a k e s  t h e  d i f f e r e n c e  between t h e  t r i a l  v a l u e  df k and t h e  
- - 

p r e v i o u s  one ( o r  a second  s e e d  v a l u e  i n  t h e  f i r s t .  i t e r a t i o n ) ,  - 

d i v i d e s  by two, and e i t h e r . a d d s  o r  s u b t r a c t s  t h e  r e s u l t  to g i v e  

t h e  t r i a l  value '  'of k t o  g e t  a  new t r i a l  v a l u e .  t i n e  4 4 0  c h e c k s  

t o  see i f  t h e  i t e r a t i o n s  have converged t o  t h e  p o i n t  where 
~ * 

e q u a t i o n  320 (816) is s a t i s f i e d .  I f  n o t ,  t h e  program tries 

a g a i n  u n t i l  i t  is. 

The program u s u a l l y  converged  i n  s e v e n  t o  t e n  i t e r a t i o n s  a s  - 

l o n g  as b o t h  of  t h e  s e e d  v a l u e s  f o r  k were e i t h e r  under  1 or'" 
t - 

o v e r  1, and  o n  t h e  same s i d e  of  1 a s  t h e  a c t u a l  va lue  of k WL 
Because o f  t h e  i t e r a t i o n  scheme employed, t h e  s e e d  v a l u e s  .given 

t h e  program must a l s o  b r a c k e t  t h e  a c t u a l  v a l u e  o f  k .  This -- 

r e q u i r e s  a c e r t a i n  amount of  t r i a l  and e r r o r  ( e r r o r s  a r e  d e t e c -  

t e d  r e a d i l y  when t h e  program e i t h e r  f a i l s  t o  c o n v e r g e  o r  f 
1 

c o n v e r g e s  t o  1) a s  t h e  a c t u a l  v a l u e ' o f  k is n o t  known. k is a 



smooth  f u n c t i o n  o f  Z s o  seed v a l u e s  were n o t  t o o  d i f f i c u l t  t o  
- - - - . - 

e s t i m a t e .  ' _  - 

The V a l u e  of  k t h u s  o b t a i n e d  p r o v i d e s  o n e  o f  t h e  i n p u t  - 

p a r a m e t e r s  f o r  t h e  p rog ram ETACALCl a l s o  w r i t t e n  i n  BASIC. T h i s  

p rog ram was w r i t t e n  t o  c a l c u l a t e  t h e  b a c k s c a t t e r  r a t i o  f o r  t h i n  

f i l m s  o f  c o p p e r - t u n g s t e n  a l l o y  o n ' s i l i c o n  s u b s t r a t e s .  I t  uses , 
I 

e q u a t i o n s  03,  B5,  812, 813, a n d  e q u a t i o n  6 o f  t h e  main  t e x t .  

1 The b a c k s c a t t e r  r a t i o  iS c a l c u l a t e d  f o r  1 0  d i f f e r e n t  v a l u e s  o f  

i n c i d e n t  beam energy be tween  4 a n d  4 0  k e V  and, r e s u 3 t s  are 

d i v i d e d  'by t h e  r e s u l t  f o r -  b u l k  t u n g s t e b  t o  s i m u l a t e  t h e  

e x p e r i m e n t a l  c o n d i t i o n s  o f  s e c t i o n  2Cof t h i s  t h e s i s .  

- - 
ETACALC c a l c u l a t e s  a v e r a g e  v a l u e s  o f  a t o m i c  number 2,  

a t o m i c  mass A, a n d  & t i m a t e d  d e n s i t y  p f r o m  t h e  f r a c t i o n  o f  

- C u n g s t e n  i n  t h e  t a r g e t  s o l i d  i n  l i n e s  1 5 0 - 1 9 0 .  T h ~ , d i m e n s i o n a l  
% 

t h i c k n e s s  D of  t h e  t h i n  f i l m  is u s e d  i n  e q u a t i o n  B13, s o  t h i s  is . . 

c a l c u l a t e d  f r o m  t h e  mass  t h i c k n e s s  ( t h e  r e l e v a n t  p a r a m e t e r  i n  - 
t h i s  t h e s i s )  i n  l i n e  2 0 0 .  L i n e  2 4 0  c a l c u l a t e s  E v e r h a r t ' s  

caef  f  i c i e n t  a c c o r d i n g  t o  e q u a t i o n  B5.  L i n e s  2 8 0 - 4 0 0  are  ieeded \ 

