
, MULTIPLE BEMî FIZEAU FRINGES IN THE FIRST ORDER 
OBTAINED ON A SILVERED MICA SURFACE FEATURING A 

CLEAVAGE STEP OF 3i5 X





OPTICAL AND IXTERFEROMETRIC TX^ŒSTIGATTONS 

OF SOME ME1LAI,LIC THIN FILMS

MOTL\MIT) SAFI-EL-DIN SHAAIAN

Poyal Holloway C ollege

T his t h e s i s  i s  submitted for  th e  Degree o f  

D octor o f  P h ilosop h y  in  th e  U n iv e r s i ty  o f  London

A p r i l ,  1975



ProQuest Number: 10097401

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest 10097401

Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



TO MY P A R E N T S

-  2 -



C O N T E N T S

Page

ACIiNObLEDGEMENTS . 6

ABSTRACT . 7

GENERAL INTRODUCTION 9

C H A PTER  I

DEFINITIONS AND REVIE\f OF NEHIODS USED TO DETERMINE] 18

THE PARA>ŒTERS OF THIN ABSORBING FILMS

1 .1  TIDE WAVE EQUATION AND THE OPTICAL CONSTANTS 19
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A B S T R A C T

A s e n s i t i v i t y  study i s  conducted on th e  p o la r im e tr ic  measurable  

A = ( 6 ^ -  6g), th e  d i f f e r e n t i a l  change o f  phase on r e f l e c t i o n  a i r / m e t a l l i c  

f i lm .  A computer aided  study shows the  q u a n t i ty  A to  be s e n s i t i v e  to  

th e  e x t in c t i o n  c o e f f i c i e n t  k and to  f i lm  th ic k n e s s .  I t  i s  o n ly  s e n s i ­

t i v e  to  th e  r e f r a c t iv e  index n in  c e r ta in  ranges o f  n , k and for  

c e r t a in  d v a lu e s .  For f i lm s  o f  d ^ 200 k ,  A becomes i n s e n s i t i v e  to  

n but m ain ta in s  h igh  s e n s i t i v i t y  to  k , w h i le  fo r  d ^ 200 A i t  shows 

some s e n s i t i v i t y  to  n as w e l l  as  k in  c e r ta in  ranges o f  lower v a lu e s  

o f  k ^ 2 .5 .

An in te r fe r o m e tr ic  tech n iq u e  due to  Tolansky (1944 ) ,  i s  used  to  

determine A as a fu n c t io n  o f  6 , th e  an gle  o f  in c id e n c e  for  f i lm s  o f  

Ag , Au and AU a t  d i f f e r e n t  w avelengths in  th e  v i s i b l e  re g io n  o f  th e  

spectrum. I t  i s  shown th a t  t h i s  in te r fe r o m e tr ic  tech n iq u e ,  when c r i t i c ­

a l l y  a p p l ie d ,  i s  capable o f  an accuracy o f  ± 0 .0 0 3  t t .

The e x t in c t i o n  c o e f f i c i e n t s  o f  f i lm s  in v e s t ig a t e d  are found from 

curves  o f  A v s  n fo r  co n stan t  v a lu e s  o f  k . They are shown to  be 

accu ra te  to  ± 0 . 0 3  when A i s  accu rate  to  ± 0 .0 0 3  tt th u s  rendering a 

sim ple and in ex p en s iv e  techn ique an accurate  and e f f e c t i v e  method for  th e  

determ ination  o f  th e  e x t in c t io n  c o e f f i c i e n t  o f  h ig h ly  r e f l e c t i n g  m e t a l l i c  

f i l m s .

A new o p t i c a l  system to  produce m u lt ip le  beam in te r f e r e n c e  f r in g e s  

o f  v a r ia b le  ch r o m a tic ity  in  th e  f i r s t  order i s  d escr ib ed .  The system  

en a b les  th e  surveying o f  f e a tu r e s  w ith in  th e  order. I t  a l s o  removes the

-  7 -



am biguity met in  convention a l monochromatic in ter fero m etry  concerning the  

order o f  in t e r fe r e n c e  to  which a fr in g e  may b e lon g .  b L ite  l i g h t  m u lt ip le  

f r in g e s  are ob ta ined  f i r s t  and the  orders  are reco g n ized .

Some o u t l in e s  are p r o je c te d  fo r  in v e s t ig a t i n g  th e  s e n s i t i v i t y  o f  

th e  o p t i c a l  phase p r o p e r t ie s  o f  m e t a l l i c  f i lm s ,  namely th e  phase changes 

on r e f l e c t i o n  a i r / m e t a l l i c  f i lm  ^ , d i e l e c t r i c  s u b s t r a t e /m e t a l l i c  f i lm  

and in  tr a n sm iss io n  y , a t  normal in c id e n c e ,  to  n , k  and d .  I t  i s  

proposed to  t r y  to  ex p la in  and l in k  the  behaviour o f  th e s e  phase q uanti­

t i e s  w ith  t h ic k n e s s  fo r  d ^ 200 k  in  terms o f  n and k . A lso  a com­

p a ct  new monochromator to  produce f r in g e s  o f  v a r ia b le  ch ro m a tic ity  for  

s u rfa ce  microtopography s tu d ie s  i s  p r o je c te d .
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GENERAL I N T R O D U C T I O N

In tr y in g  to  open t h i s  genera l in tr o d u c t io n  to  t h i s  t h e s i s  th ere  

was noth ing  more ex p r e ss iv e  o f  what one may say in  in trod u cin g  in t e r f e r o -  

nietry than the f i r s t  few l i n e s  Tolansky wrote in  the  p re fa ce  o f  h i s  

In tr o d u ct io n  to  Interferometry^^^^

I n t e r f  erometry i s  an e leg a n t  branch o f  o p t i c s .  I t  
i s  e le g a n t  because o f  i t ' s  economy o f  means. With l i t t l e  
more than two s l i t s  or two mirrors one can, on the  one 
hand, plumb th e  depth o f  space to  measure th e  diameter o f  
a s ta r  or ,  on th e  o ther  hand, th e  h ea r t  o f  a c r y s t a l  to  
measure th e  s i z e s  o f  m olecu les  . . .  . The e s s e n t i a l  suc­
c e s s  w ith  i n t e r f  erometry l i e s  not so much in  th e  means 
a t  d is p o sa l  but in  th e  c r i t i c a l l y  c o r r e c t  use  o f  th e se  
sim ple means. The su b je c t  th e r e fo r e  c o n s t i t u t e  an admir­
ab le  e x e r c is e  in  d is c r e t io n a r y  a p p l ic a t io n  . . . "

Two main areas  where in te r fe r o m e tr ic  tech n iq u es  proved to  be a power­

fu l  and v e r s a t i l e  t o o l  are t h in  f i lm  o p t ic s  and su rface  microtopography.

Many o f  the s i g n i f i c a n t  developments in  th e s e  two areas were o r ig in a te d  in  

t h i s  department during the  l a s t  th ree  decades. T olansky's  a p p l ic a t io n  o f  

m ultip le-beam  F izeau  f r in g e s  and f r in g e s  o f  equal chromatic order to  mea­

sure th e  th ic k n e s s  o f  th in  f ilm s^^^’^ \  remains th e  most w id e ly  u sed . The 

a p p l ic a t io n s  o f  in te r fe r o m e tr y  to  top ograp h ica l s tu d ie s  are too numerous 

to  be mentioned h e r e .  However th e  e x te n s iv e  number o f  s tu d ie s  ca rr ied  out 

on mica and diamonds would i l l u s t r a t e  the  point^^^^. In  t h i s  t h e s i s  i t  i s  

sought to  fu r th e r  develop the  u se  o f  in te r fe r o m e tr ic  tech n iq u es  in  th e se  

two areas  o f  t h in  f i lm  o p t ic s  and su rface  microtopography. As for  the  

f i r s t  f i e l d  we deal here w ith  a p h y s ic a l  q u a n t i ty  e s s e n t i a l  fo r  th e  d e ter ­

m ination  o f  o p t i c a l  c o n s ta n ts .  This q u a n t i ty  i s  th e  change o f  phase a t  

r e f l e c t i o n  a t  th e  boundary between two o p t i c a l l y  d i f f e r e n t  media. In  th in  

f i lm  o p t i c s  the  q u a n t i ty  u s u a l ly  determined i s  A = (&p -  6g) the  d i f f e r e n -  

change o f  phase a t  r e f l e c t i o n ,  i . e .  th e  d i f f e r e n c e  in  phase upon r e f l e c t i o n ,  

a t  a n g le s  o th er  than normal, between the  l i g h t  v ib r a t in g  p a r a l l e l  and p er­

p en d icu la r  to  the  p lan e  o f  in c id e n c e .  A techn ique f i r s t  rep orted  by

-  9 -



Tolansky^  ̂ and l a t e r  used  and developed by Avery^^^ and Barakat and
( 33)

Shaalan , for  the  determ ination  o f  A as fu n c t io n s  o f  0 the angle o f  

in c id e n c e ,  i s  optim ized  and used to g e th er  w ith  computer prepared graphs to  

e x tr a c t  the  e x t in c t io n  c o e f f i c i e n t  o f  th in  h ig h ly  r e f l e c t i n g  f i lm s .  Thus 

rendering m u lt ip le  beam in ter fe ro m etry  u s e fu l  for  the  determ ination  o f  the  

o p t i c a l  con stant k . As w i l l  be shown in  th e  fo l lo w in g  chapters ,  the  

method i s  capable o f  accuracy comparable to  th ose  achieved  by other methods 

w ith  th e  added advantages o f  economy and s im p l ic i t y .  The computer study  

o f  th e  p r o p e r t ie s  o f  the q u a n tity  A y ie ld e d  some in t e r e s t i n g  p o in t s  u s e fu l  

in  d es ig n in g  experim ental s e t -u p s  and ex p la in s  the  poor s e n s i t i v i t y  o f  some 

methods used  to  f in d  A in  c e r ta in  reg io n s  o f  n and k v a lu e s .

In th e  second area d e a l t  w ith  in  t h i s  t h e s i s ,  namely surface micro­

topography, a new o p t ic a l  s e t -u p  i s  used to  produce ' f r in g e s  o f  v a r ia b le  

c h ro m a tic ity  in  the  f i r s t  o r d e r ' .  These are observed for  the  f i r s t  t im e.  

The idea  i s  th a t  i f  and when w hite  l i g h t  m u lt ip le  beam fr in g e s  are obtained  

between two su r fa c e s ,  on ly  the  f i r s t  and second orders are c l e a r ly  seen  

because overlapp ing  occurs for  h igher  ord ers .  The order o f  in te r fe r e n c e  

t h e r e f o r e ,  th a t  i s  f i r s t  or second, i s  never in  doubt. In  multiple-beam

f r in g e s  w ith  monochromatic l i g h t ,  one has no idea  as to  what order o f  

in t e r f e r e n c e  th e  observed fr in g e  b e lo n g s .  To determine th e  order o f  in t e r ­

fere n c e  i t  i s  n e c e ssa r y  to  produce f . e . c . o .  f r in g e s  and r e s o r t  to  some 

c a l c u la t io n s .  In  w h i t e - l i g h t  m u lt ip le  beam fr in g e s  th e  ambiguity i s  

t o t a l l y  removed. In  the  f i r s t  order one has a pure spectrum from the b lue  

to  th e  red . The b lu e  fr in g e  i s  surrounded by a 'b lack  f r in g e '  a t  the p o in t  

o f  c o n ta c t ,  i . e .  a t  the  edge o f  the wedge. However the  w h i t e - l i g h t  p a t­

t e r n  remains on ly  a b e a u t i f u l  d e s c r ip t iv e  p a tte r n  w ithout means o f  y i e l d ­

ing  in form ation  about th e  su rface  i t  contours in  a q u a n t i ta t iv e  manner. 

T olan sk y(°^ ) ,  produced such fa s c in a t in g  p a tte r n s  on mica su r fa c e s .  He 

noted th a t  i f  th e  f i r s t  order spectrum could be d iv id ed  in to  a hundred

-  10 -



p a r t s ,  t h i s  d iv i s i o n  vould  correspond to d iv id in g  th e  h e ig h t  o f  th e  vehge  

e n c lo s in g  th e  f i r s t  order spectrum in to  13 i  s te p s  or th ereab ou ts ,  i . e .  a 

chrocuitic change o f  about 25 1 ,  In t h i s  t h e s i s  ve  s h a l l  d escr ib e  an 

o p t i c a l  u.onochx omator se t-u p  capable o f  producing a chromatic chacmo o f

—0 A X e x u l t in g  in  h e ig h t  changes o f  the order o f  10 % in  th e  part o f  th e  

wedge e n c lo s in g  the f i r s t  order f r in g e s .  The system i s  capable o f  y i e l d ­

in g  a top o g ra p h ica l  map r e p r e se n ta t iv e  o f  the space vithimi th e  hzLowni ©rder 

in  th e  up and down d ir e c t io n s  .

Nov, as for  i n t e r f  erometric determ ination o f  th*e © xtiso t ior i c o e f f i ­

c i e n t  o f  h ig h ly  r e f l e c t i n g  th in  f i lm s ,  ve note  th a t  th e  t h r e e  pajramemer-s 

which d e f in e  a th in  absorbing f ilm  a t  a c e r ta in  vaveleügth. are  d th e  th ic h -  

n e s s ,  n 't l ie  r e f r a c t iv e  i n d e x '  and k 'the e x t in c t ie m  C iseff ic ie iit"  where 

n = n - i k  i s  the 'complex r e f r a c t iv e  in d e x ' .  The term cem starts  i s  some­

what m is le a d in g ,  s p e c i a l l y  when ap p lied  to  f i lm s  w ith  d ^ k s in c e  th e  

s tr u c tu r e  o f  th e  f i lm  p la y s  a dominant r o le  in  deteraiining i t s  p r o p e r t i e s .  

However, fo r  f i lm s  o f  th ic k n e s s  s u f f i c i e n t  to  ignore th e  e f f e c t s  o f  m u lt i ­

p le  r e f l e c t i o n s  w ith in  them, the con stants  approach s ta b le  v a lu e s  charac­

t e r i z i n g  the  bulk m a te r ia l .  the  constants  n and k e r e  n e t  n i r e c t l y  

measurable q u a n t i t i e s .  They cou ' be found from measurements perf^rmeh  

to  determine q u a n t i t i e s  th a t  are r e la te d  to  them by formulae haseh  ©n th e  

e le c tr o m a g n e t ic  th eo ry .  In a broad sen se , th e se  q u a n t i t i e s  cenltS he  

d iv id ed  in to  two c a te g o r ie s ,  r e f l e c t e d  and tran sm itted  i n t e n s i t i e s  c f  

l i g h t  f a l l i n g  onto th e  surface o f  the specimen, and phase changes npcn  

r e f l e c t i o n  and in  tra n sm iss io n .  The combination to  be u sed  w i l l  depend 

upon th e  nature o f  th e  problem a t  hand. In  the  g en era l case  o f  an ah sorer— 

ing f i lm  on a non-absorbing su b s tr a te ,  and for  th ic k  f i lm a  wnere n m lt ip le  

r e f l e c t i o n s  w ith in  them could be ignored, th e  fo l lo w in g  s e t  o f  equations*  

h o ld  and cou ld  be used to  determine the o p t ic a l  co n s ta n ts  :

-  11 -



n2 -  k2 =  t2 ( c ° d 2 - ) -  s ln ^ ,2 ' i . s in 2 A )  ^ ^ . ^ 2  g 
(1 + s in  2\|)’ cos A )

„ , s in  4 \1/ s in  A6 n k =

where

(1 + s in  2̂ ' cos A)  ̂

t  = s in  6 t an  9 

-  cot A = (p^ + -  t ^ ) / 2 q t

sec 2  ̂ = (p^ + q2 + t ^ ) / 2 q t

2p^ = n^ -  -  sin^G + (n^ -  k^ -  sin^G)  ̂ + 4 n ^ k ^ J

2q^ = -n^ + k^ + sin^B + (n^ -  k^ -  sin^6)  ̂ + 4 n ^ k ^ J ^  .

In  th e  above formulae ,

A = 6 - 6 ^  th e  d i f f e r e n t i a l  change o f  phase on r e f l e c ­
t i o n  a i r / m e t a l l i c  su r fa c e .

^ = ta n   ̂ —  where p and are th e  r e f l e c t e d  am pli-
tudes  for  th e  11 and ± components.

3 i s  th e  angle  o f  in c id e n c e .

The p rev io u s  s e t  o f  equ ation s are , perhaps, b e s t  d e a l t  w ith  u s in g  
( 2 )

D ru d e 's '   ̂ p o la r im e tr ic  te c h n iq u e s .  Measurements are made a t  r e f l e c t i o n  

and a t  ob liq u e  in c id e n c e .  When d ^ X e x p ress io n s  which take  in to  account  

m u lt ip le  r e f l e c t i o n s  w ith in  th e  f i lm  must be u sed .  However, th ere  e x i s t  

many v a r i a t i o n s  on t h i s  g en era l techn iqu e to  s u i t  c e r t a in  a p p l ic a t io n s  and 

sometimes to  s u i t  some resea rch  budgets i The d i f f e r e n t  approaches to  the  

problem o f  th e  ch o ice  o f  a method to  determine the  o p t i c a l  co n s ta n ts  o f  

absorbing f i lm s  are d iscu sse d  in  rev iew s by A b e le ' s^^^ and H eaven*s^ ^ \

i s iTolansky^ ' used  m u lt ip le  beam f r in g e s ,  formed in  tra n sm iss io n  u s in g  

a l e n s - p l a t e  in te r fe r o m e te r ,  to  determine A = ( 0 ^ -  6^) as a fu n c t io n  o f  

th e  angle  o f  in c id e n c e .  The f i lm  co a t in g  th e  in te r fe r o m e te r ' s  p l a t e s  was 

a s i l v e r  f i lm  o f  about 500 A . This approximates v e r y  c l o s e l y  to  th e  case  

o f  bulk s i l v e r  s in c e  the  o p t ic a l  co n sta n ts  o f  s i l v e r  f i lm s  o f  d ^ 200 Â
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are n e a r ly  th o se  o f  the hulk metal^^^. Avery^^^ used  th e  technique  

to g e th e r  w ith  measuring the  r a t io  o f  the  r e f l e c t e d  am plitudes to  deduce 

th e  o p t i c a l  co n s ta n ts  o f  s i l v e r ,  copper and t i n  f i lm s ,  A survey o f  l i t e r a ­

tu re  on th e  tech n iq u es  fo r  determining th e  measurable q u a n t i t i e s  le a d in g  to  

n , k and d would rev e a l  th a t  in te r fe r o m e tr ic  tech n iq u es  are on ly  l a r g e ly  

used  fo r  determ ining d u s in g  T olansky’s method^^). They are a ls o  used  

in  determ ining phase changes a t  r e f l e c t i o n  and in  tran sm ission ^ ^ ’^^’^^’^^^. 

Schulz used an in te r fe r o m e tr ic  assembly to  determine k th e  e x t in c t io n  

c o e f f i c i e n t  o f  s i l v e r  f i lm s .  This was based on determining th e  phase 

change a t  r e f l e c t i o n  d i e l e c t r i c / m e t a l l i c  f i lm  in t e r f a c e  a t  normal in c id en ce .

In  t h i s  t h e s i s  th e  q u a n t ity  A i s  determined in t e r f e r o m e t r ic a l ly  as  

a fu n c t io n  o f  0 for  f i lm s  o f  s i l v e r ,  go ld  and aluminium a t  d i f f e r e n t  wave­

le n g t h s .  This  i s  done in  th e  l i g h t  o f  a computer a n a ly s i s  o f  th e  depen­

dence o f  A on the  parameters n , k and d . A p re l im in a ry  in v e s t ig a t i o n  

showed two ca se s  o f  p r in c ip a l  i n t e r e s t  for  f i lm s  o f  th ic k n e s s  above and 

below 200 A . For th e  th ic k e r  f i lm s  A i s  i n s e n s i t i v e  to  n but k the  

e x t in c t i o n  c o e f f i c i e n t  could  be found to  ±  0 .025  when A i s  measured 

to  ± 0 . 0 0 2 5 t t ° a t  th e  h ig h e s t  p o s s ib l e  angle  o f  in c id e n c e .  For f i lm s  o f  

d ^ 200 Â, A shows some dependence on n as w e l l  as k .  T his  in c r e a se s  

as th e  f i lm  th ic k n e s s  d ecreases ,  and in  th e  lower range o f  k ^ 2 .5 .  A lso  

th e  dependence on n i s  more pronounced in  th e  h igh er  ranges o f  n where 

n i s  in  the neighbourhood o f  2 .0  .