C 

t o  c a l c u l a t e  b u l k  b a c k s c a f t e r  c o e f f i c i e n t s  a c c o r d i n g  t o  e q u a t i o n  
b 

8 1 2  f o r  t h e  t a r g e t  t h i r ,  f i l m  m a t e r i a l  a n d  t h e  s i l i c o n  s u b s t r a t e  

m a t e r i a l  ( f o r , w h i c h  k = 0 . 3 6 6 5  i n  l i n e  2 9 0 ) .  
-.  

4 
The r a n g e  o f  t h e  e l e c t r o n s  i n  t h e  t a r g e t  R is c a l c u  t e d  i n  v 

l i n e  4 6 0  a c c o r d i n g  t o  e q u a t i o n  B5 and, as the thin film -- 

- 
e q u a t i o n s  are o n l y  v a l i d  i f  D<R/2, l i n e  4 8 0  d e f a u l t s  t h e  v a l u e  



3 

f of calculated to the bulk value i.f R is too smell (i.e. the 

i n c 5 5 e n t  beam enSFwEiS too low). Lines 495-540 are devoted 
$, 

to calculating the thin film value- of r )  according to equatlw 
+T 

B13, and the v a l u e  of Q for the thin film and substrate system 

is calculated in line.570 according to equation 6. The final 

printout in line 600 outputs to t h e  line printer t h e  value of r) 
I 

from 

as ca 

line 570 divided by the value for bulk tungs e 

lculated by equation B12. 
-'-T677699 ) 

* 
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* - 

The most important' assqmption in the N.B.S. Monte Carlo 
C 

program used in this study is the 'elastic scattering only' 

Y 
assumption.* Once this has been assumed all interactions- of ths - 

I A 
electrorf being modelled with the solid can be described by the 

r 
Rutherford elastic scattering formula modified to simulate 

r / 

atomic screening and relativistic 

, 

Or in differentia& form; 

( Cla I, 

. m 

here @ is the elistic scattering angle to .be integrated over. 

a is the total collision crpss-section in the solid. Z is.the3 
E 

atomic number, E is the electron beam kinetic energy (in keV), 

2 
and m is the electron rest mass. c is the speed of light, (,mot 0 

2 511 keV) and a is the screening factor 1411: 

The Rutherford scattQring cross-section can be integrated 

to give a probability distribution function for the . w e  #:an' -- 

e 

electron would be scattered into. If the probability is given a 



random - number R L  t h e  f u n c t i o n a l  form is; 

The d i s t a n c e  t r a v e l l e d -  b y  a n  e l e c t r o n  be tween  c o l l  i s i o n s  

c a n  a l s o  be c a l c u l a t e d  f r o m  t h e  R u t h e r f o r d  c o l l i s i o n  cross- 

s e c t i o n .  .The p a t h  l e n g t h  be tween  c o l l i s i o n s  s c a n  be d e r i v e d  

f r o m  t h e  f o r m u l a :  

I n  t h 3 s  s i m u l a t i o n  t h e  p a t h  l e n g t h  be tween  c o l l i s i o n g  h a s  been ' 

r a n d o m i z e d  t o  a v c i d  t h e  somewhat u n r e a i i s t  ic  p a t t e c n  of e n e r g y  _ -- 
l o s s  a n d  c o l l i s i o n s  o c c u r r i n g  a t  e x t r e m e l y  r e g u l a r  i n t e r v a l s .  

The random number g e n e r a t o r  u s e d  w a s  r e s i d e n t  i n  t h e  v e r s i o n  of- - 
U 

t h e  VS. v e r s i o n  o f -  FORTRANdsed on t h e  ma in f r ame  c o m p u t e r .  

\ Randomfza t  i o n  w a s  done  by:  

s i m u l a t e d  e l e c t r o n , t h u s  h a s  a c o l l i s i o n  p a t h  l e n g t h  which  is a ' 

d 
7- 

P' u n c t i o n  o f  i ts  e n e r g y  t h r o u g h  t h e  e n e r g y  r e l a t i o n s h i p  i n  ac. 