The f i r s t  case  i s  f u l l y  in v e s t ig a t e d  here u s in g  in te r fe r o m e tr ic  

methods. The second case o f  d ^ 200 A could  be in v e s t ig a t e d  u s in g  

s p e c ia l  in te r fe r o m e te r s ,  e .g .  k o s te r  in t e r fe r e n c e  comparator a t  normal 

in c id e n c e .  O u tlin es  for  fu rth er  work in  t h i s  d ir e c t io n  are g iv e n  a t  th e  

end o f  t h i s  p r e se n t  work. In  th e  case  when th e  h ig h ly  r e f l e c t i n g  f i lm  

i s  o f  th ic k n e s s  d ^ 200 1 ,  the  experim ental arrangement i s  to  d e p o s it
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such a f i lm  on two h igh  grade o p t ic a l  f l a t s  which w i l l  c o n s t i t u t e  the  two

p l a t e s  o f  a coated  a ir  wedge in ter fero m eter  in  tra n sm iss io n .

M u lt ip le  beam Fizeau fr in g e s  are f i r s t  secured a t  normal in c id e n c e .

In tra n sm iss io n  th ey  are b r ig h t ,  s t r a ig h t  l i n e  f r in g e s  on a dark background, 

th e y  run p a r a l l e l  to  the  edge o f  th e  wedge. As th e  in c id e n c e  changes from 

normal, th e  f r in g e s  g e t  broader, and for  0 ^ 20°, depending on the o r i g i ­

n a l shrpness o f  the f r in g e s ,  each s p l i t s  in  two components. I t  can be shoim

th a t  th e  two components be long  to  l i g h t  v ib r a t in g  p a r a l l e l  and perpen­

d ic u la r  to  th e  p lane o f  in c id en ce  w ith  the  outer  f r in g e ,  b e lon g in g  to  the  

p erp en d icu lar  component, moving away and becoming p r o g r e s s iv e ly  sharper and 

weaker. The d i f f e r e n c e  in  path  r e s u l t in g  from th e  phase d i f f e r e n c e  a t  

r e f l e c t i o n  for  the  two l i g h t  components, p a r a l l e l  and p erp en d icu lar  to  th e  

p lan e  o f  in c id e n c e ,  shows i t s e l f  as a f in g e  sep a ra t io n ,  a l lo w in g  A to  be 

measured as a f r a c t io n  o f  the  in te r fe r o m e tr ic  order s e p a ra t io n .  This  

p erm its  A to  be expressed  as a f r a c t io n  o f  X th e  w avelength  o f  l i g h t  

used to  i l lu m in a te  th e  in ter fe ro m eter ,  s in c e  a path  d i f f e r e n c e  o f  "h/2 i s  

e q u iv a le n t  to  d i f f e r e n c e  in  phase o f  tt°  . A A v s  0 curve i s  obtained  

e x p er im en ta lly  and th e  va lu e  o f  k , the  e x t in c t i o n  c o e f f i c i e n t ,  i s  deduced 

from computed curves o f  A v s  n w ith  k as a parameter.

In  th e  su rface  microtopography area , experim ents were performed to  

show th e  p o s s i b i l i t y  o f  a ch iev in g  a scanning fr in g e  se t-u p  o f  v a r ia b le  

c h r o m a t ic i ty .  W h ite - l ig h t  m u lt ip le  beam fr in g e s  were ob ta in ed  on mica 

s u r fa c e s .  Observed under proper o p t ic a l  c o n d it io n s ,  th e  f i r s t  order  

f r in g e s ,  o f  pure spectrum c o lo u r s ,  are c l e a r l y  seen . They are fo llow ed  

by second and h igh er  orders where overlapping ta k e s  p la c e .  A sim ple c a l ­

c u la t io n  would show th a t  the  f i r s t  order f r in g e s  do e n c lo se  between t h e i r  

b lu e  and red ends, a top ograp h ica l h e ig h t  in t e r v a l  o f  the  order o f  1500 A .
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In monochromatic m u lt ip le  beam in ter fe ro m etry ,  the  top ograp h ica l  

h e ig h t  en c lo sed  between any two s u c c e s s iv e  f r in g e s  i s  X/2. This i s  

27o0 A in  the case  o f  the mercury green l i n e .  Thus when working in s id e  

one s in g le  order we have  ̂ g r e a t ly  enhanced top ograp h ica l s e n s i t i v i t y  w ith  

th e  added knowledge o f  the order o f  in t e r f e r e n c e .  However, to  e s t im ate  

th e  top o g ra p h ica l  changes, one must e i th e r  measure th e  changes in  wave­

le n g th  and r e l a t e  them to  the corresponding h e ig h t  changes, or measure 

the  h e ig h t  changes in  s tep  forms, and r e l a t e  them to  th e  wavelength  at  

which th ey  occur. The l a t t e r  case i s  the  con ven tion a l chromatic m u lt ip le  

beam in te r fe r o m e tr ic  procedure. To ach ieve  th e  f i r s t  g o a l ,  th e  f i r s t  

order f r in g e s  must be d iv ided  in  s p e c tr a l  s te p s  o f  the  order o f  20 A , cor­

responding to  some 10 k  in  h e ig h t  changes. This end was r e a l i z e d  in  t h i s  

work, by s e t t i n g  up a monochromator system w ith  a con stant  d e v ia t io n  prism  

as i t s  d is p e r s in g  elem ent.

The system, to  be d escr ib ed  l a t e r  in  d e t a i l ,  has th e  fo l lo w in g  main 

f e a tu r e s  :

(1) a w h ite  l i g h t  source

( 2) a m ultichrom atic  l i n e  source

(3 ) a monochromatic source

( 4) a con stant  d e v ia t io n  spectrom eter w ith  i t s  t e l e s c o p e  removed.

L igh t from th e  w hite  l i g h t  and m ultichrom atic  sources  i s ,  s im u ltan eou s ly ,  

focused  down onto th e  entrance s l i t  o f  th e  spectrom eter . P a r a l l e l  rays  

f a l l  on th e  con stant  d e v ia t io n  prism. The d isp ersed  rays  are c o l l e c t e d  

by a 100cm fo c a l  le n g th  le n s  a t  th e  fo c a l  p o in t  o f  which a narrow s l i t  i s  

p la c e d .  The le n s  produces a s t r ip  o f  d isp ersed  w hite  l i g h t  spectrum from 

th e  deep b lu e  to  th e  deep red, w ith  a l i n e  spectrum c l e a r l y  imposed upon 

i t .

The le n g th  o f  th e  spectrum s t r ip  and th e  w idth  o f  th e  s l i t  i s  such  

th a t  i t  makes i t  p o s s ib l e  to  s e l e c t  narrow bands o f  spectrum, 10 A— .̂0 k
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are t y p ic a l  v a lu e s .  The imposed l i n e  spectrum serv es  th e  purpose o f  

c a l ib r a t in g  th e  w hite  l i g h t  spectrum s t r i p .  Now th e  w avelength s e le c t e d  

by the  e x i t  s l i t  could be v a r ied  a t  w i l l  by turn in g  the  prism ta b le  drum. 

The c a l ib r a te d  drum could read to  1 .0  A, The t h ir d  source, a . f i l t e r e d  

monochromatic s p e c tr a l  lamp, provid es  a one f ix e d  wavelength  focused  onto 

th e  e x i t  s l i t  through the same 100 cm fo c a l  le n g th  l e n s ,  r e p la c in g  the  

sp ectrom eters  t e le s c o p e  arm but not v ia  the prism . The mixture o f  l i g h t  

emerging from the e x i t  s l i t  i s  rendered p a r a l l e l  and a llow ed  to  f a l l  onto 

th e  t e s t  p ie c e  in te r fe r o m e te r .  A microscope w ith  a camera attachment,  

perm it photographic record in gs  o f  th e  in te r fe r e n c e  f r in g e s .  When w hite  

l i g h t  in te r fe r e n c e  bands are obtained  and f i r s t  order spectrum c l e a r l y  

seen , l i g h t  from the  f ix e d  wavelength i s  a llow ed to  f a l l  on th e  t e s t  p ie c e  

and one would observe the  monochromatic f r in g e s  contouring th e  f e a tu r e s  

o f  th e  s u r fa c e .  Now obscuring the  c a l ib r a t io n  spectrum and a llow in g  the  

w h ite  l i g h t  spectrum through the e x i t  s l i t ,  one ob serves  ( i )  th e  f ix e d  

w avelength  fr in g e  o f  th e  f i r s t  order, and ( i i )  the  v a r ia b le  c h ro m a tic ity  

fr in g e  formed by l i g h t  s e l e c t e d  by the s l i t  from th e  w h ite  l i g h t  spectrum 

s t r i p .  I f  the  fe a tu r e  contoured by the f i r s t  order f r in g e s  i s ,  say, a 

s tep  o f  50 A in  h e ig h t ,  one would ob ta in  a co in c id en ce ,  a cr o ss  th e  s tep ,  

between the f r in g e  belon g in g  to  the f ix e d  w avelength  and a f r in g e

b e lo n g in g  to  a w avelength  (X^ + 100)1 , read on th e  spectrom eters  dinim 

( s e e  fr o n t  p ie c e  photograph). The h e ig h t  o f  th e  s tep  [ (X ^ + lO O )-  X ^]/2 

th u s  o b ta in ed . However, s in c e  the f r in g e s  are formed in  tr a n sm is s io n s ,  

th e  phase change a t  r e f l e c t i o n  in s id e  th e  wedge gab would a f f e c t  th e  s tep  

h e ig h t  c a lc u la te d  from the  above formula. This problem needs knowledge 

o f  v a lu e s  o f  th e  phase change a t  r e f l e c t i o n  a t  th e  a i r / s i l v e r  in t e r f a c e ,  

fo r  th e  p a r t i c u la r  wavelengths in v o lv e d .  A l t e r n a t iv e ly  th e  whole ex p e r i­

ment could  be performed in  r e f l e c t i o n ,  i . e .  having a r e f l e c t e d  f r in g e  

system (^ '^ ^ ).  This p o in t  w i l l  be taken up l a t e r  in  g r e a te r  d e t a i l .
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To i n v e s t ig a t e  the topographica l d e t a i l s  o f  th e  f i r s t  order en c la v e ,  

d i f f e r e n t  f i l t e r s  may he used to  produce d i f f e r e n t  f ix e d  w avelength  f r in g e s ,

w h i le  th e  spectrom eters  drum p rovides  the  v a r ia b le  elem ent. In  t h i s  way 

th e  f i r s t  order, or any oth er , span could be scanned to  produce a topo­

g r a p h ica l  map d escr ib in g  the surface  under exam ination. The se t-u p  could  

be improved, e . g .  by the use o f  two g ra t in g  monochromators moving a g a in s t  

each o th e r ,  p rov id in g  grea te r  d isp ers io n  and h igh er  accuracy. This w i l l  

be mentioned a t  the  end o f  t h i s  t h e s i s .  The above d escr ib ed  method seems 

to  a ch iev e  the  goa l o f  'w ith in  the  o r d e r ' ,  ' in c h -b y - in c h '  survey o f  su rface  

micri-topography w ith  the minimum c a lc u la t io n ,  and w ith  both  ease o f  ex p er i­

m entation  and elegance  o f  in te r fe r e n c e  tech n iq u es .

Chapter I  o f  t h i s  t h e s i s  s t a t e s  the  Maxwell eq uations  , and d e f in e s  

th e  o p t i c a l  co n sta n ts  o f  an absorbing medium. I t  a ls o  rev iew s methods 

and tech n iq u es  employed to  determine the o p t ic a l  co n sta n ts  n and k . In  

Chapter I I ,  a computer aided study o f  the  dependence o f  the q u a n t i ty  A on 

th ic k n e s s ,  w avelength , angle of. in c id e n c e ,  and th e  co n sta n ts  n and k are 

a ls o  p r esen ted .  Chapter I I I  d escr ib es  the experim ental arrangements used

to  determine A as a fu n c t io n  o f  0 and th e  in te r fe r o m e tr ic  th ic k n e s s  d e te r ­

m in ation . In Chapter IV the  i n t e n s i t y  p r o p e r t ie s  o f  m u lt ip le  beam F izeau  

f r in g e s  a t  ob liq u e  in c id en ce  are d isc u sse d .  I t  i s  shown th a t  th e  d i f f e r ­

ence in  i n t e n s i t y  between f r in g e s ,  b e lon g ing  to  the  p erp en d icu lar  and p a r a l­

l e l  components, could be accounted for  in  terms o f  in te r fe r o m e tr ic  proper­

t i e s  o f  the system , as w e l l  as the  o p t ic a l  p r o p e r t ie s  o f  th e  in ter fe ro m eter  

c o a t in g  l a y e r s .  Chapter V con ta in s  experim ental r e s u l t s  on Ag , Au and

AU f i lm s ,  p resen ted  and compared w ith  p rev io u s  work. The v a lu e s  o f  k 

fo r  th e s e  f i lm s  a t  d i f f e r e n t  w avelengths, are g iv e n  in  Chapter VI.

The p r in c i p l e s  and experim entation  in vo lved  in  th e  p rodu ction  o f  

th e  f r in g e s  o f  v a r ia b le  ch rom atic ity  and t h e i r  a p p l ic a t io n s ,  are con ta ined  

in  Chapters VII and V III .  Chapter IX p r o j e c t s  some id ea s  fo r  fu ture  work 

both  on s e n s i t i v i t y  s tu d ie s  o f  phase changes and on developing  th e  m icro-  

topograp h ic  tech n iq u es  described  in  Chapters VII and V III .
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CHAP TER I

D]FINITIONS AND REVTEW OF METHODS USED TO DETEBHNE 

THE PARAH7TERS OF THIN' ABSORBING FILMS
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I . l  THE WAVE EQUATION AND THE OPTICAL CONSTANTS

I t  can be shown^^^^^^ th a t  when the  equ ations for  wave propagation  

in  an absorbing medium are developed, r e f l e c t i o n  and r e f r a c t io n  a t  the  

boundary between absorbing and tran sparen t media can be com plete ly  des­

c r ib ed .  The th eo ry  o f  th e  propagation  o f  e lec tro m a g n et ic  waves in  a con­

ducting  medium i s  based on M axw ell's  f i e l d  eq u ation s ,  which may be w r it t e n

as : Z
«% oH / . \

cu r l E = -  q Pq . . .  ( I . l )

d iv  H = 0 . . .  (1 .2 )

cu r l fl = aÊ + e - f  . . .  (1 . 3)

d iv  Ê = 0 , . . .  (1 . 4 )

where and are th e  p e r m i t t i v i t y  and p e r m e a b il i ty  o f  fr e e  space,

and p. and e are th e  s p e c i f i c  p e r m e a b il i ty  and r e l a t i v e  p e r m i t t i v i t y  o f

th e  medium, and th e  o ther  symbols have t h e i r  u sua l meaning. Equation ( l . 4 )

i s  taken as zero s in c e  in  a conducting medium th ere  can be no permanent fr e e  

r
change d e n s i ty .  Hence :

1 1 ? /  ÔÊ S2Ê\cu r l  c u r l  E = -  M + € E„ — J ,

but cu r l cu r l  E = grad d iv  E -  V̂ E ,

th e r e fo r e  -.A 2 f,
°  • . . . ( 1 . 5 )

A
A s im i la r  equation  for  H can be ob ta in ed . As a s o lu t io n  for  equation

... ( I . « ,

E ,  = E, e iw t . e - i S r / X -  c / v -  x _ . . . ( 1 , 7)

This s o lu t io n  s a t i s f i e s  equation  ( l . S )  provided

== - i o p ^ p / w  . . . .  (1 . 8 )

In  equation  ( l . 7 )  th e  r a t io  c /v  i s  the  r e f r a c t iv e  index o f  th e  absorbing  

medium. From equation  ( l . S )  i t  i s  obvious th a t  th e  r a t io  c /v  i s  com­

p le x ,  hence N = ;  ̂ = n - i k  i s  th e  ' complex r e f r a c t iv e  index ' o f  th e  medium.
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where n and k are the 'o p t ic a l  c o n s t a n t s ' ,  k = (nk) i s  th e  e x t in c t io n

c o e f f i c i e n t .  Equation ( l . ? )  becomes :

-  -  iUJt - i 2 r / X  • N • X=  Eq e • e
-  iuut - i2 n /X  • (n -  ik )  . x=  Eq e • e ' '

-2 r /X  • k . X - i 2 r / X  . n • x i2TT/X • c • tE = Eg* e ' e ' . e / . . .  (1 .9 )

In equation  ( 1 .9 )  the r e a l  exp on en tia l fu n c t io n  r e p r e se n ts  an expo­

n e n t ia l  damping o f  th e  amplitude o f  a wave t r a v e l l i n g  in  an absorbing medium. 

M u ltip ly in g  ( l . 9 )  by the  complex conjugate g iv e s  th e  i n t e n s i t y  and le a d s  to  

th e  w e l l  known ab sorp tion  law. Hence :

I  = I g .  % . . .  ( 1 . 10)

where 1^ i s  th e  i n t e n s i t y  o f  the  in c id e n t  l i g h t ,  and I  i s  th e  i n t e n s i t y  

a f t e r  the wave has t r a v e l l e d  a d is ta n c e  x in  th e  medium. I t  seems u s e ­

f u l ,  a t  t h i s  s ta g e ,  to  emphasize th a t  th e  fo reg o in g  d e s c r ip t io n  o f  th e

propagation  o f  a monochromatic wave in  an absorbing medium assumes the

fo l lo w in g  assumptions :

(a) The wave f a l l s  norm ally  on th e  su rfa ce  o f  th e  absorbing medium,

(b) The medium i s  i s o t r o p i c .

(c )  The th ic k n e s s  o f  the  medium i s  > »  X th e  w avelength  o f
th e  in c id e n t  wave.

Y
1 . 2  THE REFLECTED Â DPLITUDES AND ACCQMPANING HIASE CHANGE

Consider th e  r e f l e c t i o n  o f  a beam o f  l i g h t  p o la r iz e d  e i th e r  p a r a l l e l  

or p erp en d icu lar  to  th e  p lane o f  in c id e n c e ,  a t  th e  boundary between a t r a n s ­

paren t medium and an absorbing medium; l e t  n^ be th e  r e f r a c t i v e  index o f  

th e  tran sp aren t medium, and th e  in c id e n t  w avefront be p la n e ,  o f  u n i t  ampli­

tude and zero phase im m ediately  b e fo re  r e f l e c t i o n ,  and l e t  6 be th e  angle  

o f  in c id e n c e .  The angle  o f  r e f r a c t io n  in to  th e  absorbing medium T] i s  

g iv e n  by S n e l l ' s  l aw:

n^ s in  6 =  N s in  T| , . . .  ( l . l l )

and s in c e  we have seen  th a t  N i s  a complex q u a n t i ty  fo r  an absorbing
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p la n e s  o f  equal phase

p la n e s  o f  equal amplitude
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medium, i t  fo l lo w s  th a t  th e  angle o f  r e f r a c t io n  r\ must a lso  he complex. 