I n  t h e  s i m u l a t i o n  o f  a n  e l e c t r o n ,  p a s s i n g  t h r o u g h  a s o l i d ,  t h e  
- +- 

nergy is assumed t o  c h a n g e  c o n t i n u o u s l y ,  t h u s  t h e  p a t h  l e n g t h  
_ F .  

needed  t o  be  r e c a l c u l a t e d  a t  e v e r y  c o l l i s i o n .  



passes through a solid, a continuous energy loss approximation 

is necessary, as the Rutherford scattering formula is for 

elastic scattering only (no energy loss). A formula which works 

well in practice is the Bethe continuous 
. - 

energy loss formula; 

- -- 

= where E is the energy (in eV) of the electron, s is the distance 

travelled through the solid, and J is the mean iopization 

potent la.] for theN1id [ S O ] .  

The mean ionization potential formula was obtained from: 

this equation is an empirical fit to'experimntal data taken 

from neutron scattering, but as most rneasqements of this 

parameter are indirect, this is the best that could be obtained. 

-- - - - -  - -- - 
The program listed below has been organized into a series , 

> * 
# 

 subroutine^.^ The main program, MpNTE3, acts in a supervisory 
- - - 

role to acquire the necessary parameters and print out results. 

It transfers control to subroutine UONTE when the parameters a r e .  

obtalned. Subroutine MONTE controls the actual simulation of - 
I 

each electron, wlth the mq&+ loop which goes from 1 to the 



t h e  i n p u t  p a r a m e t e r s ) .  MONTE t h e n  g o e s  i n t o  a s e c o n d  l o o p ,  i n  
% 

w h i c h  e a c h  i t e r a t i o n  is o n e  sca t ter  e v e n t  f o r  a s i m u l a t e d  

e l e c t r o n .  MONTE calls a s u b r o u t i n e  t o  d e t e r n  n e  w h a t  d i r e c t i o n  1 
t h e  e l e c t r o n  is s c a t t e r e d  i n t o ,  the new c o o r d i n a t e s  o f  t h e  

e l e c t r o n  a f t e r  s c a t t e r i n g ,  a n d  t h e - p a r a m e t e r s  o f  t h e  m a t e r - l a 1  a t  

t h e s e  new c o o r d i n a t e s  n e c e s s a r y  t o  s t a r t  a new sca t t e r  
- - - / 

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

- - 

The s u b r o u t i n e  F I N D Z S  was  w r i t t e n  t o  s i m u l a t e  t a r g e t s ' w i t h  
', 

s u r f a c e  fea t%res ,  a n d  w i l l  f i n d  t h e  z c o o r d i n q t e  of t h e  s u r f a c e  

a t  a gi;en x a n d  y c o o r d i n a t e .  T a r g e t s  i n  t h e  s i m u l a t i o n s  f o r  

t h i s  work w e r e  f l a t ,  s o  t h i s  s u b r o u t i n e  was n o t  u s e d .  PARA was ) 
\ 

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

s c a t t e r i n g  a n g l e ,  t h e  c o s i n e  of t h e  e las t ic  s c a t t e r i n g  a n g l e ,  
- 

and t h e  p a t h  l e n g t h  o f  a g i v e n  s t e p  b e t w e e n  c o l l i s i o n s .  
- 

S u b r o u t i n e  MOVE c a l c u l a t e s  t h e  new c o o r d i n a t e s  o f  a s i m u l a t e d  
/ 

e l e c t r o n  g i v e n  t h e  o l d  c o o r d i n a t e s ,  t h e  s c a t t e r i n g  a n g l e s ,  and 

' t h e  p a t h  l e n g t h .  The f i n a l  s u b r o u t i n e  is TARGET, w h i c h  r e t u r n s  *. 
- 

v a l u e s  f o r  t h e  a v e r a g e  a t o m i c  number ,  a tomic  m a s s ,  a n d  d e n s i t y  

a t  t h e  i n p u t  S o o r d ' i n a t e s .  