When an e lec tro m a g n et ic  d isturbance i s  t r a v e l l i n g  in  a non-absorbing medium, 

th e  wave f r o n t s ,  i . e .  the  p la n es  o f  equal phase are a lso  p lan es  o f  equal 

am plitud es .  bhen th e  wave i s  t r a v e l l in g  in  an absorbing medium, however, 

the p la n es  o f  equal phase remain perpendicu lar to  the  d ir e c t io n  o f  propa­

g a t io n  o f  th e  wave, but th e  p la n es  o f  equal amplitude are not n e c e s s a r i ly  

c o in c id e n t  w ith  them. A v e c to r  rep re se n t in g  th e  d ir e c t io n  of maximum damp­

ing o f  th e  v ib r a t io n  i s  n ot n e c e s s a r i l y  p a r a l l e l  to  th e  v e c to r  rep resen tin g  

th e  d ir e c t io n  o f  p ropagation  o f  th e  v ib r a t io n  in  an absorbing medium.

In th e  case o f  r e f r a c t io n  in to  an absorbing medium as sho;vn in  

F i g . 1 , 1 ,  th e  p la n es  o f  equal phase remain perpend icu lar  to  the  d ir e c t io n  

o f  p ropagation , t h i s  d ir e c t io n  vary ing  w ith  th e  angle o f  in c id e n c e .  Hence 

th ey  are o n ly  c o in c id e n t  w ith  th e  p la n es  o f  equal phase when l i g h t  i s  i n c i ­

dent norm ally on th e  su rfa ce  o f  the  absorbing medium. The r e f l e c t e d  beam 

in  F i g , I . l ,  can be d escr ib ed  by a complex q u a n t i ty  r , r e la t e d  to  the  

a n g le s  o f  in c id e n c e  and r e f r a c t io n  by F r e s n e l ’ s eq u ation s .  I f  r i s  

expressed  as  r = p e^^ , then  th e  amplitude fa c to r  i s  p and Ô i s  the  

phase change. I f  th e  in c id e n t  l i g h t  has equal components perpendicu lar  

and p a r a l l e l  to  th e  p lane o f  in c id e n c e ,  th e s e  can be taken , each, as u n i ty ,

and the  r e f l e c t e d  beam has two components g iv e n  by ,
. c N co s  0 -  nQ cos T]

For th e  p a r a l l e l  component rp = e^°P = ncos  0 + n ^ cos  T1

. . .  (1 .12)

ĵ 5 —N co s  n + n^ cos 6
For th e  p erp en d icu lar  component r_ = p„ e = “  r ̂ ^ ^ s r-s N cos T] + no cos 0

. . .  (1 .1 3 )

Both th e  am plitudes and th e  phases  o f  the  components o f  the  in c id e n t  

l i g h t  p o la r iz e d  p a r a l l e l  and perp en d icu lar  to  th e  p lane o f  in c id e n c e ,  are 

changed upon r e f l e c t i o n ,  the  amount o f  change in  each vary ing  w ith  9 the  

an gle  o f  in c id e n c e .  Two important q u a n t i t i e s  are :
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tan  111 = - ^  , A =  (6 -  ô j  . . .  (1 .1 4 )
s

The azimuth and th e  d i f f e r e n t i a l  change o f  phase on r e f l e c t i o n .  These 

two q u a n t i t i e s  are o f  fundamental importance in  the determ ination o f  the  

o p t i c a l  co n sta n ts  n and k . They are r e la t e d  by th e  s e t  o f  equations  

s ta te d  on page 12,

1 .3  TIIE CTIAIUCTERISTIC PARAMETERS OF 
A THIN ABSORBING FILM

The o p t ic a l  p r o p e r t ie s  o f  absorbing media, in  bulk or th in  form , 

depend p r im a r i ly  on t h e i r  o p t i c a l  co n sta n ts  a t  a p a r t ic u la r  wavelength .

The t h ir d  parameter fo r  a th in  f i lm  i s  i t s  th ic k n e s s .  Here the concept  

o f  a th ic k n e s s  i s  one which, to  have a p h y s ic a l  meaning, has to  be l in k ed  

to  the w avelength  o f  th e  in c id e n t  r a d ia t io n .  So i t  i s  th e  d/X r a t io  

which i s  o f  a p h y s ic a l  s i g n i f i c a n c e .

A more coherent d e s c r ip t io n  o f  a th in  f i lm  i s  th a t  which tran sm its  

a s i g n i f i c a n t  p o r t io n  o f  in c id e n t  l i g h t  a l low in g  m u lt ip le  r e f l e c t i o n s  to  

take  p la c e  w ith in  th e  f i lm  i t s e l f .  For h ig h ly  absorbing media w ith  

k  ̂ 1 . 0 ,  d may have to  reach  a few hundred angstroms b e fore  the  case o f  

a s in g le  r e f l e c t i o n  i s  reached, enab ling  one to  ignore the  co n tr ib u t io n  o f  

m u lt ip ly  r e f l e c t e d  beams in s id e  the  film to  i t s  apparent o p t ic a l  p r o p e r t ie s .  

In t h i s  c a se ,  e . g .  a s i l v e r  f i lm  o f  300 Â a t  X5401 1., would show i n s i g n i ­

f i c a n t  v a r i a t i o n  o f  i t s  o p t i c a l  co n sta n ts  w ith  th ic k n e s s  and i t s  computed 

p r o p e r t ie s ;  assuming bulk c o n s ta n ts ,  are u s u a l ly ,  su b jec t  to  th e  co n d it io n s  

o f  p rep a ra t io n ,  in  agreement w ith  th o se  ex p er im en ta lly  measured. However

as shown in  th e  study o f  th e  e f f e c t  o f  vary ing  the r a te  o f  evaporation  on

(1?)th e  o p t i c a l  p r o p e r t ie s  o f  s i l v e r  f i lm s  by S enn ett  and Scott'- ^, th e  absorp­

t i o n  o f  a 300 Â f i lm  o f  Ag a t  X 6500 Â could vary  co n s id era b ly  w ith  the  

r a te  a t  which i t  was d ep o s ited  under vacuum. The more r a p id ly  condensed  

f i lm s  show much lower a b so rp tio n .
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For f i lm s  o f  th ic k n e s s  300 ^ d ^ 200 1 ,  th ere  are in d ic a t io n s  th a t  

v a lu e s  o f  n and k do v ary  in  a slow manner w ith  th ic k n e s s .  However, 

for  many a purpose, th e  hulk  v a lu e s  o f  n and k may g iv e  a good approxi­

mation to  ex p er im en ta lly  determined p r o p e r t ie s .  I t  i s  for  f i lm s  o f  t h ic k ­

n e ss  320 0  A th a t  v a r ia t io n  o f  the  o p t ic a l  co n sta n ts  w ith  th ick n ess  i s  

com parative ly  rap id , and d i f f e r e n c e s  between computed and experimental 

r e s u l t s  would be expected  and indeed take place^ . F i g , I , 2 shows the

v a r ia t io n  o f  n and k w ith  th ic k n e s s  d fo r  s i l v e r  f i lm s  a t  X5462 A by 

P h i l ip  and Trompette^^^, F ilm s s tu d ied  in  t h i s  t h e s i s  are in  the th ic k ­

n e s s  range d ^ 200 A . Formulae by Hadley and Dennison^^^^, and by Born 

and W o l f a r e  used to  compute the  o p t ic a l  p r o p e r t ie s  o f  the  f i lm s .

This le a v e s  th e  ca teg o r y  o f  f i lm s  where th e  s tru c tu re  p la y s  a dominant r o le  

in  t h e i r  p r o p e r t ie s  out o f  th e  scope o f  th e  p resen t  work. S p e c i f i c a l l y  

out o f  th e  in te r fe r o m e tr ic  a p p l ic a t io n  w ith  which t h i s  t h e s i s  i s  concerned. 

However, as w i l l  be exp la in ed  l a t e r ,  th e  tech n iq ue can be a p p lied  to  f i lm s  

o f  d  ̂ 200 Â but t h i s  w i l l  n e c e s s i t a t e  the  u se  o f  e l l ip so m e tr y  or o ther  

tech n iq u es  concerned w ith  measuring th e  phase change a t  r e f l e c t i o n  a t  

normal incidence^^^^,

The accuracy w ith  which the  o p t ic a l  co n sta n ts  o f  an absorbing f i lm  

need to  be known depends on th e  u se  to  which th ey  may be p u t .  N eed less  

to  say  th a t  fo r  band s tr u c tu r e  c a l c u la t io n s ,  th e  h ig h e s t  p o s s ib l e  accuracy  

i s  needed. However, i f  th e  purpose i s  to  c a l c u la t e  th e  apparent o p t ic a l  

p r o p e r t ie s  R ,  T and A ,  fo r  e . g .  th e  d es ig n  o f  a m e t a l - d ie le c t r ic - m e t a l  

type  o f  in te r fe r e n c e  f i l t e r ,  i t  i s  h ard ly  j u s t i f i a b l e  to  use  e laborate  

exp en sive  tech n iq u es  to  ob ta in  h ig h ly  accu rate  v a lu e s  for  the co n s ta n ts .  

For such an a p p l ic a t io n  R , T and A , important as th ey  may be fo r  th e  

q u a l i t y  o f  th e  d e v ic e ,  do not c o n s t i t u t e  the  o n ly  parameters to  be c o n s i­

dered, A compromise has to  be struck  between the tra n sm iss io n  and th e  

h a lf -w id th  a t  th e  peak w ave len g th s .  The h ig h e s t  tra n sm iss io n  va lu e  may
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not g iv e  th e  d es ired  r e f l e c t i o n  fa c to r  c r u c ia l  fo r  a narrow-hand w idth .

A lso  i t  may he noted th a t  v a r ia t io n s  in  k are more l i k e l y  to  produce 

s i g n i f i c a n t  v a r i a t i o n s  in  R , T and A when k »  n which i s  the  case  

fo r  m eta ls  in  th e  v i s i b l e  reg io n  o f  the spectrum.

The techn ique p resen ted  l a t e r  in  t h i s  work, makes i t  p o s s ib le  w ith  

minimum apparatus and computing, to  produce v a lu e s  o f  k to  w ith in  ± 0 .0 2 5 ,  

T his i s  t e n  t im es  l e s s  than th e  10^ s c a t t e r  in  th e  v a lu e s  o f  n and k 

rep orted  in  the  l i t e r a t u r e ,  e . g .  s i l v e r  films^^^^.

To sura-up t h i s  s e c t io n ,  f i lm s  d e la t  w ith  here are o f  th ic k n e s se s  

such th a t  co m p lica t io n s  a r i s i n g  from stru c tu re  are avoided, and, s in ce  k 

i s  th e  dominant c o n sta n t  in  determ ining th e  apparent o p t ic a l  p r o p e r t ie s  

o f  m eta ls  in  the  v i s i b l e ,  the  in te r fe r o m e tr ic  technique p resen ted  in  t h i s  

t h e s i s  was in v e s t ig a t e d  and developed.

1 . 4  METHODS AND TECHNIQUES USED TO DETERMINE THE
OPTICAL PAR/IMETERS OF A TIEEN ABSORBING FILM

There are s e v e r a l  methods a v a i la b le  fo r  th e  determ ination  o f  the  

o p t i c a l  co n sta n ts  and th ic k n e s s  o f  an absorbing t h in  f i lm .  S ince the  v a s t  

m a jo r ity  o f  measurements are made on f i lm s  d ep o s ited  in  vacuum, th e  accu­

racy  o f  r e s u l t s  are c r i t i c a l l y  dependent on th e  c o n d it io n s  o f  prep ara tion .  

A lso  th e  method to  be adopted depends on th e  nature o f  work a t  hand. There­

fo re  th e  approach req u ired  fo r  fundamental in v e s t ig a t i o n  on s o l i d - s t a t e  

t h in  f i lm  p h y s ic s  w i l l  n ot n e c e s s a r i l y  be s u i t a b le  fo r  studying and des ign ­

ing in t e r f e r e n c e  f i l t e r s .

H i s t o r i c a l l y ,  methods in v o lv in g  th e  a n a ly s i s  o f  th e  s t a t e  o f  p o la r i ­

z a t io n  o f  r e f l e c t e d  l i g h t  c o n s t i t u t e  th e  f i r s t  ca tegory  o f  the  methods 

a v a i la b le  fo r  th e  determ ination  o f  th e  o p t ic a l  c o n s ta n ts .  Photometric  

methods in v o lv in g  i n t e n s i t y  measurements o f  r e f l e c t e d  l i g h t  do c o n s t i t u t e  

tlie o th er  major ca teg o r y .  Combinations o f  photom etric  and p o la r im e tr ic
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measurements are p o s s i b l e  and u s e fu l  to  compensate for  d e fe c t s  in  e i th e r ,  

or to  serve c e r ta in  a p p l i c a t io n s .  A survey o f  a l l  methods i s  beyond the  

scope o f  t h i s  t h e s i s .  However, th e  purpose o f  t h i s  s e c t io n  i s  to  p resen t  

a gen era l p ic tu r e  o f  th e  b a s i s  and l i m i t s  o f  th e  two major groups o f  te c h ­

n iqu es  mentioned above. This w i l l  enable u s ,  in  a l a t e r  s ta g e ,  to  f i t  

th e  new in te r fe r o m e tr ic  techn ique proposed in  t h i s  t h e s i s  in  i t s  proper  

p la c e ,  and to  show i t s  r e l a t i v e  ease  and accuracy.

1 . 4 , 1  Methods Based on Anal y s i s  o f  th e  S ta te
o f  P o l a r i z a t i on o f  R e f le c te d  L ight

\vhen p lan e p o la r iz e d  l i g h t  f a l l s  on a p lane boundary between two 

d i e l e c t r i c s ,  e . g .  a i r  and g l a s s ,  th e  r e f l e c t e d  l i g h t  i s  a ls o  plane p o la ­

r i z e d .  I f  a th in  s u p e r f i c i a l  f i lm  i s  p resen t  on the g l a s s ,  th e  r e f l e c t e d  

l i g h t  i s  e l l i p t i c a l l y  p o la r iz e d .  In  th e  case  o f  r e f l e c t i o n  o f  plane p o la ­

r iz e d  l i g h t  from a m e t a l l i c  su r fa c e ,  th e  r e f l e c t e d  l i g h t  i s  e l l i p t i c a l l y  

p o la r iz e d .  The measure o f  t h i s  e l l i p t i c i t y  i s  th e  angle  \J[ determined  

by th e  r a t io  o f  th e  minor to  major a x es .  The in c id e n t  l i g h t  i s  u s u a l ly  

p o la r iz e d  a t  45° to  th e  p lan e  o f  in c id e n c e ,  where th e  amplitudes o f  the  

two components, p a r a l l e l  and perp en d icu lar  to  th e  p lane o f  in c id e n c e ,  are 

in  phase and o f  equal magnitude. Upon r e f l e c t i o n  from a p e r f e c t l y  c lean  

m e t a l l i c  s u r fa c e ,  each component s u f f e r s  a change o f  phase 6p and 6  ̂

r e s p e c t i v e l y ,  and th e  r a t i o  o f  t h e i r  am plitude, tan  iji , i s  decreased.

R e f le c t io n  p o la r im etry  or e l l ip s o m e tr y ,  i s  th a t  a r t  concerned w ith
I*

measuring A = 6 -  6  ̂ and tan  ^ , two q u a n t i t i e s  r e la t e d  to  the
P s

o p t i c a l  co n s ta n ts  n and k o f  th e  c lea n  m e t a l l i c  s u r fa c e .  But th e  prac­

t i c a l  a p p l ic a t io n  i s  not easy .  I t  i s  o f t e n  the case  th a t  th e  m e t a l l i c  

su rfa ce  i s  contaminated w ith  a su rface  f i lm .  This could  be sim ply an 

ox id e  la y e r  or s t i l l  more com plicated , an absorbing f i lm .  The formation  

o f  su rfa ce  f i lm s  on top  o f  th e  c le a n  m e t a l l i c  in t e r f a c e ,  in trod u ces  changes 

in  th e  two q u a n t i t i e s  b and ta n  . I t  was Drude's work seventy  years
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f2)ago' ’ which r e la t e d  th e  change, due to  su rface  f i lm s ,  in  A and tan  \li 

to  the o p t i c a l  co n sta n ts  o f  the  c lea n  m eta l,  the  r e f r a c t iv e  index o f  a non- 

absorbing su rface  f i lm  and the f i lm  th ic k n e s s .  According to  Vasicek^^^^

th e s e  r e l a t i o n s  could  take th e  fo l lo w in g  form :

4TTfl c o s 8 s i n 2 e ( n f - n 2 )
A —  A = -  , ' ---------------------------------------  X

(c o s ^ S - n ^ a ) ^  + n^ a

[ U o s ^ s  -  a )  -  a )  + n2 a '^ ]  . . .  ( l . l s )

-  4TTd c o s 6 s i n 2 e ( n 2 - n 2 )
2il( -  2ill = s i n  2$ - j — -------------------------------2-----  x

 ̂ ( c o s 2 0 - n 2 a ) 2  +n^ a '2' O ' o

j^n| a -  a^ -  ^cos^6 -  n ^ a ^ a j  . . .  ( l . l 6 )

where \Ji in d ic a t e s  th e  azimuth , A th e  phase d i f f e r e n c e  measured on a 

c le a n  metal su r fa c e ,  i); and A th e  same q u a n t i t i e s  measured on a metal w ith  

a t h in  s u p e r f i c i a l  tran sp aren t (non-absorbing) f i lm ,  d denotes the th ic k ­

n e ss  o f  the  f i lm ,  n^ i t s  r e f r a c t i v e  ind ex , n^ th a t  o f  the  in c id ence  

medium (u s u a l ly  a i r ) .  These formulae a ls o  in c lu d e  6 th e  angle o f  i n c i ­

dence, and X th e  w avelength  o f  the  monochromatic l i g h t  f a l l i n g  onto the  

specimen. The terms a and a  ̂ are sim ple fu n c t io n s  o f  th e  o p t ic a l  

c o n s ta n ts  n and k .

Formulae ( l . l 5 )  and ( l . l G )  may be w r i t t e n  in  the form,

A -  A = -  c d . . .  ( l . 17)

2^ -2 iÿ  = c ' d  . . . .  ( I . I S )

I t  i s  e v id e n t  th a t  w ith  in c r e a s in g  th ic k n e s s  o f  th e  su rface  f i lm  th e  mea­

sured azimuth in c r e a s e s  l i n e a r l y ,  but th e  phase d i f f e r e n c e  d ecreases

(4 )
l i n e a r l y .  According to  V asicek  in  th e  same r e fe r e n c e ,  and Heavens' 

th a t  th e  preced ing  formulae, which are th e  approximate Drude’ s eq u ation s ,  

are v a l i d  fo r  th e  t h in n e s t  o f  su r fa ce  f i lm s  up to  about 100 Â . As fo r  th e  

case  o f  a t h in  weakly absorbing f i lm  on a m etal s u b s tr a te ,  th e  formulae are  

more com plicated; th e y  are d is c u s se d  by V asicek  in  re fe ren ce  (2 1 ) .  In
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th e  forgo in g  p r e s e n ta t io n  the o p t ic a l  co n s ta n ts  o f  the c lean  metal sub­

s t r a t e  are assumed to  he known. The formulae mentioned in  page 12 , are 

a p p lic a b le  to  c lea n  m e t a l l i c  s u r fa c e s .  The ex p ress io n , c lean  m e ta l l i c  

s u r fa c e ,  i s  assumed to  be th a t  o f  a bulk specimen or a v ery  th ic k  non­

tr a n s m it t in g  f i lm  d ep o s ited  on a d i e l e c t r i c  su b stra te  where the  assumption
a

o f  a s in g le  r e f l e c t i o n  i s  s u f f i c i e n t  to  ^ scr ibe  th e  r e f l e c t e d  l i g h t .

The case  o f  a h ig h ly  absorb ing, e . g .  m e t a l l i c ,  p a r t i a l l y  tran sm it­

t in g  f i lm  on a d i e l e c t r i c  su b s tr a te  must be d e a l t  w ith  u s in g  formulae 

which would take  in to  c o n s id e r a t io n  the  m u lt ip le  r e f l e c t i o n s  w ith in  the  

f i lm ,  and r e f l e c t i o n  from th e  f i lm -s u b s t r a t e  in t e r f a c e .  Equations for  

A and can be formed e x p l i c i t l y  as fu n c t io n s  o f  9 , X , n , k , n^ and d. 