The s u b r o u t i n e  TARGET i n c l u d e s  t h e  mathematical d e s c r i p t i o n  
- L 

q f  t h e  s t r u c t u r e  and materials  i n  t h e  t a r g e t .  I n  t h i s  

s i m u l a t i o n  t h ' i n  f i l m s  o f  a v a r i e t y  of m a t e r i a l s  were deposited 

o n  t h e  f l a t  s u r f a c e  o f  b u l k  s i l i c o n ,  go t h e  mathematLccs o f  the 

s t r u c t u r e  a re  s i m p l e  r e l a t i o n s  of t h e  n o r m a l  t o  t h e  s u r f a c e  z .  
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The parzhkters for che thin, film material of atomic number, 
. . 

. mass, and density of the were also passed to this subroutine, as 

these were changed frequently. The subroutine returns the 

values -1 if the electron is out of the solid. 

When the value of -1 is returned by subroutine TARGET, or 

the simulated electron's energy falls below a predetermined 

limit, the subroutine NTE starts a new electron at the surface 4 
of the target. Electrons which reach the surface are counted and 

their final energy and scattering angle is noted as falling into 

one of ten catagories to compile statistics on thetm. The 

statist~cs printed out by the supervisory program MONTE3 are the 

number of electrons backscattered over the total number 

, simulated, the number backscattered in each of 

catagories, and the number scattered into each 

ten 

ten .degree angle 

catagory. 
- 

These catago; i zed results provided the' data for the 

figures 11 and 12 in the k i n  text. 



This pr9ram preforms a Monte Carlo simulation for an 
electronbeam striking a given target. The nature of the 
target is determined from the subroutine TARGET, 
The mainline of this program prompts the user for the 

required parameters to do the simulation. It then passes 
these parameters to the subroutine MONTE which does the 
actual simulation. The subroutine passes back the number 
of electrons which were backscattered from the -target 
when it has completed the simulation.* 

Note that all quanities are expressed in cm , keV , , 

g ,and radians. 

VARIABLE LIST : 
BSCANG - the max. angle w.r~.t. the 2 axis at which 

backscattered electrons can be detected 
ELBSC - the number of backscattered electrons "i 
ELNO - the .number of electron trajectori~s to be done 
ENBEAM - the electron beam energy - 
XSTART, PSTART 

- the coordinates of the electron beam 

REAL XSTART, YSTART, ENBEAM, BSCANG 
INTEGER ELNO, ELBSC, SEED 
DIMENSION BARGPH(O:~), ~ ~ R 2 ( 0 : 9 )  
INTEGER BARGPH, BAR2 
COMMON BARGPH, BAR2 - 8 

DO 15 I = 0,9 
BARGPH(I) = o 
BAR~(I) = 0 I '  

CONTINUE 

WRITE (6.10) . , %  

FORMAT. ( // 1 SX, ' MONTE CARL0 ELECTRON TRAJECTORY SIMULATION ' 
$ /15X142('=')/) I 

XSTART = 0 
YSTART = 0 
ENBEAM = 10 
BSCANG = 1.27 

WRITE (6,501 b 

FORMAT (/'~nter'* the number 
$ ' .simudated. ' ) 
R&AD (Stf) EL 

WRITE (6.80) \ 
FORMAT~//'WORKING . .A  

of electron trajectories to be', 

CALL MONTE ~XSTART,YSTART,ENBEAM,BSCANG,ELNO,ELBSC) 

WRITE (6,90) REAL(ELBSC) / REAL(ELNO) * 100 
FORMAT F 7 . 2  % of the electrani were b a c k s c ~ ~ i  
DO 95 J = 0,9 - 

WRITE (6,100) B A R G P H ~ ,  J . 
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100 FORMAT (/,14,' E l e ~ C t t r - Q n ~ i n - l , U , . t - K V @ ~ ~ ~  ran-') 
95 CONTINUE . 

DO 97 K = 0,9 e 

WRITE (6,105) BAR2(K), K * . l & , ~  * 10 + 1 0  
8 

105 FORMAT ( / I 4  El-ectrons in ',12113r' degree range') 
9 7  - - . - 

CONTINUE 
C 

END A 

c c****************************************************************** 
C - 

SUBROUTINE MONTE ~XSTART,YSTART,ENBEAM.BSCANG,ELNO,ELBSC~ 
C 
C .. The Monte Carlo simulation which this subroutine 
C preforms is taken from the paper "Monte Carlo Electron 
C Trajectory Simulation - An Aid For Particle Analysis" 