The r e s u l t i n g  eq u ation s  are a r i t h m e t i c a l ly  com plicated , but the  use o f  d ig i ­

t a l  computers could  make i t  e a s ie r  to  handle . To e x tr a c t  n and k , s e t s  

o f  curves o f  A v s   ̂ must be prepared for  a number o f  p o s s ib l e  combina­

t i o n s  o f  n and k fo r  g iv e n  v a lu e s  o f  0 , X , n^ and d . This technique  

has been used fo r  w eakly absorbing f i lm s  (k ^  0 .0 5 )  on a s i l i c o n  su b s tr a te ,  

A rcher' ' .

The order o f  p r e c i s i o n  to  be expected  from p o la r im e tr ic  a n a ly s is  may

(  2 2 )be i l l u s t r a t e d  by th e  work o f  Meyer'  ̂ on f i lm s  o f  iron  prepared by e l e c ­

tro n  bombardment a t  a p ressu re  o f  2X lO “° t o r r .  Opaque la y e r s  o f  d > 1000 Â 

were u sed .  The o p t i c a l  measurements were made w ith  S o le i l -B a b in e t  coman- 

s a to r  a t  an an gle  o f  in c id e n c e  5 0 ° -  70° . V isu a l  o b serv a t io n s  enab les  A 

to  be determined to  ±20^ and 2i)i to  ±6^ . For annealed f i lm s ,  the  o p t i ­

c a l  c o n s ta n ts  a t  X = 5890 Â are found to  be ( 2 . 5 6 -  1 3 .0 2 )  w ith  u n c e r ta in ty  

o f  0 . 0 2 - 0 . 0 3  .

E l l ip s o m e tr ic  tech n iq u es  are v e r y  o f t e n  ap p lied  to  th ree  main cases :

(a) study  o f  su rface  o f  non-absorbing f i lm s  on absorbing  

s u b s tr a te s ,

(b) weakly absorbing f i lm s  on absorbing s u b s tr a te s ,  and
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(c )  opaque h ig h ly  absorbing t h ic k  c lea n  f i lm s  on d i e l e c t r i c  

s u b s tr a te s .

In the  f i r s t  two ca se s  th e  su b stra te  co n sta n ts  must be known and th e  surface

f i lm  th ic k n e s s  could  be obta ined  to g e th er  w ith  i t s  c o n s ta n ts .  The method

i s  s e n s i t i v e  for  th e  th in n e s t  o f  su rface  f i lm s  where d ^ 100 Â and for  k

v a lu e s  0 - 1 . 0  . In  th e  case  o f  such th in  f i lm s  the  geometry and s tru ctu re

o f  th e  f i lm  p la y s  an important r o le  in  shaping e l l ip s o m e tr ic  r e s u l t s ,

( 23 24)Berreman' ’ ' has shown how A and \Ji for  a g iv en  m ater ia l can vary  for

a v a r i e t y  o f  t h in  f i lm  geom etr ies  , from id e a l  f l a t  f i lm s  to  f i lm s  assumed 

to  c o n s i s t  o f  a f l a t  area having h a l f  submerged sp h e r ic a l  p a r t i c l e s  embed­

ded. In  th e  case  o f  a Ag^S (n  = 3 . 0 + i . 0 .4 5 )  on a bulk s i l v e r  su b s tra te ,  

la r g e  err o rs  ('^ 100^) in  the  deduced o p t ic a l  co n sta n ts  fo r  the f i lm  could  

a r i s e  i f  th e  e f f e c t  o f  th e  f i lm  s tru c tu re  was ignored . For th in  metal 

f i lm s  (d 3 100 Â) on a f l a t  d i e l e c t r i c  su b s tr a te ,  Berreman concludes th a t  

Drude’ s eq u ation s  g iv in g  th e  th ic k n e s s  o f  such f i lm s  may be inaccurate  

when th e  f i lm s  are n o t  p lanar and continu ous. The p a r t i c l e s  shape must be 

known and c o r r e c t io n s  a p p lied  fo r  ca se s  such as mentioned. In  the  th ir d  

case  the  con stan t n and k are d i r e c t l y  r e la t e d  to  A and \Ji and the  

th ic k n e s s  i s  not r e le v a n t  s in c e  i t  i s  a lm ost a bulk c a se ,  or the th ic k n e s s ,  

i f  need be known, cou ld  be ob ta ined  in depend en tly ,  e . g .  by i n t e r f  erom etric

te c h n iq u e s .  Experim ental arrangements fo r  carry ing  out e l l ip s o m e tr ic

( 25)measurements are d is c u s se d  and descr ib ed  by Bennet and Bennet and

A r c h e r S o m e  com putational procedures and tech n iq u es  are d iscu ssed  by

McCrackin and Colson (26)

1 . 4 . 2  Methods Based on Measurement o f  L igh t I n t e n s i t i e s

T his i s  th e  o th er  major group o f  methods g e n e r a l ly  employed to  

o b ta in  th e  o p t i c a l  co n s ta n ts  o f  an absorbing f i lm .  They could  be sub­

c l a s s i f i e d  in  more than one way. They could  employ p o la r iz e d  or unpola— 

r i z e d  l i g h t ,  th e y  may be performed a t  normal or ob lique  in c id e n c e ,
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Measurements can be ca rr ied  out a t  r e f l e c t i o n  or tra n sm iss io n . There are 

a number o f  com binations in v o lv in g  r e f l e c t i o n  c o e f f i c i e n t s  and inc idence  

a n g le s ,  or tra n sm iss io n  c o e f f i c i e n t s  and th ic k n e s s e s .  Any combination  

chosen for  o b ta in in g  th e  co n sta n ts  w i l l  depend on the  problem in v e s t ig a te d  

and i t s  requ irem ents. However, the  s e n s i t i v i t y  o f  a p a r t ic u la r  combina­

t i o n  to  th e  co n s ta n ts  a t  a c e r ta in  w avelength , i s  a fa c to r  o f  paramount
( 27)

im portance. Humphreys-Owen' ' s tu d ied  the  s e n s i t i v i t e s  o f  a number o f
(4)

p o s s i b l e  methods. Heavens' ’ g iv e s  a good summary o f  h i s  work. Humphreys- 

Owen's work i s  m ainly  concerned w ith  measuring r e f l e c t a n c e  c o e f f i c i e n t s .

I t  i s  th e r e fo r e  s u i t a b le  fo r  th ic k  f i lm s  where th e  e f f e c t  o f  m u lt ip le  

r e f l e c t i o n s  w ith in  th e  f i lm  could  be ign ored . The measurements are d iv ided  

in to  two g en era l c l a s s e s .  In  th e  f i r s t  o f  t h e s e ,  two r e f l e c ta n c e  measure­

ments are made, in  the  second one, r e f l e c t a n c e  measurements i s  made and the  

Brew ster angle  determ ined. Heavens, in  r e fe r e n c e  ( 4 ) ,  d is c u s s e s  th e  m erits

i 28 29)o f  th e  d i f f e r e n t  p o s s i b i l i t i e s  in  Humphreys-Owen's work. Ward and Nag' ’ 

s tu d ied  th e  s e n s i t i v i e s  o f  a range o f  p o s s i b l e  measurements designed to  ex­

t r a c t  the  o p t i c a l  c o n s ta n ts  and th ic k n e s s  o f  th in  absorbing f i lm s .  For the  

case  o f  normal in c id e n c e  th e y  deal w ith  s i x  q u a n t i t i e s .  They are :

( 1) The r e f l e c t a n c e  E a t  th e  vacuum-film in te r fa c e ;

( 2) The r e f l e c t a n c e  a t  th e  s u b s tr a te - f i lm  in te r fa c e ;

( 3) The tra n sm itta n ce  T ;

( 4) The phase change p on r e f l e c t i o n  a t  th e  vacuum-film
in t e r f a c e ;

( 5) The phase change on r e f l e c t i o n  a t  th e  s u b s tr a te -
f i lm  in t e r f a c e ;  and

(g) The phase change Y tr a n sm iss io n .

These s i x  q u a n t i t i e s  were used  in  p a ir s  (x  , y) and for  each p a ir ,

graphs were p l o t t e d  o f  x a g a in s t  y  fo r  ( i )  constant d/X , ( i i )

co n sta n t  k and ( i i i )  con stan t n . These were found to  be c o n s i s t in g  o f

two f a m i l i e s  o f  i n t e r s e c t in g  cu rv es .  Q u a n t ita t iv e  judgement was based on
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th e  changes produced in  n ,  k or d/X hy a change in  or T o f

± 0 . 0 1 ,  or a change in  p ,  p' or Y o f  ± 1 . 0  (0 .0055  tt) . These changes

•were read o f f  th e  graphs. I f  the  change in  n or k was l e s s  than 0 .15  

or th a t  in  d/X was l e s s  than 0 .003  ( i f  X = 6000 t h i s  i s  18 1) the  

reg io n  was regarded as one o f  h igh  s e n s i t i v i t y .  I t  was concluded th a t ,

in  order to  o b ta in  n , k and d /X ,  th e  combination o f  (R , T , y) would

be th a t  g iv in g  th e  h ig h e s t  o v e r a l l  s e n s i t i v i t y  in  a reg ion  covering the  

ca se s  o f  a number o f  m e ta ls ,  e . g .  Ag , A t , Cu , in  th e  v i s i b l e  spectrum.

In t h e i r  second paper^^^ Ward and Nag extended t h e i r  study to  the  case  

o f  non-normal in c id e n c e .  They performed s e n s i t i v i t y  s tu d ie s  on p a ir s  o f  

th e  photom etric  q u a n t i t i e s  R ,  T 0 = 30° , 45° , 60° , 75° .  The diagrams 

fo r  (Tp , Tg) and (Rp , Rg) a t  0 = 45° , 60° and 75° show over a l l  h igh

s e n s i t i v i t y  over th e  r e g io n  0 < n < 3 .0  , 0 < k < 3 .0  , 0 < d/X < 0 .0 2 .

For a l l  com binations except (Rp , Rg) th e  s e n s i t i v e  reg io n  decreased w ith  

d / \  . No combination was found to  be o f  h ig h  s e n s i t i v i t y  in  the reg ion  

n > 3 .0  , k > 3 . 0 ,  No c o n s id e r a t io n ,  though, was g iv en  to  p o la r im etr ic  

q u a n t i t i e s .  Shaalan and T a y l o r c o n d u c t e d  a p re l im in ary  in v e s t ig a ­

t i o n  on the  s e n s i t i v i t y  o f  A th e  d i f f e r e n t i a l  change o f  phase a t  r e f l e c ­

t i o n  to  n , k , 0 and d , The study was a p p lied  to  e x tr a c t  th e  e x t in c t io n

c o e f f i c i e n t  o f  t h in  f i lm s  o f  Ag .

Chapter I I  and subsequent chapters  co n ta in  a more d e t a i l e d  and 

extended study o f  both  th e  t h e o r e t i c a l  and experim ental a s p e c t s .
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C H A P T E R  I I

THE DIFFERENTIAL CHANGE OF PHASE ON REFLECTION AIR/ABSORBING 

FILM. A STUDY OF THE DEPENDENCE OF A ON SEVERAL PARAMETERS
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I I . 1 INTRODUCTION

I t  has been shown in  the  p rev ious  chapter th a t  severa l methods and 

tech n iq u es  do serve  th e  purpose o f  determining the o p t ic a l  con stants  o f  an 

absorbing f i lm ,  a l l  o f  which are su b jec t  to inherent or ex tern a l l im i t a ­

t i o n s .  However, s e n s i t i v i t y  s tu d ie s  have been la r g e ly  ap p lied  to  the  

photom etric  m easurables. No such s tu d ie s  have been performed on the

( 31)p o la r im e tr ic  q u a n t i t i e s '  ' .  The two p o la r im e tr ic  measurables are

A = 6g) and = tan”  ̂ .

In t h i s  cliapter the f i r s t  o f  t h e s e  two q u a n t i t i e s  i s  s tu d ied  in  depth and 

i t s  dependence on s e v e r a l  f a c to r s  demonstrated. The ch o ice  o f  A for  

t h i s  study was promoted mainly because i t  could be measured, in  c e r ta in  

c a s e s ,  in t e r f e r o m e t r ic a l ly ,  thu s a ch ie v in g  th e  ta r g e t  o f  t h i s  p resen t  work, 

i . e .  to  widen fu r th er  the  use  o f  in te r fe r o m e tr ic  tech n iq u es  as a t o o l  in  

th in  f i lm  o p t i c s .  This i s  made p o s s ib l e  by e x tr a c t in g  th e  o p t ic a l  cons­

t a n t s ,  or e i th e r  o f  them, from th e  measurement o f  A as a fu n ct io n  o f  0 

th e  an g le  o f  in c id e n c e ,  a t  a c e r ta in  w avelength  and th ic k n e s s .  A lso  an 

in s ig h t  in  th e  p r o p e r t ie s  o f  th e  q u a n t i ty  A could le a d  to  an assessm ent  

o f  th e  w o rth in ess  o f  pursuing t h i s  kind o f  in v e s t ig a t io n  on th e  q u a n t i t ie s  

P, P̂  and Y mentioned in  th e  l a s t  chapter , s in c e  a l l  o f  them are r e a d i ly  

determined in t e r f e r o m e t r ic a l ly .  The v a r ia t io n  o f  th e s e  q u a n t i t i e s  w ith  

d and w ith  th e  o p t i c a l  c o n s ta n ts ,  could  h e lp  e s t a b l i s h  in ter fe ro m etry  as  

a s e n s i t i v e ,  accu ra te  and in ex p en s iv e  method to  determine th e  o p t ic a l  cons­

t a n t s .  In  f a c t  t h i s  i s  in tended  fo r  l a t e r  work and w i l l  be mentioned  

aga in  a t  th e  end o f  t h i s  t h e s i s .

The study  o f  A p resen ted  in  t h i s  chapter , i s  concerned w ith  estab ­

l i s h i n g  i t s  v a r i a t i o n  w ith  0 , d , and X in  a range o f  n and k which 

would in c lu d e  most o f  th e  h ig h ly  r e f l e c t i n g  f i lm s  in  the v i s i b l e  p art  o f  

th e  spectrum.. The range o f  n and k in v e s t ig a t e d  i s  0 .0 5  3 n 3 3 .0  and 

2 .0  3 k 3 5 . 0 ,  w h i le  d ranges from 50 to  500 Â . The angle o f  in c iden ce
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v a r ie d  between 30 and 70° . However, on ly  graphs a t  0 = 45° and 

0 = 70° are  p resen ted  h ere ,  s in ce  i t  was found th a t  the h igher the  i n c i ­

dence the h igh er  i s  the  s e n s i t i v i t y  o f  A to  a l l  o ther fa c to r s ,  and conse­

q u en tly  graphs a t  th o se  two a n g les  are p resen ted  to  show the d if fe r e n c e  in  

s e n s i t i v i t y  a t  th e  r eg io n s  o f  low and h igh  in c id e n c e .  In the fo llo w in g  

the  c o n c lu s io n s  o f  t h i s  study w i l l  be presen ted  s e p a r a te ly  for each o f  the  

fo l lo w in g  sub-ranges o f  n v a lu e s ,  (a) 0 .0 5  3 n 3 1 .0 ,  (b) 1 .0  3 n 3 2 .0  

and (c )  2 .0  3 n 3 3 .0 ;  k was v a r ie d  in  the range 2 .0  3 k 3 5 .0  in  s tep s  

o f  0 .5 .  A lso  th e  study showed th a t  one can d i s t in g u is h  between two 

ranges o f  th ic k n e s s ,  over and below 200 Â . Therefore th e  graphs w i l l  be 

grouped in  th e s e  two ranges s e p a r a te ly .

This way o f  p r e se n t in g  th e  p r o p e r t ie s  o f  th e  q u a n tity  A i s  prob­

a b ly  la b o r io u s  and y i e l d s  many graphs. But, on th e  o ther  hand, i t  pro­

v id e s  c le a r  p r e s e n ta t io n  o f  each case  b r in g in g  out c l e a r ly  the p h y s ic a l  

meaning o f  each graph and a d ir e c t  v i s u a l  assessm ent o f  th e  p r o p e r t ie s  o f  

A in  each range o f  n and k fo r  a p a r t ic u la r  th ic k n e ss  a t  an angle  of  

in c id e n c e .  This was con ven ient in  a s s e s s in g  the experimental p r o sp e c ts .

I I . 2 THE PROPERTIES OF THE POLARIMETEIC MEASURABLE A = ( 6 ^ -  6^)

Ward and N a g ^ ^ ’ ^^  ̂ adopted a c r i t e r io n  fo r  s e n s i t i v i t y .  I f  a
0

change o f  ± 0 .0 1  in  th e  photom etric  measurables or ± 1 . 0  «% 0.006 tt in  the  

phase m easurables would r e s u l t  in  a change l e s s  than 0 .1 5  in  the c o n s ta n ts ,  

th e  reg io n  was regarded as one o f  h igh  s e n s i t i v i t y .  This appears to be 

a generous c r i t e r i o n .  The photom etric  measurables could be measured to  

± 0 .001  and th e  phase changes could  be measured to  b e t t e r  than ± 0 .0 0 3  t t .  

However, fo r  th e  sake o f  some u n i f i e d  approach and to  f a c i l i t a t e  compari­

son, Ward and Nag’ s c r i t e r i o n  w i l l  be adopted h ere ,  bearing  in  mind th a t  

e x p er im en ta l ly  speaking, one can a f fo r d  to  be a b i t  more demanding.
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GROUP 1 GRAPHS OF A v s  n

2 .0  3  k 3 5 ,0  e = 70°
(a )  0 .0 5  3 n 3 1 .0

(b) 1 .0  3 n 3 2 .0
0 .0 1  3 d /x  3 0 .0 4  9 = 45°

(c )  2 .0  3 n 3  3 .0
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I I . 2 .1  The S e n s i t i v i t y  o f  A to  k in  th e  n Range 
o f  0 .0 5  to  3 .0 0  and for  0 .01  ^ d/X 3: 0 .0 4  
a t  an Angle o f  In cid ence  6 = 7 0 °

In t h i s  s e c t io n  -we w i l l  t r y  to  e s t a b l i s h  how s e n s i t iv e  i s  the  

q u a n t i ty  A, th e  d i f f e r e n t i a l  change o f  phase a t  r e f l e c t i o n ,  to  the o p t i ­

c a l  co n s ta n ts  n and k o f  th in  absorbing f i lm s  in  the th ic k n e ss  and 

co n s ta n ts  ranges in d ic a te d  above.

In  Group 1 o f  th e  graphs p resen ted  in  t h i s  chapter, each i s  a 

fa m ily  o f  curves o f  A v s  n , and each curve i s  a t  a constant va lu e  o f  k . 

The v a lu e s  o f  k in c r e a se  from 2 .00  to  5 .0 0  in  s tep s  o f  0 .5  . The change 

in  A corresponding to  a change in  k i s  read d i r e c t l y  from th e  graph a t  

two p o in t s ,  the  lo w e s t  and h ig h e s t  v a lu e s  o f  n . The fo l lo w in g  t a b le s  

g iv e  th e  change in  k , A(k) , corresponding to a change o f  A, A(A) , 

equal to  0 .006  t t .  This i s  in  l i n e  w ith  Ward and Nag’ s ^ ^ ’ ^^̂  c r i t e r io n  

mentioned e a r l i e r .  A lso  in c lud ed  in  th e  t a b le s  i s  a column showing the  

change in  k corresponding to  a change in  A o f  0 .003  t t .  Two ta b le s  are  

g iv e n  for  each range o f  n corresponding to  d /x  = 0 .01  and 0 .0 4  resp ec­

t i v e l y .  I t  has a lr e a d y  been mentioned th a t  th e  q u a n tity  A could be

determined to  i  0 .003  t t  by in te r fe r o m e tr ic  tech n iq u es ,  w hile  e l l ip s o m e tr ic

( 32^d eterm ination  could  le a d  to  an accuracy o f  the  order 0.0006 t t ,  Avery' , 

The experim ental d e t a i l s  o f  th e  in te r fe r o m e tr ic  technique and r e s u l t s  on 

some th in  m e t a l l i c  f i lm s  w i l l  be d isc u sse d  in  th e  fo l lo w in g  ch ap ters .

TABLE I I .1

a / x  = 0 .01  , = 0 .0 5  , 6 = 70°

Range o f  k A(k) =  A(A) o f  0 .006  t t A(k) =  A(A) o f  0 .003  IT

4 .5  -  5 .0 0 .300 0.150

4 .0  -  4 .5 , 0 .150 0 .075

3 .5  -  4 .0 0 .120 0 .060

3 .0  -  3 .5 0 .030 0 .015

2 .5  -  3 .0 0 .0 1 2 0.006

2 .0  -  2 .5 0 .010 0 .005
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TABLE I I . 2

d/X = 0 ,0 4  , n = 0 ,0 5  , e = 70°

Range o f  k A(k) s  A(A) o f  0 .006 TT A(k) =A(a) o f  0 .003 t t

4 .5  -  5 .0 0 .150 0 .075
4 .0  -  4 .5 0 .100 0.050
3 .5  -  4 .0 0 .075 0.037
3 .0  -  3 .5 0 .054 0.027
2 .5  -  3 .0j 0 .038 0.019 1

1 2 .0  -  2 .5 0 .023 0.011 i

TABLE I I . 3

!1 d/X = 0 .01  , n = 1 ,0  , 0 = 70°

j Range o f  k A(k) = A(a) o f  0.006  TT A(k) = A(a) o f  0.003  t t !

4 .5  -  5 .0 0 .120 0 .060

4 .0  -  4 .5 0 .080 0 .040

3 .5  -  4 .0 0 .0 5 4 0.027

3 .0  -  3 .5 0 .038 0.019

2 .5  -  3 .0 0 .038 0.019

2 .0  -  2 .5 0 .023 0.011

TABLE I I . 4

d/X = 0 ,0 4  , n = 1 ,0  y 9 = 70°

Range o f  k A(k) = A(a) o f  0 .006  TT A(k) = A(A) o f  0 .003 t t

4 .5  -  5 .0 0 .100 0 .050

4 .0  -  4 .5 0 .100 0.050

3 .5  -  4 .0 0 .100 0.050

3 .0  -  3 .5 0 .050 0 ,025

2 .5  -  3 .0 0 .0 5 4 0.027

2 .0  -  2 .5 0 .035 0 .017
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TABLE I I .  5

d / X  =  0 , 0 1  y n  = 2 , 0  , 0 = 7 0 °

B a n g e  o f  k A(k )  =  A ( a) o f  0 , 0 0 6  tt A(k)  = A(A) o f  0 . 0 0 3  TT

4 . 5  -  5 . 0 0 , 1 2 0 0 . 0 6 0

4 . 0  -  4 . 5 0 . 1 0 0 0 . 0 5 0

3 . 5  -  4 . 0 0 , 0 8 0 0 . 0 4 0

3 . 0  -  3 . 5 0 . 0 6 6 0 . 0 3 3

2 . 5  -  3 . 0 0 . 0 6 5 0 . 0 3 2

2 . 0  _  2 . 5 0 . 0 6 6 0 , 0 3 3

TABLE I I . 6

d/X = 0 ,0 4  y n = 2 ,0  , 0 = 70°

Range o f  k A(k) = A(a) o f  0 ,006  TT A(k) = A(a) o f  0 .003  TT

4 .5  -  5 .0 0 ,120 0.060

4 .0  -  4 .5 0 ,107 0.053

3 .5  -  4 .0 0 .093 0,046

3 .0  -  3 ,5 0 .085 0 .042

2 .5  -  3 .0j 0 ,066 0 .033

; 2 .0  -  2 .5 0 ,0 7 3 0,036

TABLE I I .  7

d/X = 0 ,01  y n = 3 ,0  y 0 = 70°

Range o f  k A(k) = A(A) o f  0 ,006  TT A(k) s  A(a) o f  0.003  TT

4 .5  -  5 .0 0 .200 0,100

4 .0  -  4 ,5 0 .150 . 0 .075

3 .5  -  4 .0 0 .150 0,075

3 .0  -  3 .5 0 ,150 0.075

1 2 .5  -  3 .0 0 ,190 0 .095

1 2 ,0  -  2 .5 0 ,210 0.105
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TABLE I I . 8

d/X = 0 ,01  , n = 3 ,0  , S = 70°

Range o f  k A(k) = A(a) o f  0,006  TT A(k) 5  A(A) o f  0 ,003  t t

4 ,5  -  5 ,0 0 .150 0.075
4 .0  -  4 ,5 0 .120 0.060
3 ,5  -  4 .0 0 ,120 0 ,060
3 .0  -  3 ,5 0 ,120 0 ,060

2 .5  -  3 ,0 0 ,100 0,050

2 .0  -  2 .5 0 ,111 0 ,055

I t  i s  c l e a r  from th e  t a b l e s  j u s t  p resen ted  th a t  th e  q u a n tity

A = ( -  Sg) does in  f a c t  meet th e  s e n s i t i v i t y  requirement o f  th e  Ward

and Nag’ s c r i t e r i o n  in  alm ost a l l  th e  re g io n s  considered . However, j  i s  'ôas 

n o t ic e d  th a t  A becomes i n s e n s i t i v e  in  the  reg io n s  (a) 4 .5  5 .0 ,

n = 0 .0 5  and d/X ^ 0 .02 ;  (b) 2 .0  ^ k ^  5 .0 ,  n = 5 .0  and d/X ^ 0 .0 2 .  At

3 . ^  ^ n ^ 4 . 0  and fo r  d/X ^ 0 ,0 2  m u lt ip le  s o lu t io n s  occur, and one i s  

fa c in g  the  s i t u a t i o n  where a c e r t a in  v a lu e  o f  A could r e s u l t  from one 

v a lu e  o f  n and two or more v a lu e s  o f  k , T his  s i t u a t io n  i s ,  probably, 

o f  t h e o r e t i c a l  i n t e r e s t ,  bu t  could  be ex p er im en ta lly  confusing and could  

le a d  to  s i g n i f i c a n t l y  wrong answers.

From th e  second column o f  th e  p rev io u s  t a b le s  i t  could  be con­

cluded th a t  th e  accuracy w ith  which k could  be determined ranges from 

± 0 ,09  to  ± 0 ,0 0 5 ,  a t y p i c a l  accuracy would be o f  th e  order ± 0 ,0 3 ,

T nis  c o n s id e r in g  th a t  A could  be determined to  ± 0 ,003  n . I f  A i s
(32)

determined to  ± 0 ,0 0 0 6  t t  th e  accuracy fo r  k could  be s t i l l  h igh er .

As mentioned b e fo r e ,  th e  s e n s i t i v i t y  o f  A in c r e a se s  w ith  h igher in c idence  

and t h i s  i s  e v id e n t  by comparing graphs a t  70° to  th o se  a t  45° , This was 

found to  be g e n e r a l ly  the  c a s e .
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I I .  2 .2  The Sen s i t i v i t y  o f  A to  n in  th e  k Range

o f  2 .0  to  5 .0  and fo r  0 .01  ^ d / \  ^ 0 .0 4

a t  an Angle o f  In c id en ce  0 = 70*̂

As fo r  th e  s e n s i t i v i t y  o f  A to  n in  the above mentioned ranges  

o f  k and d/X, tivo p o in t s  o f  importance emerge from examining the graphs

o f  A v s  n a t  0 = 70° :

(1) The v a r i a t i o n  o f  A w ith  n becomes more con siderab le  in

th e  re g io n s  o f  k ^ 3 .0  and fo r  lower v a lu e s  o f  n ^ 2 .0 .

( 2) The h igh er  th e  d/X v a lu e  the  l e s s  n o t ic e a b le  i s  the

v a r i a t i o n  o f  A w ith  n ,

In  th e  fo l lo w in g  some t a b le s  i l l u s t r a t i n g  th e se  p o in ts  w i l l  be

p r e se n te d .  In  th e s e  t a b l e s  A(n) = A(A) o f  0 .006  tt w i l l  be g iven  a t

s p e c i f i c  v a lu e s  o f  k ,  d/X and 0 = 70° ,

I t  i s  to  be emphasized here th a t  a l l  th e  f ig u r e s  appearing in

t a b l e s  conta ined  in  t h i s  chapter are der ived  from read ings taken o f f  the

graphs d i r e c t l y .  T h is ,  in e v i t a b l y ,  in tro d u ces  some in a c c u r a c ie s ,  and 

th e y  should be taken  as a gu ide to  th e  changes in  n and k corresponding

to  changes in  th e  measurable A. S p e c i f i c  ca se s  would have to  be tr e a te d  

s e p a r a te ly ,  and accu ra te  read in gs  could  be made o f f  s u i t a b ly  sca led  graphs 

over th e  d e s ir e d  ranges o f  v a r i a b l e s .
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TABLE I I .  9

ù/\  = 0 . 0 1 ,  k  = 2 . 0 0  , 8 = 7 0 °

R a n g e  o f  n A(n )  =  A(a) o f  0 . 0 0 6  t t A(n)  = A(A) o f  0 . 0 0 3  tt

0 . 0 5  -  1 . 0 0  

2 . 0 0  -  3 . 0 0

r a n g e s  f r o m  
0 . 0 1 5  t o  0 . 0 3

a p p r o x .  0 . 06»

r a n g e s  f r o m  
0 . 0 0 7  t o  0 . 0 1 5

a p p r o x ,  0 . Ô 5 -

TABLE 1 1 .10

d/X = 0 .0 1  , k = 5 .0 0  , 0 = 70°

Range o f  n A(n) = A(A) o f  0 .006  t t A(n) 5  6(A) o f  0 .003  t t

0 .0 5  -  1 .0 0  

2.00  -  3 .0 0

more than 0 .2 0  

U ndetectab le

more than 0 .10  

U ndetectable

TABLE 11 .11

d/X = 0 .0 4  , k = 2 .00  , 0 = 70°

Range o f  n A(n) = A(A) o f  0 .006  rr A(n) = A(A) o f  0 .003 tt

0 .0 5  -  1 .0 0  

2 .0 0  -  3 .0 0

0 .0 6  

approx. 0 .1 2

0 .03  

approx. 0 .06

TABLE 1 1 .1 2

d/X = 0 .0 4  , k = 5 .0 0  , 0 = 70°

Range o f  n A(n) s  A(A) o f  0 .006  t t A(n) = A(A) o f  0 .003  rr

0 .0 5  -  1 .0 0  

2 .0 0  -  3 .0 0

over 0 ,3 0  

approx. 0 .2 0

over 0 .15  

approx. 0 .10
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1 1 . 2 ,3  The S e n s i t i v i t y  o f  A to  k in  th e  n Range

o f  0 .0 5  to  3 .0 0  and for  0 .06  ^ d/X ^ 0 .10

a t  an Angle o f  In c id en ce  Q = 70°

Here we continue to  a s s e s s  th e  s e n s i t i v i t y  o f  the d i f f e r e n t i a l

change ^ = (6^ -  6^) to  the  e x t in c t io n  c o e f f i c i e n t  k in  the  h igher range

o f  th ic k n e s s  where d/X ranges between 0 .06  and O.lO. The important, fea ­

tu r e s  o f  t h i s  reg io n  can be summarized as fo l lo w s  :

(1) The q u a n t i ty  A remains s e n s i t i v e  to  k in  t h i s  reg ion ,  

and, g e n e r a l ly  speaking, t h i s  s e n s i t i v i t y  i s  increased  

w ith  th e  in cr ea se  o f  t h ic k n e s s .  This i s  ev ident from 

comparing corresponding f ig u r e s  in  Tables I I . 2 - I I . 9 

and 1 1 . 1 4 - 1 1 . 2 1 .

( 2) The s e n s i t i v i t y  o f  A to  n in  general i s  decreasing  w ith

h igh er  th ic k n e s s e s  and h igh er  v a lu e s  o f  n and k (n ^ 2 .0  

and k ^ 3 . 0) .

( 3) M u lt ip le  s o lu t io n s  do occur a t  v a lu e s  o f  n ^ 3 . 2 .

However i t  should be emphasized here th a t  s p e c i f i c  cases  for  cer­

t a i n  a p p l ic a t io n s  must be t r e a t e d  on t h e i r  own in  the  reg io n s  o f  in t e r e s t .  

T his w i l l  be shown in  Chapter VI fo r  th e  c a s e s  o f  f i lm s  o f  Ag, Au and 

k l .
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GROUP 2 GRAPHS OF A v s  n

(a) 0 .0 5 C n 3 1 .0

M 1 .0 ^ n ^ 2 .0

(c) 2 .0 ^ n ^ 3 .0

2 .0  3 k 3 5 .0  8 = 70°

0 .0 6  3 d / X z  0 .1 0  8 = 45°

-  51 -



K

I' o

o  ^

H i: M i: !’• Il II

€>14-X04K

o

'tÎ3

OG'J 06 0 09 0 Di'a 09 0 O iO  0*1 0
id/bii3a

oto Ot-0 00 0

LO

lij O' 
. J  I— 
w  tn
>  CD

^r\r\fi4_i_iin
^ „|l|l|l,'|!|l|l 2̂ i_(\rsrsr\r\r\rM

OO+XWiX

w r 00 c 09 0 0̂ '= S9 0  O '.C C*:0
Id/W1130

O-z

‘s2

CC'O wo 01 3

5

u.

i |  = y

^ ÿ̂r\rNjrTTT3̂ 3̂

OO'I 06 0 09 0 09 0 00 0 oc 0 01 0 000
i d / d i i 3 a

-  52 -



5 (N

in
üj to “ÎT'rvrortrrrtn
^ y  Il II II ii II IICki z. I ' r'jr\r\nr\rvr>j

S  r  r
^  •”  ^O<14-X04l><

cr

00 001 002*0OC'O08*0 02 0 09*006*0OO'I

IN
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TABLE 1 1 .1 3

d/X =  0 .0 6  , n = 0 .0 5  , 9 = 70°

Range o f  k A(k) 2  A(A) o f  0 .006  tt A(k) s  A(A) o f  0.003  TT

4 .5  -  5 .0 0 .1 3 5 0.067
4 .0  -  4 .5 0 .100 0 .050

3 .5  -  4 .0 0 .0 8 5 0 .042

3 .0  -  3 .5 0 .0 6 0 0.030

2 .5  -  3 .0 0 .048 0 .024

2 .0  -  2 .5 0 .0 3 5 0 .017

TABLE 1 1 .1 4

d/X = 0 .1 0  , n = 0 .0 5  , e = 70°

Range o f  k A(k) s  A(A) o f  0 .006  TT A(k) = A(a) o f  0 .003  ttJ

4 .5  -  5 .0 0 .120 0 .060

4 .0  -  4 .5 0 .100 0 .050

3 .5  -  4 .0 0 .0 8 5 0 .0 4 2

3 .0  -  3 .5 0 .066 0 .033

2 .5  -  3 .0 0 .0 5 4 0 .027

2 .0  -  2 .5 0 .0 4 2 0 .021

TABLE 1 1 .1 5

d/X = 0 .0 6  f n = 1 .0  , e = 70°

Range o f  k A(k) 5  A(A) o f  0 .006  TT A(k) = A(A) o f  0 .0  3 tt

4 .5  -  5 .0 0 .1 1 0 0 .055

4 .0  -  4 .5 0 .1 0 0 0 .050

3 .5  -  4 .0 0 .066  , 0 .033

3 .0  -  3 .5 0 .060 0 .030

2 .5  -  3 .0 0 .0 5 4 0 .027

2 .0  -  2 .5 0 .046 0 .023
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TABLE 11 .1 6

1 d / \  = 0 .1 0  y g = 1 .0  y e = 70°

j Range o f  k A(k) = A(a) o f  0 .006  tt A(k) = A(a) o f  0 .003  TT

4 .5  -  5 .0 0 .110 0 .055
4 .0  -  4 .5 0 .105 0 .052

3 .5  -  4 .0 0 .0 8 0 0.040

3 .0  -  3 .5 0 .070 0.035

2 .5  -  3 .0 0 .0 5 5 0 .027
2 .0  -  2 .5 0 .0 4 5 0 .022

TABLE 1 1 .1 7

d/X = 0 .0 6  y n  = 2 .0  y e = 70°

Range o f  k A(k) = A(a) o f  0 .006  tt A(k) = A(A) o f  0 .003  tt

4 .5  -  5 .0 0 .135 0.067

4 .0  -  4 .5 0 .1 0 0 0.050

1 3 .5  -  4 .0 0 .090 0.045

j 3 .0  -  3 .5 0 .080 0 .040

! 2 .5  -  3 .0 0 .0 6 3 0.031

: 2 .0  -  2 .5 0 .060 0.030

TABLE 1 1 .1 8

d / X = 0 .1 0  y n  = 2 .0  y e = 70°

Range o f  k A(k) = A(A) o f  0 .006  TT A(k) s  A(A) o f  0 .003  rr

4 .5  -  5 .0 0 .1 3 5 0 .067

4 .0  -  4 .5 0 .125 0 .0 6 2

3 .5  -  4 .0 0 .1 0 0 0.050

3 .0  -  3 .5 0 .0 8 5 0 .042

2 .5  -  3 .0 0 .0 7 0 0.035

' 2 .0  -  2 .5 0 .050 0 .025
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TABLE 11 .19

d / X  =  0 . 0 6  y n  = 3 . 0  , e =  7 0 °

R a n g e  o f  k A(k )  =  A(a) o f  0 . 0 0 6  TT A(k)  =  A(a) p f  0 . 0 0 3  tt

4 . 5  -  5 . 0 0 . 1 5 0 0 . 0 7 5

4 , 0  -  4 . 5 0 . 1 3 0  ' 0 . 0 6 5

3 . 5  -  4 . 0 0 . 1 1 0 0 . 0 5 5

3 . 0  -  3 . 5 0 . 1 0 0 0 . 0 5 0

2 . 5  -  3 . 0 0 . 0 8 5 0 . 0 4 2

2 . 0  -  2 . 5 0 . 0 7 0 0 . 0 3 5
------------------------------  -----

TABLE 1 1 .2 0

d/X =  0 .1 0  y  n =  3 .0  y  0  =  70°

Range o f  k A(k) =  A(A) o f  0 .006  TT A(k) =  A(A) o f  0 .003  tt

4 .5  -  5 .0

4 .0  -  4 .5

3 .5  -  4 .0

3 .0  -  3 .5

2 .5  -  3 .0

2 .0  -  2 .5

in  t h i s  reg io n  th e  s e n s i t i v i t y  

o f  A to  k drops heyond th e  

v a lu e s  in  th e  ta b le s  above and 

a ls o  m u lt ip le  r o o ts  occur fo r  

v a lu e s  o f  n ^  3 .2 .
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1 1 ,2 .4  C onclusions

In  t h i s  chapter i t  was attem pted to  exp lore and in v e s t ig a te  the  

s e n s i t i v i t y  o f  th e  p o la r im e tr ic  m easurable A, to  th e  o p t ic a l  con stan ts  

n and k and to  d/X and 0 . I t  i s  hoped th a t  A has been shown to  

be s e n s i t iv e  to  k over a wide range o f  n and th ic k n e ss  (0 .0 0 5  ^ n s: 3 .0  

and 0 .0 1  ^ d/X ^ O . l ) .  However, th e  s e n s i t i v i t y  to  n i s  lim ite d  to  

c e r ta in  c a se s  and th e se  are m o stly  in  th e  low er ranges o f  t h ic k n e s s . .

As fo r  s u ita b le  in c id e n c e  i t  was found th a t  th e  h ig h e s t  p o s s ib le  in c i ­

dence i s  req u ir ed .