. C by D.E. ~ewbury: R.L. Myklebust, K.F.J. Heinrich, and - 

- C J.A. Small.- It is published in the book, "Characterization 
C Of Particles : NSB Spec. Pub. 533", pp 39-62. (located 
C at SFU library under TA 418.78  P378 1 9 7 8 )  
C 
C VARIABLE LI ST : 
C ASANG - ~zimuthal angle for the electron's deflection 
C ATOMNO - Average atomic number of the target material at 
C the present coordinates 
C ATOMWT - Average a v i c  weight of the target material at 
C the-presen coordinates 
C BETHE - rate of energy loss per unit path length due to 
C 1 inelastic collisions (~ethe's formula) ' 
C COUNT - the number of electron trajectories performed a 
C DENSE - the -density of the target material at the 
C present coordinates 
C ENERGY - the electron's energy 
C ESANG - cosine of the elastic scattering angle - 
C MIONIZ - the mean ionization energy of the target 
C material at the present coordinates& 
C OLDSTP - length of? e electron's last step . 
C SCRNFT - screening actor (used for Rutherford's 
C screened elastic cross section formula) 

\ 
C STEP - length of the electron's next step 
C TECS - -  total elastic cross s+ion (from ~utherford's 
C screened Clastic cross section formula) 

I C XSEED - a seedenumber for the random number generator 
C x Y z 
C - Coordinates of the electron's present position 
C relative to-the starting coordinates 
C 

- 

XDELTA, YDELTA, ZDELTA 
C - The displacement of the electron's present 
C from.i.ts last posi(ti,on 
C XSTART, YSTART, ZSTART 
C - The starting coordinates for each oi the electron 
C trajectories 
C 
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INPUT : 

S T A R T ,  Y S T A R T  - - - - - -- 

- the coqrdinates of the electron beam 
ENBEAM - energy of the electron beam - 
BSCANG - the max. angle w.r.t the Z axis at which 

' backscattering electrons can be detected 
ELNO - the number of electron simulations to be done 

OUTPUT : 

C 

- the number of backscattering el=ctronsi 

REAL XI Y ,  2, XDELTA, 'YDELTA, ZDELTA, BETHE, XSEED 
REAL ENBEAM, BSCANG, ASANG, ESANG, ATOMNO, XTOMWT ' 
REAL DENSE, ENERGY, STEP ,OLDSTPI SCRNFT, TECS, MIONIZ 
REAL ANG i 

REAL*8 XSTART, YSTART, ZSTART 
/ 

COMMON BARGPH, BAR2 
INTEGER-ENRINT, ANGINT,BARGPH(O:~), ~AR2(0:9) 

INT- ELNO, ELBSC, COUNT , 

CALL,FINDZS (XSTART~YSTART~ZSTART) . - 
.ZSTART = 0 
ELBSC = 0 C 

CALL %0 5CCF 
I 

DO 20 COUNT = I ,  ELNO 
CALL TARGET (XSTART, YSTART, START, ATOMNO, ATOMWT, DENSE) 
X = O  
Y = 0 
z = o  

t i 
XDELTA = 0 L 

. - 
YDELTA = 0 
ZDELTA = - 1  - 
OLDSTP = 1 
ENERGY = ENBEkM 1 

$ 

S-CRNFT = 3.4E-3 * ATOMNO *?0.6667 / ENERGY 

TECS-= 6.55E-20 * (ATOMNO / ENERGY * (ENERGY + 511) / 
$ (ENERGY + 1 0 2 2 ) )  * *  2  / SCRNFT / ( 1  + SCRNFT) 

I 

STEP = ATOMWT / DENSE / TECS-'/ 6.02E23 

CALL PARA (STEP,XSANG,ESANG,SCRNFT,XSEED) 

MIONIZ = 9.76E-3 * ATOMNO + 5.85E-2 / ATOMNO **' 0.19 
BETHE = -7.85E4 * ATOMNO * DENSE / A ~ ~ ~ ~ ~ /  ENERGY * 

$ LOG(1.1658 * ENERGY / MIONIZ) 
ENERGY = ENERGY + BETHE * STEP 

C $ 
i 

CALL MOVE-(XfY,Z,XDELTk,YDELTE,,ZDELTk,STEPf0L3STP, 
$ hShNG,SSkNG) 