I t  i s  f a i r  to  say th a t ,  ex p er im en ta lly , probably e llip so m e tr y  i s  

th e  most u n iv e r s a l tech n iq u e fo r  th e  d eterm ination  o f  A = (^ p - &g). How­

ever i t  remain a b a s ic  aim o f  t h i s  t h e s i s  to  e x p lo i t ,  more f u l ly ,  in te r -

ferom etry  to  determ ine th e  o p t ic a l  c o n sta n ts  o f  th in  m e ta ll ic  f i lm s . The

in te r fe r o m e tr ic  tech n iq u e , d escr ib ed  in  th e  n ex t ch ap ter, i s  capable o f  

d ea lin g  w ith  h ig h ly  r e f l e c t in g  f ilm s  o f  th ic k n e s s e s  over 200 A. This 

would r e s t r i c t  th e  e x e r c is e  to  determ ining k o n ly  s in c e  in  the h igher  

th ic k n e s s  ran ge, and fo r  m e ta l l ic  f i lm s ,  e .g .  Ag , Au , A t o f  low n v a lu e s ,  

A becomes in s e n s i t iv e  to  n .  On th e  o th er  hand th e  in v e s t ig a t io n  o f the

p r o p e r t ie s  o f  A p resen ted  in  t h i s  chapter cou ld  be used  fo r  d esign in g  a

range o f  experim enta l tech n iq u es  aim ing a t  determ ining th e  con sta n ts  n 

and k a c c u r a te ly , and over a wide range o f  v a r ia b le s .
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C H A PT E R  I I I

THE INTERFEROMETRIC DETERMINATION OF THE 

DIFFERENTIAL CHANGE OF PHASE ON REFLECTION 

AT AN a ir / metallic FILM INTERFACE
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I I I . l  INTRODUCTION

T his chapter i s  concerned w ith  d escr ib in g  th e  in ter fe ro m etr ic  

method fo r  th e  d eterm in ation  o f  th e  d i f f e r e n t ia l  change o f  phase on r e f l e c ­

t io n  a t  an a ir /m e t a l l i c  f ilm  in t e r f a c e .  The tech n iq u e , f i r s t  described  

by T olansky(^) and la t e r  used  by A v e r y , was a p p lied  in  a m odified  form

( 33)by Barakat and Shaalan^ I t  i s  based on observing  m ultiple-beam  in te r ­

feren ce  f r in g e s  a t  non-normal in c id e n c e . As th e  in c id en ce  in crea ses  

beyond 20° th e  fr in g e s  s t a r t  s p l i t t in g  in to  d ou b lets p o la r ise d  perpendi­

cu la r  and p a r a l l e l  to  th e  p lan e o f  in c id e n c e . The sep ara tion  between  

th e two components o f  each d ou blet in c r e a se s  as th e  in c id en ce  in c r e a se s .

The sep a ra tio n  o f  th e  p erp en d icu lar  and p a r a l le l  components i s  due to  a 

p ath  d if fe r e n c e  in trod u ced  by th e  d i f f e r e n t ia l  change o f  phase when l ig h t  

i s  r e f l e c t e d  a t  th e  a ir / in t e r f e r o m e te r 's  co a tin g  in te r fa c e .  The path  

d if fe r e n c e  cou ld  be measured as a f r a c t io n  o f  an order sep a ra tio n , i . e .  

as a f r a c t io n  o f  X . T h is cou ld  be e a s i l y  tr a n s la te d  to  a phase d if f e r ­

ence rea d in g , s in c e  a path  d if fe r e n c e  o f  X /2 i s  eq u iv a len t to  a phase 
o

d if fe r e n c e  o f  tt .

In  g en era l th e  tech n iq u e depends on th e  q u a lity  o f  th e  fr in g e s ,

i . e .  t h e ir  sharpness and v i s i b i l i t y .  T h is in  tu rn  depends on th e apparent 

o p t ic a l  p r o p e r t ie s  o f  th e  in ter fe ro m eter  co a tin g  la y e r s ,  i . e .  R , T and 

A. Thus th e  th ic k n e s s  o f  th e  la y e r s  d ep o sited  on th e in terfero m eter

( 7)p la t e s  i s  o f  c r i t i c a l  im portance. A very' ' claim ed th a t  measurable d is ­

p lacem ents betw een r e s o lv e d  components fo r  R as low as 30^ a t  h igh  an g les

( 33)o f  in c id e n c e  were p o s s ib le .  Barakat and Shaalan^ modulated th e f i r s t  

beam c o n tr ib u tin g  to  th e  form ation  o f  m u lt ip le  beam F izeau  fr in g e s  for  

c o a t in g s  o f  R ^ 0 .6 .  The r e s u l t  was a r e f l e c t io n - l i k e  p a ttern  o f  fr in g e s  

o f  su p er io r  v i s i b i l i t y  to  th e  o r ig in a l  tra n sm itted  system . This p erm itted  

th e  d eterm in ation  o f  A as a fu n c tio n  o f  9 fo r  f ilm s  o f  d ^ 200 k .  How­

ev er , th e  tech n iq u e cou ld  n o t be s u c c e s s f u l ly  a p p lied  to  f ilm s  o f  d < 100 Â
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( 32)Only in  th e  case  o f  A very' ' th e q u a n tity  A, determined in te r fe r o m e tr ic -  

a l l y  v a s  used  to  e x tr a c t  th e  o p t ic a l  c o n s ta n ts . In  h is  case he used A 

to g e th e r  v i t h  some photom etric m easurah les. There vas no attem pt to  ana­

ly s e  and map th e  p r o p e r t ie s ,  and dependencies o f  A i t s e l f .  T his as ve  

shoved in  th e  l a s t  ch ap ter , i s  s e n s i t iv e  to  n and k , hut more to  k than  

n, in  a v id e  range.

In  th e  fo llo w in g  su h -ch ap ters th e  experim ent i s  d escrib ed . This 

in v o lv e s  th e  o p t ic a l  arrangement to  determ ine hov A v a r ie s  v i t h  9 . The 

p rep a ra tio n  o f  specim ens and th e  measurement o f  t h e ir  th ic k n e sse s  are d is ­

cu ssed . The method and th eo ry  o f  c a lc u la t in g  A as a fr a c t io n  o f  X are 

a ls o  g iv e n . F in a l ly  th e  l i m i t s  o f  th e  tech n iq u e and th e  sources o f errors  

are d is c u s se d .

I I I .  2 THE OPTICAL SET-UP FOR THE DETERMINATION OF A= (6 ^ -  ô^)

AS A FUNCTION OF 0 THE ANGLE OF INCIDENCE

The o p t ic a l  arrangement i s  sim ple and can be d iv id ed  in  the fo llo w ­

in g  components :

1 . The Source

T his i s  a c d -H g  h ig h  p ressu re  sp e c tr a l lamp by P h il ip s  operated  

from th e  mains v ia  a s u ita b le  tran sform er. I t  provided mono-chromatic 

r a d ia t io n  a t  d i f f e r e n t  w avelen gth s. The ones used  in  t h i s  work are 

cd -  red  6438 Â  ̂ Hg -  green  5461 Â, Hg -  b lu e 4358 Â ,

2. C o llim a tio n

L ig h t from th e  source (s e e  F i g . I I I . l )  i s  condensed and focused

by means o f  a le n s  L I  o f  sh ort fo c a l  le n g th  f^  onto an i r i s  diaphragm

o f  ap p roxim ately  2mm diam eter . Bays d iv erg in g  from th e i r i s  diaphragm 

are th en  rendered  p a r a l l e l  by means o f  a le n s  L 2^ "the d ista n ce  between

L 2 and th e  i r i s  b e in g  f g th e  fo c a l le n g th  o f  t h i s  le n s  where f 2 = 2 f  ̂  ,

When th e  system  was c o r r e c t ly  l e v e l l e d  and h e ig h ts  ad ju sted , th e  beam was 

p a r a l l e l  to  ± 0 ,5  cm a t  a d is ta n c e  o f  about 3 m etres.
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3 . S p ec tra l I s o la t io n

T his was r e a l iz e d  by p la c in g  a monochromatic a l l  d ie le c t r ic  in te r ­

feren ce  f i l t e r  behind  le n s  L 2. The f i l t e r s  used  were by Barr and Stroud  

and had th e  fo llo w in g  c h a r a c t e r is t ic s .

TABLE I I I . l

^peak ^^peak H a lf-¥ id th Remarks

6440 ZbP/o 60 1 T a t  X6438 = Z0%

5475 5496 60 1 T a t  X 5461 = 50 .5^

4386 49^ 31 Â T a t X4358 = 44%

4 . The In te r fero m eter

T h is was made up o f  two h ig h  grade g la s s  o p t ic a l  f l a t s  by Z eiss- 

Jena o f  th e  fo llo w in g  s p e c i f ic a t io n s

TABLE I I I . 2

D iam eter ram T hickness mm F la tn e ss  Tolerance

45 11 0 .1

The two o p t ic a l  f l a t s  were p la c e d , a f te r  co a tin g , in  a j i g  s p e c ia l ly  

co n stru c ted  to  co n ta in  them. I t  had th ree  screws as shown in  P la te  (2 ) .  

They a llow ed  th e  c o n tr o l o f  th e  sp acin g  o f  the f l a t s  and th e p r e c ise  a d ju st­

ment o f  th e  wedge a n g le . The su rfa ce  area o f  th e  f l a t s  was such as to  

a llow  a v e r y  c lo s e  experim ental approxim ation to  th e  requirem ents o f the  

A iry  summation formula govern ing th e  in t e n s i t y  d is tr ib u t io n  in  a m u ltip le  

beam in te r fe r e n c e  p a tte r n , Tolansky^^^^, The j i g  was supported on a 

sp ectrom eter  ta b le  s l i g h t l y  m od ified  to  accommodate th e j i g  mounting.

F i g . I I I . l  shows a schem atic diagram o f  th e  o p t ic a l  system . P la te  ( l )  shows 

th e  a c tu a l exp erim en ta l se t-u p  and P la te  (3 ) shows the complete in te r fe r o ­

m eter supported  on th e  spectrom eter t a b le .  The in terferom eter moved 

f r e e ly  around th e  c e n tr a l a x is  a llo w in g  v a r ia t io n  o f the angle o f  in c i ­

dence ,
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5 . V iew ing and Recording th e  F rin ges

T his was done, see  F i g . I I I . l ,  hy p la c in g  a p ro jec tin g  le n s  L 3  

behind th e  in ter fe ro m eter  which p r o je c te d  th e  image o f the fr in g e s  formed 

on th e zero su rfa ce  o f  lo c a l iz a t io n ,  onto th e photographic p la te  through  

th e  m icroscope e y ep iece  and th e  camera le n s .  The camera was attached  to  

th e  m icroscope tube a f t e r  removing i t s  o b je c t iv e .  This arrangement 

proved s a t i s f a c t o r y  s in c e  m a g n ific a tio n  could  be a lte r e d  by moving only  

th e  p r o je c t io n  le n s  L 3  between th e  in terfero m eter  and the m icroscope tube 

w h ile  th e  camera assem bly stayed  in  p o s i t io n .  F rin ges could be viewed in  

th e  s id e  e y ep iece  a tta ch ed  to  th e  camera body. The in terferom eter was 

a d ju sted  so th a t  e ig h t  fr in g e s  appeared in  th e f i e l d  o f v iew .

Tlie optimum c o n d it io n s  to  produce m u ltip le  beam F izeau  fr in g e s  

were an a lysed  by T olan sk y^ ^ ^ \ Brassel^^^^ and Barakat and Mokhtar^^^).

The f r in g e s ,  produced fo r  a n g le s  o f  in c id en ce  varying from 

normal to  70° a t  in t e r v a ls  o f  2 .5 °  (some tim e a t  5° in t e r v a ls ) ,  were recor­

ded on I l f o r d  HP 3 photographic p la t e s .  These h igh  speed p la t e s ,  ASA400 , 

p erm itted  sh o rt exposures and were developed  and f ix e d  according to  stan­

dard p roced u re. The same exposure and d evelop ing  co n d itio n s were fo llow ed  

in  each s e r ie s  o f  p la t e s  r e la t in g  to  a c e r ta in  f ilm  th ick n ess  a t  a cer ta in  

w avelen gth .

I I I . 3 THE SPECIMENS PREPARATION AND THICKNESS DETERMINATION

In  t h i s  s e c t io n  a b r ie f  account i s  g iv en  o f  th e  tech n iq u es and 

c o n d it io n s  o f  p rep arin g  th e  m e ta l l ic  th in  f ilm s  in v e s t ig a te d  to g eth er  w ith  

t h e ir  th ic k n e s s  d eterm in a tio n . The th in  f ilm s  o f  Ag , Au and A t were 

prepared by therm al evap oration  under vacuum o f  the order 10 to r r  or 

b e t t e r .  T heir th ic k n e s s  was determ ined by i n i t i a l l y  w eighing the m ateria l 

and la t e r  by in te r fe r o m e tr ic  m ethods.
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I I I . 3 ,1  Vacuum D e p o sit io n  o f  Thin M e ta llic  Film s 

1 . The Vacuum P la n t

P la te  ( 4 ) shows th e  12 inch  pumping system used . This co n s is ted  

o f  a 5 inch  d if fu s io n  pump hacked by an E 250 Edwards ro ta ry  pump. The 

ro ta r y  was capable o f  e x tr a c tin g  250 l i t r e s /m in u te ,  reaching an u ltim a te  

p ressu re  o f  5 X 10“  ̂ t o r r ,  w ith ou t gas b a l la s t .  The maximum w ater vapour 

th a t  cou ld  be pumped was 0 .6 3  kG/hour. The ro ta ry  pump was connected to  

th e  d if fu s io n  pump through a Saunders vacuum v a lv e .

The d if f u s io n  pump was capable o f  e x tr a c tin g  650 l i t r e s / s e c .  I t  

was a B irvac TD 125A . The u lt im a te  p ressu re  reached by the t o t a l  system  

was o f  th e  order o f  2 X 10"^ t o r r .  The d if fu s io n  pump working o i l  was 

s i l i c o n e  704. The b e l l  ja r  was connected  to  th e  d if fu s io n  pump v ia  a 

h igh  vacuum v a lv e  and a demountable l iq u id  n itro g en  tra p . This was 

n e c e ssa r y  to  condense as many o f  th e  pumped vapours as p o s s ib le .  The 

w hole system  was f i t t e d  in  a B irvac frame along w ith  a n c il la r y  equipment 

such as P ir a n i and Penning gau ges. The system  pumped down to  10“® to r r  

in  about te n  m in u tes . When c lea n  and a llo w in g  more tim e for  pumping 

down, i t  cou ld  reach  b e t t e r  than 3 X 10“® to r r  in  about h a lf  an hour.

A ll  p a r ts  o f  th e  working chamber,' P la te  (5 a ) , and th e  b e l l  ja r  were 

th orou gh ly  c lea n ed  a f t e r  each ev a p ora tion , thus m aintain ing  the e f f ic ie n c y  

o f  th e  system .

Molybdenum b o a ts  were used  to  co n ta in  th e  vapour source and a h igh  

cu rrent was u sed  to  h ea t them. A v a lu e  o f  90 amps was t y p ic a l ,  i t  was 

d erived  from a s p e c ia l ly  co n stru cted  power supply . A sh u tter  was used  

to  r e g u la te  th e  ev a p o ra tio n .
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2, S u b stra te  P reparation

The o p t ic a l  f l a t s  were c lean ed  by removing th e  la y e r  d ep osited  

p r e v io u s ly  on them u s in g  s o lu t io n . Then by r in s in g  them in  d is ­

t i l l e d  w a ter . They were d ried  and rubbed u sin g  s o f t  co tton  wool u n t i l  

such tim e when th e y  responded to  th e  sim ple breath ing  t e s t .  When breathed  

upon, th e  s u r fa c e , i f  fr e e  from contam ination , did  not hold  the water vapour 

la y e r  fo r  more than  a fr a c t io n  o f  a second. This sim ple procedure o f  

c le a n in g  was s a fe r  than u s in g  n i t r i c  a c id  to  remove the m e ta ll ic  la y er  to  

s t a r t  w ith . The a c id  would a tta ck  th e  su rface  and scra tch  i t  causing  

damage to  th e  f la t n e s s  o f  th e  su rface  and probably a f fe c t in g  the atmosphere

in s id e  th e  working chamber. The two f l a t s ,  c o n s t itu e n ts  o f th e  in te r fe r o -  
f

m eter, to g e th e r  w ith  one o th er  f l a t  were mounted in  the chamber a t a d is ­

ta n ce  o f  30 cm from th e  so u rce . The th ir d  f l a t  was h a lf  masked w ith  a 

f r e s h ly  c lea v ed  sh ee t o f  mica w ith  a sharp edge. The unmasked h a lf  

r e c e iv e d  th e  same amount o f  m etal vapour as th e in terfero m eter  p la t e s .

The f l a t  was la t e r  over coated  w ith  an opaque la y e r  o f  s i lv e r  to  form the

low er component o f  a r e f l e c t io n  system  used  to  determ ine th e stop  h e ig h t .

T h is procedure w i l l  be d escr ib ed  la t e r .  P la te  5(b) shows how th e f l a t s  

were p la ced  in s id e  th e chamber.

3 . The Vacuum M a ter ia ls

The m eta ls  u sed  were a l l  s p e c tr o s c o p ic a l ly  pure and su pp lied  by 

Johnson and M atthey.

The s i l v e r  was in  th e form o f  w ir e s  o f  diam eter 0 .5  mm. Gold 

w ires  were o f  comparable d iam eter, but th e  aluminium was su pp lied  in  the

form o f  rods o f  a di^anber 1 .5  mm. S i lv e r  and go ld  were evaporated from
( 38 )

molybdenum b o a ts , bu t th e  aluminium was evaporated from h e l i c a l  c o i l s  

The m etal was a llow ed  to  m elt f i r s t  and, keep ing th e sh u tter  in  p o s it io n ,  

th e  r a te  o f  evap ora tion  was s t a b i l i s e d  f i r s t .  Then, removing the sh u tter , 

th e  vapour was a llow ed  to  reach  th e  su b str a te  su rface for  a s u ita b le
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le n g th  o f  t im e . T his o p era tio n , w h ile  la s t in g  fo r  on ly  a few seconds, 

ended hy moving hack th e  sh u tte r  to  i t s  i n i t i a l  p o s it io n .

I l l . 3 .2  T h ickness D eterm inat io n

The term th ic k n e s s  i s  one w hich, in  th e con text o f  th in  film  

o p t ic s ,  needs to  he taken  w ith  some ca u tio n . Now, a f te r  th ree  decades 

o f  mounting work on th e  o p t ic a l  p r o p e r t ie s  o f  th in  s o l id  f ilm s , we tend  

to  connect th e  term th ic k n e s s  more c lo s e ly  w ith  th e s tru c tu ra l p ro p er tie s  

o f  th e  f ilm  and th e  c o n d it io n s  under which i t  was prepared. However, 

in  a n a ly s in g  most o p t ic a l  measurements on th in  f i lm s , i t  i s  n ecessary  

to  a s s ig n  a v a lu e  to  f ilm  th ic k n e s s .  T his i s  because the r a t io  d/X 

appears in  a lm ost a l l  th e  form ulae which are used  to  an a lyse  th e measure­

m ents. I t  i s  s a fe  to  say th a t ,  exc lu d in g  th e  ca ses  o f  d iscon tin u ou s film s  

o f  v ery  sm all i th ic k n e s s * ,  th e  in te r fe r o m e tr ic  techn ique as developed by 

T olansky(^*^^), i s  a sim ple and accu rate  way o f  fin d in g  d ,  th e  m etric  

th ic k n e s s  o f  th e  f i lm .

The in te r fe r o m e tr ic  method i s  o f  lim ite d  u se  fo r  f ilm s  o f  

H h ic k n e ss ' under 50 Â. T his i s  so fo r  two main reason s, (a) th e  v a r ia ­

t io n  in  th e  s tr u c tu r e  o f  such f ilm s  would lea d  to  w id e ly  d if fe r in g  v a lu es  

fo r  th e  s te p  h e ig h t ,  and (b) a s tep  h e ig h t  o f  th a t  order w i l l  cause a 

v e r y  sm all fr in g e  s h i f t  making i t  d i f f i c u l t  to  observe and measure.