C 
CALL TARGET (X+XSTART; Y+YSTART, Z+ ZSTkRT , hTOMh10 , t.TOWT , 3ENSE - 



- I - - 

+. 
B 

. . - - i 
- 1 4 2  - W 

- 
-- 

IF (DENSE .LE. 0 )  THEN 
- - - - - - - - -- 

- m m m = m E N m  
BARGPH(ENRINT) = BARGPH(ENRTNT) + 1 

ANG = ARCOS~ZDELTA/STEP) 
ANG = ANG * 5,729 
ANGINT - =  INT(ANG) 
BAR~~ANGINT) = BAR~(ANGINT) + 1 
ELBSC = ELBSC + 1 

GOT0 20 
END IF 

C 
IF (ENERGY .GTQ. MIONI z THEN 
GOT0 10 

END IF 
20 CONTINUE 
C .  

RETURN 
END 8 - - -  

C 
C 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C . '  
c 8 

SUBROUTINE FINDZS (XSTART, YSTART, ZSTART) 
C 
C This subroutine returns the appropriate value for ZSTART 
C so the eleotrons' trajectoried start just inside the target 
C material. The parameter ERROR determines the tolerance with 
C which the electrons' starting position can vary from the 
C surface of the target. 
C To find the top surface of the target, this subro 
C starts looking at Z=0. If there is no material at Z= 
C looks at Z = -ERROR. If there is no material there, it keeps 
C doubling 2 until i t  finds a value of Z for which there is 
C some material. However, if at Z=0 there is some material, it 
C look,s at Z = ERROR. I f  there is some material there, it 
C keeps doubling 2 until it find a value of 2 for which there 
C is no material. 1-n both*these cases, it locates the top of 
C the target within some interval of Z.  From then on it keeps 
C bisecting the interval of Z, until it has located the 

surface within a small enough interval of Z. 
C 
C VARIABLE LI ST : 
C ATOMNO - atomic number of the target material 
C ATOMWT ; atomic weight of the target material 
C .  DELTA' - length of the 2 interval 
C DENSE - density of the target material I 

- 

C - ERROR - error tolerance for the value of ZSTART 
C SIGN - set to +1. i f  ZSTART > 0 
C set to - 1  i f  ZSTART < 0 
C XSTART, YSTART, ZETART . - 
C 

- 

- starting position of ?he electron trajectories 
C - 

C 
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OUTPUT : 
STEP - the path length for the electron 
ASANG - azimuthal angle for the electron's deflection 
ESkNG - cosine of the elastic scattering angle 
X~EED - a seed number for the random number generator 

REAL STEP, ASANG, ESANG, SCRNFT, TEMP, S E E D  

STEP = , -  STEP * LoG(G~~CAF(XSEED)) . 

ASANG = 6. r83185 * GO~CAFIXSEED) 

TEMP = G~~CAF(XSEED) 

d BETLlRN - -- 
- 

END 
C 
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

SUBROUTINE MOVE (X,Y,.Z,XDELTA,YDELTA,ZDELTA~TEP,OLDSTP, 
$ .  ASANG,ESANG) 

This subroutine moves an electron from its coordinates 
it new coordinates as determined by+the parameters 

TEP, ASANG, and ESANG. 
To determine the electrons new position, a temporary 

coordinate system is created'with its origin at the - 
electron's present postion and its Z axis in the 
direction of the electron's present motion. (ie. if the 
rlectron is not deflected, i t  will travel in the posi,tive 
-2 direction of the temporary coordinate system) The 
directional cosines of each temporary coordinate axis ar6 
then calculated. From the parameters STEP, ASANG, and 
ESANG,. the coordinates of the electron's new position in 
the temqorary coordinate system are easily determined. 
From these coordinates and the directional cosines, the 
change in the electrons position in the main coordinate 
system is calculated, and hence the new coordinates are 
f.ound. 
For move information on this, see ~ppendix A of' the 

paper, "NBS Monte Carlo Electron Trajectory_ calculation - 

Programw by R.L. Myklebust, .D.E. Newbury, and H. Yakowitz. 
I t  is published in the book, "Use Of Monte Car10 
Calculations In Electron Probe ~icroanalysis And Scanning 
Electron ~icroscopy : NBS Spec. Pub. 46OW, pp 126-128. 
( 1  cated at SFU lpbrary under QH 212 E4 ~ 6 7 1  1975') c 



* 
b ,  - -  -- -- 

-- .';'f 
- - -  - 

mmF Tim? 
- C  A X ,  BX, CX 

C. - directional cosines of temporary X axis 
C Note : the temporary coordinated system is 
C chosen so that BX = 0. 
C A Y ,  BY. 'CY 
C '  -.directional cosines o f  temporary Y axis 
C i  AZ, BZ, C Z  
C - directional cosines of'iemporary Z axis 
C RADIUS - perpe~.rdicul'ar distance from the electrons new 
C positioc to the temporary Z axis 
C TEMP - a variable use to temporarily store a number 
C XTEMP, YTEMP, ZT2MP 

- elect,,ron1s new position in temporary coordinates 
3 

REAL X ,  Y , Z ,  XDELTA. YDELTA. Z D E L T ~ ,  STEP. .OLD&TP, ESANG,  
$ A S A N G ,  A X ,  A Y ,  A Z ,  BY.  B Z .  C X ,  CY, C Z ,  RADIUS. TEMP, 

- - . f i  S XTEMP, YTEMP, ZTEMP * 

L 

XDELTA / OLDSTP 
YDELTA / OLDSTP 

/ OLDSTP 
C 

TEMP = SQRT(AZ ** 2 + cz  * *  2 )  
I F  (TEMP .NE. 0 )  THEN 

AX = - CZ / TEMP 
CX = A Z  / TEMP P 

ELSE 
AX = 1 
CX = 0 

END I F  
C 

AY = BZ * CX 
BY = CZ * AX - CX * A2 
CY = -\ AX * BZ 

C 
RADIUS = STEP * S Q R T ( A B S ( I  - ESANG * *  2 ) )  
XTEMP = RADIUS * COS(ASANG) 
YTEMP = RADIUS * SIN(ASANG)  
ZTEMP = STEP * ESANG 

r 

XDELTA = AX * XTEMP + AY * YTEMP + AZ * S E M P  
YDELTA = BY * YTEMP + BZ * ZTEMP' 
ZDELTA = CX * XTEMP + CY * YTEMP + C Z  * ZTEMP 

C 
X = X + XDELT-A 
Y = Y + YDELTA 
Z = Z + ZDELTA 
OLDSTP = STEP -? 

* C * 
RETURN 
END 

C 



This  subr 'outine de te rmines  t h e  s t r u c t u r e  of t h e  t a r g  
through which t h e  e l e c t r o n  t r a j e c k o r i e s  t a k e  p l a c e .  To 
t h i s ,  i t  r e t u r n s  t h e  average  a tomic  number, average 

. + weighL, and d e n s i t y  of t h e  t a r g e t  a t  t h e  given 
I f  t h e r e  i s  no m a t e r i a l  a t  t h e  g iven  c o o r d i n a t e s  t h e  
nega t ive  d e n s i t y  such a s  - 1  should  be r e t u r n e d .  

I NPUT : 

XI y t  z 
- t h e  c o o r d i n a t e s  fo r '  which t h e  ram.requires  t h e  

t a r g e t  
atomic number, atomic weigh t ,  d e n s i t y  .of t h e  

B 

OUTPUT : 
ATOMNO - --- a v e r g e  - atomic-numb-er - -- 

ATOMWT - average atomic weight 
DENSE - d e n s i t y  ( i f  t h e r e  i s  no m a t e r i a l  then a  nega t ive  

- - va lue  i s  r e t u r n e d )  

REAL ATOMNO., ATOMWT, DENSE, THIN 
REAL*8 X I  Y, Z h  ? 

I F  ( Z  .LE.  0 )  THEN 
ATOMNO = 7 4  - 

ATOMWT = 1 8 3 . 8  / 
DENSE = 12.86 

ELSE 
DENSE = - 1  - 

END I F  
THIN = -4 .E-4  
IF  ( 2  .LE.  THIN) THEN e 

ATOMNO = 1 4  
ATOMWT = 2 8 . 1  
DENSE = 2 . 4  \ 

ELSE 
DENSITY UNCHANGED IF  NOT THROUGH FILM 

END I F  

RETURN 
END 
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