The ty p e  o f  f ilm  which we are concerned w ith  h ere , i s  th a t depos­

i t e d  on a su b s tr a te  and th e r e fo r e  could  form a s te p , the h e ig h t o f

w hich cou ld  be m easured. Other methods fo r  ev a lu a tin g  th ic k n e ss  were

(25)
surveyed by Bennet and Bennet ,

As fo r  th e  in te r fe r o m e tr ic  tech n iq u e , i t  i s  based on th e  fa c t  

th a t  in te r fe r e n c e  fr in g e s  formed betw een an o p t ic a l  f l a t  and a su rface  

having i r r e g u la r i t i e s ,  w i l l  contour th e s e  su rface  fe a tu r e s  and render 

them a v a ila b le  fo r  measurement. T h is was r e a l iz e d  as e a r ly  as 1892 by
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Laurent^^^). The experim ental c o n d it io n s  fo r  ob ta in in g  sharp and v e i l  

d efin ed  m u lt ip le  beam F izea u  fr in g e s  are w e ll d iscu ssed  and e x p er tly  

w r it te n  by Tolansky(^^'^^*'^^). I t  i s  to  be mentioned here th a t in  the  

case  o f  a wedge in ter fe ro m eter  view ed a t  r e f l e c t io n  w ith  an overcoated  

step  on th e  low er component, (â ) th e  fr in g e s  must be perpendicu lar to  the  

s tep ; (b) th e  r e f l e c t i v i t y  o f  th e  upper component i s  c r i t i c a l ,  s in ce  i t  

a f f e c t s  th e  v i s i b i l i t y  o f  th e  fr in g e  p a tte r n , and (c ) photographing the  

fr in g e s  and m easuring th e  d isp lacem ent w ith  a comparator i s  far  sa fer  than  

u s in g  a m icrom eter e y e p ie c e . T his e lim in a te s  any errors due to  the  

’m oving’ o f  th e  f r in g e s .  The procedure o f  alignm ent o f th e in te r fe r o ­

m eter i s  d escr ib ed  ad eq u a te ly , though v ery  d e ta ile d  and u iÿc^ cessarily  

le n g th y , in  r e fe r e n c e  (2 5 ) .  From exp erien ce th e p ro cess  i s  very  d e lic a te  

in d eed , b u t w ith  care and p r a c t ic e ,  i t  becomes a second nature to  on e’s 

f in g e r s  !

The experim ental se t-u p  i s  shown in  F i g . I I I . 2. The m icroscope 

i s  a low-power m a g n if ic a tio n , o b je c t iv e  X 3 and eyep iece  X 6 , t h i s  i s  

fu r th er  reduced by th e  camera le n s  m a g n ific a tio n  o f  X ^. Low order in te r ­

fere n c e  f r in g e s  are employed, up to  th e  tw e n tie th  order. This depends on 

th e  s iz e  o f  th e  o p t ic a l  f l a t s  and th e  way th e  edge o f th e  wedge i s  adjusted . 

To p o in t  ou t th e  s te p s  in  sim ple term s, th e y  are as fo llo w s  ;

(1 ) An a d d it io n a l o p t ic a l  f l a t  i s  in troduced  in  th e  chamber

to  be coated  in  th e  same tim e as th o se  o f  th e  in te r fe r o ­

m eter . I t  w i l l  be h a l f  masked w ith  a f r e s h ly  cleaved  

m ica sh e e t having a sharp edge. The use o f  mica w i l l  

p reven t damaging th e  f l a t  su r fa c e .

( 2) The mask i s  removed and th e  step  formed p r e v io u s ly  i s  over­

coa ted  w ith  an opaque f ilm  o f  s i lv e r .

( 3 ) A r e fe r e n c e  f l a t  i s  coated  w ith  a s i lv e r  film  o f r e f l e c t i -

t i v i t y  o f  about 75^. T his w i l l  serve as the upper compo­

n en t o f  th e  in te r fe r o m e te r . The v a lu e  o f  75^ i s  c r i t i c a l  

fo r  th e  v i s i b i l i t y  o f  th e  r e f le c t e d  fr in g e  system .

-  77 -



PLATE (6)

y  X

F i g . I I I . 3
T h ick n ess c a lc u la t io n  from in ter fero g ra m
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(4 ) The two f l a t s  are p laced  in  a j i g  s im ila r  to  th a t d escribed  

on page 6 8 , and th e  j i g  screw s used to  a d ju st th e d isp er­

s io n  o f  th e  fr in g e s  and t h e ir  p o s it io n  p erp en d icu la r ly  to  

th e  s te p .

( 5) When th e  fr in g e s  stop  ’m oving’ th ey  are photographed.

P la te  (6 ) shows t h e ir  appearance. The step  h e ig h t i s

found from th e  sim ple equation  d = ~  X X/2 ,  F i g .I I I .3 .

X/ 2  i s  th e  order sep a ra tio n , and x i s  th e d is ta n ce  between any two 

su c c e s s iv e  f r in g e s ,  Ax b ein g  th e  d isp lacem ent caused by th e  s tep .

T h is method i s  capable o f  an accuracy o f  -  10

.483 -





n+1

n + 1n
F i g . I l l , 5
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T ransm itted  f r in g e s  
a t  0 = 0°
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I I I . 4 TEE CALCULATION OF A = (6 p -  6^) AS A FRACTION OF \  FROM

A TRANSMITTED FRINGE PATTERN AT AN ANGLE OF INCIDENCE 0

In  alm ost a l l  measurements made from in terferogram s a fr in g e  s h i f t  

i s  b e in g  determ ined. T his i s  a measurement o f  d is ta n c e . However, t h i s  

d is ta n c e  in  i t s e l f  i s  o f  no p h y s ic a l meaning u n le s s  i t  i s  r e la te d  to  the  

order sep a ra tio n  o f  th e  fr in g e  p a tte r n . In  th e case o f tran sm itted  

fr in g e  system  th e  order sep a ra tio n  i s  X /2. T his i s  th e  path d iffe r e n c e  

req u ired  to  produce th e  n ex t fr in g e  as i t  w ere. F i g . I I I . 5 shows how 

f r in g e s  o f  equal th ic k n e s s  are produced by an a ir  m etal coated  wedge.

P la te  ( 7) shows th e  tra n sm itted  fr in g e s  o f  equal th ic k n e ss  produced by 

such an arrangement a t  normal in c id e n c e . They are eq u a lly  spaced.

P la te  ( s )  shows th e  same tra n sm itted  system  view ed and recorded a t  an 

a n g le  o f  in c id e n c e  o f  30 d egrees to  th e  normal. There are two system s o f  

f r in g e s  be]^^ging to  th e  p erp en d icu lar  and p a r a l le l  components o f  in c id e n t  

r a d ia t io n . The d if fe r e n c e  in  phase between th e  two components r e s u lt in g  

from th e  non-normal in c id e n c e  i s  t r a n s la te d  in to  a path  d iffe r e n c e  showing 

i t s e l f  as a r e l a t iv e  fr in g e  s h i f t .  When th e  phase d iffe r e n c e  reaches tt 

th e  path  d if fe r e n c e  would be X /2 and th e  two system s o f  fr in g e s  would 

f a l l  onto each o th e r . T h is would tak e p la c e  when th e in c id en ce  i s  90° 

and i s  im p ra c tica l to  reco rd . However, F i g . I I I . 6 shows how th e path d i f ­

fe r e n c e , a s  a f r a c t io n  X , cou ld  be found from such an in terferogram .

The c o n d it io n  o f  in te r fe r e n c e  i s

nX = 2 t  + 2 6^ . X , . . .  ( l l l . l )

where 6^ i s  th e  change o f  phase a t  r e f l e c t io n  fo r  th e e lectrom agn etic  

r a d ia t io n  in c id e n t  a t  th e  a ir /m e t a l l i c  la y e r  in te r fa c e .  T his equation  

g iv e s  th e  c o n d it io n  o f  in te r fe r e n c e  fo r  b r ig h t  fr in g e s  in  tran sm ission  

a t  normal in c id e n c e .
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For non-normal in c id en ce  th e  co n d itio n  i s

nX = 2 t  cos 0 + 2 X . . .  ( i l l . 2)

where 0 i s  th e  an g le  o f  in c id en ce  and Ô. .  i s  the phase change a t
® » M

r e f l e c t io n ,  6 i s  a fu n c tio n  o f th e angle o f  in c id en ce , th e  w avelength  

and th e  s t a t e  o f  p o la r iz a t io n .  In  th e  case o f  non-normal in c id en ce  th e  

phase change depends on th e  r e la t io n  o f  th e  p lane o f p o la r iz a t io n  to  th e  

p lan e o f  in c id e n c e . A ccord in g ly , two fr in g e  system s occur fo r  th e  two 

l i g h t  v ib r a t io n s  and th e  fo llo w in g  r e la t io n s  d escrib e them ;

nX = 2 t ^ c o s  Q + 2  6^ 0 ^ 'X  . . .  ( i l l . 3

nX = 2 tII cos 0 + 2 &̂  0 X . . .  ( i l l . 4

A lso  fo r  th e  same component th e  fo llo w in g  r e la t io n s  ho ld

n X = 2 t c o s 0  + 2 6^ Q «X . . .  ( i l l . 5n A ,v ,u

(n + l)X  ■- 2 t  cos 0 + 2 6, Û X . . .  ( i l l . 6' ' n+1 X, e,T| '

S u b tra ctin g  th e  l a s t  two eq u ation s and from th e  geometry o f  F i g . I I I . 6

X = 2 ( t  -  t  ) cos 0 . . .  ( I I I . 7' n +1 n' '■

= ( t  - t  ) . . .  ( i l l . 82 • cos 6 ' n + l” n

( t  -  t  )
and ta n  e = — — ------ —  . . .  ( i l l . 9

y
Thus

® = 2 y cos  8 . . .  ( I I I . 10)

where e i s  th e  wedge a n g le , n i s  th e  order o f  a p a r t ic u la r  fr in g e , and 

y i s  th e  sep a ra tio n  between any two su c c e s s iv e  fr in g e s  b elon gin g  to  the  

same component. I t  cou ld  be concluded th a t ,  a t  a c e r ta in  0, y  i s  th e  

same fo r  e i th e r  components and as 0 in c r e a s e s ,  cos 0 d ecreases and s in ce  

e i s  th e  same, y  should in c r e a se  le a d in g  to  fewer number o f  fr in g e s  in  

th e  f i e l d  o f  v ie w ,
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From F i g . I I I . 6 i t  i s  c le a r  that^
t  -  t

t a n s  = — P , . . .  ( I I I . 11)

By su b tra c tin g  eq u ation  ( i l l  .4 )  from ( i l l  3 )  we g e t

cos 0 ( t  -  t  )
(% - V  = --------- )T— ^  ••• (111*12)

From eq u a tio n s ( I I I .I O ) ,  ( l l l . l l )  and ( i l l , 12)

V = If = • I • ... ( I I I . 13)

T liis eq u ation  g iv e s  A = (6  -  6 ) as a fr a c t io n  o f  X . i t  could be
P 8

tr a n s la te d  to  a phase an g le  s in ce  a path  d iffe r e n c e  o f  X/2 i s  eq u iva len t  

to  phase d if fe r e n c e  o f  TT' .

I I I . 5 AN ANALYSIS OF THE SOURCES OF ERRORS INVOLVED
IN THE INTERFEROMETRIC DETERMINATI ON OF A AND 
THEIR EFFECT ON THE ACCURACY OF THE TECHNIQUE

The in te r fe r o m e tr ic  tech n iq u e fo r  th e  determ inatin  o f  th e  d if f e r ­

e n t ia l  change o f  phase i s  m ain ly  dependent on th e q u a lity  o f  th e  m u ltip le  

beam fr in g e s  i t  em ploys. T his q u a lity  in  tu rn  i s  a fu n ctio n  o f  two main 

a sp e c ts :  (a ) th e  r e f l e c t io n  c o e f f i c i e n t  o f  th e  in terfero m eter  c o a tin g s ,

and (b) th e  fu lf i lm e n t  o f  th e  optimum c o n d itio n s  fo r  th e  production  o f  

m u lt ip le  beam in te r fe r e n c e  f r in g e s .  The f i r s t  o f  th e se  two a sp ec ts  i s  

th e  one which s e t s  th e  l im it  to  th e  a b i l i t y  o f  an ob server , to  e x tr a c t  

th e  most a ccu ra te  p o s s ib le  r e s u l t s  from a c e r ta in  fr in g e  system . The 

sharper th e  f r in g e ,  th e  e a s ie r  th e  fo cu s in g  on th e  photographic p la t e ,  and

th e  e a s ie r  i t  i s  to  b rin g  th e  c r o ss  w ir e s  o f  th e  m easuring instrum ent in to

c o in c id en ce  w ith  i t .

In  T o la n sk y 's  o r ig in a l exp erim en ts, th e  Newton’s r in g s  were fr in g e s  

o f  equal th ic k n e s s ,  and a t  normal in c id e n c e  were lo c a l iz e d  in  or v ery  near 

to  th e  a ir  gap o f  th e  in te r fe r o m e te r . At non-normal in c id en ce , however, 

th e  f r in g e s  are no lon ger  lo c a l iz e d  in  th e  gap but on a curved su rface  in  

space near th e  in te r fe r o m e te r . T his su r fa ce  i s  not perpend icu lar to  th e
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o p t ic a l  a x is  o f  th e  system  and as a r e s u lt  o n ly  p art o f  th e  f i e l d  o f  v iew  

can he secured  in  fo cu s a t  any one tim e . In  th e wedge in ter fero m eter , 

id e a l ly ,  th e  f r in g e s  are lo c a l iz e d  in  a p lane perpend icu lar to  th e  o p t ic a l  

a x is  o f  th e  system , and so a l l  th e  fr in g e s  should he in  focus a t any g iven  

moment. In  p r a c t ic e  th e  in ter fero m eter  p la t e s  may, to  a sm all e x te n t ,  

bend or curve and th e  su rface  o f  lo c a l iz a t io n  i s  not p lane any more. 

T his in tro d u ces  an apparent change in  th e  spacing o f  th e  d o u b le ts . This 

cou ld  le a d  to  f a l s e  r e s u l t s .  The e f f e c t  could  be minimized i f  th e  p la te s  

used  were o f  such th ic k n e ss  as to  make any bending o f  th e  su rface in s ig ­

n i f i c a n t l y  sm a ll. In  t h i s  work, t h i s  i s  ach ieved  by u s in g  o p t ic a l  f l a t s  

4 5 mm in  d iam eter and 11 mm th ic k  as m entioned e a r l ie r  in  t h i s  chapter. 

A lso  t h i s  e f f e c t  i s  l e a s t  when th e  angle o f th e  wedge and th e  in te r fe r o ­

m etr ic  gap are both  v ery  sm a ll. When th e  fr in g e s  are sharp, r e s u lt in g  

from c o a tin g s  o f  h igh  r e f l e c t i v i t i e s ,  th e  error in  focu sin g  on th e photo­

graph ic p la t e  i s  minimum.

A nother source o f  error a r i s e s  from th e  in c o n s is te n c y  in  th e  

measured v a lu e s  o f  y  , th e  d is ta n c e  betw een any two su c c e ss iv e  fr in g e s  

measured on th e  photographic p la t e .  The measurement o f  th e se  d is ta n c e s  

i s  made on a H ilg e r  comparator, P la te  ( 9 ) ,  which g iv e s  i t s  read ings to  

± 0 .0 0 1  mm. I f  th e  in ter fe ro m eter  p la t e s  are o f  such dim ensions th a t  

bending o f  th e  su rfa ce  in tro d u ces  s ig n i f ic a n t  changes in  th e  in te r fe r o ­

m etr ic  gap a lon g  th e  in te r fe r o m e te r , th e  d is ta n ce  y  w i l l  s u ffe r  accord­

in g ly  and aga in  a f a l s e  r e s u l t  may be ob ta in ed . T his i s  la r g e ly  avoided  

by u s in g  f l a t s  o f  th e  s iz e  m entioned above, and by tak in g  read ings over a 

f ix e d  number o f  fr in g e s  throughout one s e t  o f  p la t e s .

In  one s e t  o f  p la t e s  taken  a t  in t e r v a ls  o f  2 .5 °  o f  in c id e n c e , 

each p la t e  con ta in ed  an average o f  6 - 8  d o u b le ts , y  was c o n s is te n t  to  

± 0 .0 1  mm. In  m easuring y  and Ay another d i f f i c u l t y  a r is e s  when th e  

r e f l e c t io n  c o e f f i c i e n t  o f  th e  in ter fe ro m eter  c o a tin g s  i s  such th a t  i t
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produced broad f r in g e s .  On th e  one hand, th e  doubling due to  th e d i f ­

feren ce  in  phase s t a r t s  to  be ob servab le  on ly  a t  medium a n g les  o f  in c id en ce  

(40° fo r  R = 40^ ), and on th e  o th er  hand, even a t  h igher in c id e n c e , th e  

broad fr in g e  ten d s  to  overshadow th e  sharper but l e s s  in te n se  component 

b elo n g in g  to  th e  p erp en d icu la r ly  p o la r iz e d  l i g h t  v ib r a t io n . In e v ita b ly  

when recorded  on photographic p la t e s  one o f  th e  two components, in  t h is  

s i t u a t io n ,  w i l l  have to  s u ffe r  according to  th e  type o f  p la t e s  u sed , and 

th e  exposure tim e g iv e n . However, i f  a good compromise i s  struck  between  

a l l  th e se  fa c to r s  in  th e  case  o f  low r e f l e c t in g  f ilm s , e .g .  R ^ 0 .5 ,  the  

measurement cou ld  s t i l l  s u ffe r  in a c c u r a c ie s  because o f  th e  d i f f i c u l t y  in  

lo c a t in g  th e  maximum o f  th e  broad fr in g e  u s in g  th e  cro ss  w ires  o f the  

m easuring com parator. P la te  (lO ) shows th e  d ou b lets  r e s u lt in g  from an 

in te r fe r o m e te r  c o a t in g s  o f  R ^  0 .8  a t  0 = 4 5 °, F i g . I I I . 7 shows a m icro­

d en sitom eter  tr a c e  o f  th e  same s e t  o f  f r in g e s .  P la te  ( l l )  shows the  

d o u b le ts  b e lo n g in g  to  co a tin g  o f  R ^  0 .6 5  a t  th e  same in c id en ce  and 

F i g . I I I . 8 shows th e  m icrodensitom eter tr a c e  in  t h i s  c a se . The d i f f i c u l ­

t i e s  m entioned above become im m ediately c le a r .

I t  i s  ob v iou s th a t  th e  in te r fe r o m e tr ic  techn ique i s  most su ite d  

to  f i lm s  which have h igh  r e f l e c t in g  power. In  th e  case  o f  s i lv e r  t h i s  

corresponds to  f ilm  th ic k n e ss  o f  200 Â and more. As a techn ique fo r  the  

measurement o f  A i t  p rov id es  an in ex p en siv e  and sim ple way, both  from the  

p o in t  o f  v iew  o f  apparatus and o f  o p era tio n , . As a g a in s t  t h i s  th e  tech ­

nique s u f f e r s  from some l im it a t io n s ,  th e most im portant bein g  th e  lo s s  o f  

accuracy  w ith  low er r e f l e c t io n  c o e f f i c i e n t s .  Another fa c to r  a r i s e s  from 

th e  fa c t  th a t  measurements have to  be made in  a ir  o u ts id e  th e  vacuum cham­

b e r , th u s r is k in g  contam ination  o f  th e  f ilm s  and consequent p o s s ib le  unrepre­

s e n ta t iv e  r e s u l t s .  However, as fo r  th e  contam ination r is k ,  t h i s  i s  impor­

ta n t  m ain ly  in  th e  case  o f  r e a c t iv e  m e ta ls .
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For many m eta ls  i t  i s  f a ir  to  assume th a t  r e s u lt s  are rep resen ta ­

t i v e  i f  measurements are made and ca rr ied  out w ith in  a short tim e o f  

d e p o s it io n . In  t h i s  work i t  was p o s s ib le  to  com plete th e  experim ent for  

determ ining A v s  0 w ith in  l e s s  than one hour. As for  th e use o f  th e  

r e s u l t s  ob ta in ed  to  deduce one or more o f  th e o p t ic a l  c o n sta n ts , th e  accu­

racy  w i l l  depend on s e n s i t i v i t y  fa c to r s  d iscu ssed  in  Chapter I I .  I t  

cou ld  be f a i r l y  sa id  th a t  determ ining A u sin g  th e  in te r fe r o m e tr ic  tech ­

nique in  more than 100 measurements performed in  th e  course o f  t h i s  work, 

th e  experim ental error was ± 0 .0 0 2 5  TT in  th e  optimum case to  ± 0 .0 0 6  it in  

th e  w orst c a s e . The p o la r im e tr ic  determ ination  o f  A in  th e  work o f  

Meyer was a ccu ra te  to  ±20^ or ± 0 .0 0 2  t t .

The com parison between experim ental r e s u l t s  and th e o r e t ic a l  v a lu es  

i s  a m atter which depends on which v a lu e s  o f  n and k one ta k es  to  compute 

a t h e o r e t ic a l  cu rve. In  t h i s  work v a lu e s  o f  n and k produced by  

S c h u l z a n d  recommended by Eeavens^^^^ are used  to  compute the th eo ­

r e t i c a l  cu rves o f  A v s  6. Any one s e t  would produce a th e o r e t ic a l

curve in  th e  l i g h t  o f  which an ex p er im en ta lly  determ ined one m ight appear

{ 20 )to  be u nreasonable or in  s tr a ig h t  d isagreem ent. S ch u lz ' ■' found th a t  

v a lu e s  o f  n and k fo r  c e r ta in  m eta ls  rep orted  in  l i t e r a t u r e ,  vary  in  

a 10^ ran ge.
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THE properties OF KÜLTIPLE-BEAM FIZEAU 
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IV .1 INTRODUCTION

The p r o p e r t ie s  o f  m ultip le-heam  F izeau  fr in g e s  can he d iv id ed  in to

(a) in t e n s i t y  p r o p e r t ie s ,  and (h) phase p r o p e r t ie s . The two are r e la te d .  

The v a lu e  o f  in t e n s i t y  a t  any p o in t  in  th e  fr in g e  p a ttern  i s  th e r e s u lt  o f  

a number o f  beams in te r fe r in g  according to  th e co n d itio n  o f  in te r fe r e n c e  

a t r e f l e c t io n  or in  tra n sm issio n  as th e case  may b e . The phase r e la t io n  

betw een th e  in te r f e r in g  beams a t  any p o in t  determines the lo c a tio n  o f  t h i s  

p o in t  from th e  peak to  th e  minimum in t e n s i t i e s .

In  t h i s  chapter we s h a ll  s ta t e  and an a lyse  th e fa c to r s  a f fe c t in g  

th e  in t e n s i t y  and phase p r o p e r t ie s  o f  m ultip le-beam  F izeau  fr in g e s  in  

tr a n sm iss io n  a t  non-normal in c id e n c e . For t h i s  to  be understood, i t  must be 

looked  a t  in  th e  l i g h t  o f  th e  p r o p e r t ie s  o f  th e  F-P and F izeau  fr in g e s  a t  

normal in c id e n c e . I t  w i l l  be shown th a t  th e p r o p e r tie s  o f  an a ir  coated  

wedge fr in g e  are n ot o n ly  dependent on th e  o p t ic a l  p r o p e r tie s  o f  th e  coat­

in g s  but a ls o  on th e  geom etry o f  th e in ter fe ro m eter .

IV . 2 THE DIFFERENCE BETkFEN THE MAXIMUM INTENSITIES OF FRINGES 
BELONGING TO THE PARALLEL AND PERPENDICULAR VIBRATIONS

A s t r ik in g  fe a tu r e  o f  a non-normal in c id en ce  system o f  F izeau  

m u ltip le-beam  fr in g e s  i s  th e  d if fe r e n c e  in  maximum in t e n s i t y  for  fr in g e s  

formed by l i g h t  v ib r a t in g  p a r a l le l  and p erp en d icu lar to  th e  p lan e o f  

in c id e n c e , see  P la te s  ( l O ) , ( l l ) ,  As th e  in c id en ce  in c r e a se s  and the  

fr in g e s  s p l i t  in  p a r a l l e l  and p erp en d icu lar  components, the fr in g e  belong­

ing to  th e p erp en d icu la r  component becomes p r o g r e s s iv e ly  sharper and 

weaker in  in t e n s i t y ,  w h ile  th e  change in  sharpness and in t e n s i t y  i s  not as  

n o t ic e a b le  in  th e  case  o f  th e  p a r a l le l  component fr in g e . At h igh  an g les

o f  in c id e n c e  0 ^ 70 and fo r  h ig h ly  r e f l e c t in g  th ic k  f ilm s  o f  d ^ 300 Â

(5)th e  p erp en d icu la r  component fr in g e  i s  h a rd ly  v i s i b l e .  Tolansky sug­

g e s te d  th a t  t h i s  was due to  a d i f f e r e n t ia l  ab sorp tion  e f f e c t  where by th e  

f ilm  absorbs th e  p erp en d icu lar  component much more r e a d ily  than the

-  93 -



(  3 2 )p a r a l l e l  one. Avery , b r ie f l y ,  touched on the problem and suggested  

th a t  th e  d if fe r e n c e  in  in t e n s i t y  could be accounted fo r  in  two ways: (a)

th e  d if fe r e n c e  in  behaviour o f  th e  o p t ic a l  p r o p e r tie s  R , T and A w ith  

th e  an g le  o f  in c id e n c e  fo r  th e two v ib r a t io n s  p o la r iz e d  p a r a l le l  and 

p erp en d icu lar  to  th e  p lane o f  in c id e n c e , and (b) th e  e f f e c t  o f  th e  g la s s  

su b str a te  when i t  r e f l e c t s  and tra n sm its  d if f e r e n t ly  th e two p o la r iz a t io n s .

However, th ere  are more fa c to r s  than th o se  mentioned by Avery which 

govern th e  in t e n s i t y  o f  a m ultip le-beam  F izeau  fr in g e  system . These are 

th e  number o f  e f f e c t i v e  beams emerging from th e second component o f the  

in te r fe r o m e te r  and th e  phase d if fe r e n c e  between any two su c c e ss iv e  beams 

c o n tr ib u tin g  to  any one p o in t  on th e  in t e n s i t y  d is tr ib u t io n  curve. 

T o la n sk y 's  su g g e stio n  o f  a d i f f e r e n t ia l  ab sorp tion  e f f e c t  i s  ambiguous. 

E ith e r  we assume th a t  each component would have a d if f e r e n t  absorption  

index (k^)g and (k ||) g vary ing  w ith  th e  an g le  o f  in c id e n c e , or sim ply  

in te r p r e t  th e  'd i f f e r e n t ia l  e f f e c t '  as th e  v a r ia t io n  o f  th e r a t io  o f  

A^Ajj w ith  th e  an gle o f  in c id e n c e .

The f i r s t  assum ption i s  e v id e n t ly  a se r io u s  one. The second does 

n o t e x p la in  th e  d if fe r e n c e  between th e  peak in t e n s i t i e s  o f  the two fr in g e s .  

A th ir d  assum ption , which was n ot con sid ered  e ith e r  by Tolansky or Avery, 

i s  th a t  th e  d if fe r e n c e  between th e  maximum in t e n s i t y  o f  fr in g e s  b elonging  

to  th e  p a r a l l e l  and p erp en d icu lar  components o f  l i g h t  f a l l in g  a t  non-normal 

in c id e n c e  onto th e  in ter fero m eter  c o a tin g , i s  in  f a c t  a consequence o f  

' in te r fe r o m e tr ic  c o n s id e r a tio n s ' ra th er  than m erely 'f i lm  p r o p e r tie s  

c o n s id e r a t io n s ' .  In  th e fo llo w in g  we s h a ll  t r y  and ex p la in  t h i s .
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IV. 3 THE CASE OF PAEALLEL PLATE, F-P FEINGES

F igure IV .1 shows th e  passage o f  l i g h t  in  a p a r a l le l  p la te  in te r ­

ferom eter , coated  w ith  a h ig h ly  r e f l e c t in g  f ilm . The emerging beams in  

tra n sm iss io n  would have th e  fo llo w in g  am plitudes:

T , TR , TR  ̂ , TR2 , TR^ , . . .

and t h e ir  i n t e n s i t i e s  are sim ply th e squares o f  th ese  am plitudes, i . e .

t 2  , T% RZ , T% R* , T^ R® , T^ R® , . . .  

th e  path  d if fe r e n c e  between any two su c c e ss iv e  beams i s  con stan t and i s  

g iv e n  by (2  cos 0) = N X where T and R are th e  fr a c t io n s  o f  l ig h t  

in t e n s i t y  tra n sm itted  and r e f le c t e d  by a s in g le  f i lm . R i s  the r e f l e c ­

t i v i t y  a t  th e  m edium /film  in te r fa c e ,  as shown in  F ig .I V .1 , p. i s  the  

r e f r a c t iv e  in d ex  o f  th e  medium between th e  in terfero m eter  p la t e s ,  N i s  

th e  order o f  in te r fe r e n c e , and X i s  th e  w avelength  o f  l i g h t  illu m in a tin g  

th e  in te r fe r o m e te r .

The fr in g e s  r e s u lt in g  from such a system  are fr in g e s  o f  equal 

in c l in a t io n  lo c a l iz e d  a t  i n f i n i t y  and th e  in t e n s i t y  a t  any p o in t in  the  

fr in g e  p a tte r n  i s  g iv en  by th e  A iry  summation where :

( l - B ) Z

where 6 i s  th e  phase d if fe r e n c e  between any two su c c e ss iv e  beams and 

i s  g iv e n  by 6 = - ^  (2  p t  cos 6) and 1^ i s  th e  in c id e n t in t e n s i t y  equal 

to  u n ity  i f  we co n sid er  an in c id e n t p lan e wave o f  u n it  am plitude.
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F ig u r es  IV, 2 shows a schem atic v a r ia t io n  o f  I  v s  6 for  a p a ra l­

l e l  p la t e  in ter fe ro m eter  w ith  a h ig h ly  r e f le c t in g  co a tin g . The maximum 

in t e n s i t y  occu rs a t  6 = 2m if and th e  minimum a t  & = (2 m + l)  tt.

However, i t  i s  assumed, in  formula ( iV . l )  th a t  an i n f in i t e  number 

o f  beams i s  b e in g  c o l le c t e d .  T his means th a t we are d ea lin g  w ith  the  

ca se  where th e  in te r fe r o m e te r ’ s aperture i s  i n f i n i t e .  T his i s  o n ly  an 

approxim ation to  p r a c t ic a l  r e a l i t y .  An i n f in i t e  number o f beams i s  never  

cre a ted  nor c o l le c t e d .  A lso  th e  tra n sm issio n  o f  th e two g la s s  su b stra tes  

i s  n o t co n sid ered .

Now, i f  we con sid er  th a t  o n ly  a f i n i t e  number o f  beams i s  c o l le c te d  

and a ls o  account fo r  th e  g la s s  su b str a te s  tra n sm issio n  we would r e -w r ite  

formula ( l V , l )  a s  fo llo w s  ;

I  = TgZ X T: X . . .  ( j v .2 )
( 1 - R ) 2  + 4 R s i n ^  6 / 2

In  t h i s  formula Tg^ i s  an in t e n s i t y  reducing fa c to r  due to  th e  tra n s­

m iss io n  o f  th e  g la s s  su b str a te s  and i t  i s  assumed th a t  a number o f  beams 

(M + 1) i s  c o l le c t e d .  T his i s  based on c a l l in g  th e  f i r s t  tran sm itted  beam 

o f  am plitude T Tg th e  zero order beam. The case for  a f i n i t e  number o f  

beams was f i r s t  d e a lt  w ith  by Gehrcke^^^^.
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IV .4 THE CASE OF FIZEAU -  MULTIPLE BEAM
FRINGES AT NORMAL INCIDENCE

In  t h i s  case  th e  p la t e s  o f  th e in terferom eter  are in c lin e d  to  

each o th er  form ing a -wedge o f  sm all angle e . F ig .I V .3 shows the passage  

o f  l i g h t  in  such an in te r fe r o m e te r . A lthough the emerging beams in  tr a n s -  . 

m iss io n  would have th e  same am plitude as in  th e case o f F-P , th e  path  

d if fe r e n c e  betw een any two su c c e ss iv e  beams i s  n ot con sta n t. There i s  a 

phase la g  w . r . t .  th e  zero th  beam in cr ea sin g  w ith  th e  order o f th e  beam.

The fr in g e s  produced by such a se t-u p  w i l l  have an in t e n s it y  d is tr ib u t io n  

curve s im ila r  in  shape to  th a t  produced by th e  F-P arrangement. But 

th ey  w i l l  be f r in g e s  o f  equal th ic k n e ss  p a r a l le l  to  th e  edge o f  th e  wedge 

as shown in  F i g . I l l .*3» The comparison w ith  th e  formula ( iV . l )  i s  rather  

form al. In  th e  F-P case  th e  v a r ia t io n  o f  th e  sin^ term i s  produced by 

v a r ia t io n  o f  6 w h ile  t  , th e  in terfero m eter  gajb, and X are kept con stan t. 

But th e  same in t e n s i t y  d is t r ib u t io n  w i l l  r e s u lt  w ith  t  v a r ia b le  and 0 , X 

co n sta n t because what determ ines th e  in t e n s i t y  i s  a com bination o f  th ese  

q u a n t i t ie s  6 = (2  p. t  cos 6 ) .

T olansky(^^*^^), B r o s se l^ ^ ^ \ H olden^^^\ K in o sita ^ ^ ^  and Barakat 

and Mokhtar^^^) s tu d ied  th e  fa c to r s  a f f e c t in g  th e  in t e n s i t y  in  m u ltip le  

beam F izeau  fr in g e s  a t  normal in c id e n c e . The p o in t o f maximum in t e n s i t y  

on th e  in t e n s i t y  d is tr ib u t io n  curve i s  produced by a c e r ta in  number o f  

beams where th e  phase d if fe r e n c e  between th e  M beam su ffe r in g  2M

r e f l e c t io n s  and th e  d ir e c t  zero th  order beam i s

2 m TT - N . (IV .3)

where M i s  th e  order o f  th e  l a s t  beam o f  e f f e c t iv e  am plitude con tr ib u tin g  

to  th e  p o in t  o f  peak in t e n s i t y ,  e i s  th e  wedge angle and N i s  th e  order 

o f  in t e r f e r e n c e .  I f  th e  r e f l e c t i v i t y  o f  th e  two su rfa ces  i s  so poor th a t  

c o n tr ib u t io n s  o f  beams oth er than th e  zero th  and few fo llo w in g  beams could  

be n e g le c te d  and co n sid er in g  th a t  e i s  an exp erim en ta lly  a d ju sta b le
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v a r ia b le ,  and N cou ld  th e r e fo r e  be made sm all enough, th e  phase la g  term  

becomes v ery  sm all and cou ld  be n e g le c te d . T his approxim ation i s  v a l id  

o n ly  fo r  q u a l i t a t iv e  p u rp oses, i . e .  when in t e n s i t y  measurements are not 

d e s ir e d . I f  in t e n s i t y  c o n s id e r a tio n s  are sought, i t  i s  in  fa c t  f a t a l  to  

tak e th e  above m entioned approxim ation as v a l id .  Equation ( lV .3 ) could  

be w r it te n  as fo llo w s  :

2 m TT -  z ttM  ̂ where z = •“ N ,

Now i t  i s  c le a r  th a t  even in  th e  case o f a wedge in terferom eter

w ith  h ig h ly  r e f l e c t in g  su r fa c e s , th e  maximum in t e n s i t y  i s  determ ined, for

a c e r ta in  v a lu e  o f  c and N , by th e number o f  beams c o l le c te d  and th e

( 37^m agnitude o f  th e  q u a n tity  z t t .  Barakat and Mokhtar' ' considered  the  

ca se  o f  a wedge in ter fe ro m eter  o f  e = 31 X 10~® rad, R = 0 .9 .  They c a l­

c u la te d  Imax l o r  d if f e r e n t  v a lu e s  o f  z t t  and th e phase la g  o f  the l a s t  

c o n tr ib u tin g  beam w ith  r e sp e c t  to  th e  beam su ffe r in g  no r e f l e c t io n s ,  i . e .  

zero th  ord er . As ev id e n t from t h e ir  t a b le ,  below , th e number o f  e f f e c t  

t i v e  beams depends c r i t i c a l l y  on th e q u a n tity  z. tt, as i t  in cr ea se s  the

number o f  e f f e c t i v e  beams d ecreased , b r in g in g  th e  r e s u lta n t  I max down.

A lso  the phase la g  o f  th e  l a s t  c o n tr ib u tin g  beam w .r .t ,  th e  f i r s t  tra n s­

m itted  beam o f  zero th  order in c r e a s e s .  T his means i f  th e  z t t  v a lu e  i s  

la r g e  , th e  number o f  e f f e c t i v e  beams i s  l im ite d , and the phase la g  o f  

th e  l a s t  beam i s  la r g e , in  e f f e c t  opposing th e summation in stea d  o f adding 

to  i t ,  and th e  r e s u lta n t  1^^% i s  brought down d r a s t ic a l ly .

ZTT
number o f  beams 

c o l le c t e d %max
phase

l a s t
la g  o f  
beam

3 sec 47 0 .968 86° 31 min

12 sec 30 0 .873 90°

30 sec 23 0 ,760 101° 23 min

2 min 15 0 .540 112° 30 min
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Now, as Tolansky(^^) p o in ted  out i f  e i s  kept very  sm all, i . e .  

t  th e  in te r fe r o m e tr ic  gap i s  kept sm all, th e term z ttM̂  = —ttĝ M^N

w i l l  he n e g l ig ib le  and fo r  h ig h ly  r e f l e c t in g  wedge in terferom eter  w ith  a

la r g e  number o f  e f f e c t i v e  beams co n tr ib u tin g  to  the p o in t o f peak in te n ­

s i t y  on th e  in t e n s i t y  d is tr ib u t io n  curve, th e v a lu e  o f  w i l l  approxi­

mate to  th a t  o f  th e  F-P s e t  up v a lu e . We w i l l  show th a t in  case o f non­

normal in c id e n c e  th e se  c o n s id e r a tio n s  o f  approxim ation are s t i l l  l e s s  v a lid  

when i t  comes to  in t e n s i t y  c o n s id e r a tio n s  ra th er than q u a lita t iv e  fr in g e  

d e f in i t io n ,

IV. 5 THE CASE OF FIZEAU -  MULTIPLE BEAM FRINGES 
AT OBLIQUE INCIDENCE

We have a lrea d y  shown th a t  th e  v a lu e  o f  peak in t e n s i t y  o f  a m u lti­

p le  beam F izeau  fr in g e  i s  not sim ply a fu n ctio n  o f  the tra n sm issio n  and

r e f l e c t io n  c o e f f i c i e n t s  o f  th e  co a tin g  la y e r s .  The most im portant fa c to r s

emerging from th e  fo reg o in g  d is c u s s io n  are :

(1 ) The c r e a t io n  o f  beams depending on th e r e f l e c t io n  c o e f f i ­

c ie n t  o f  th e  co a tin g  la y e r s .  The h igh er R i s  the h igher  

th e  number o f  beams crea ted  and th e  h igh er th e  v a lu e  o f

^max *

( 2) The c o l le c t io n  o f  beams depending on th e  aperture o f th e  

in te r fe r o m e te r , th e  wedge an gle and th e num erical aper­

tu r e  o f  th e  m icroscope o b je c t iv e .

( 3) The in t e n s i t y  o f  th e  f i r s t  tra n sm itted  beam determ ines 

th e  in t e n s i t y  o f  th e  peak p o in t  on th e  in t e n s i t y  d i s t r i ­

b u tio n  cu rve. A lso  th e  tra n sm issio n  o f  th e  two g la s s  

su b tr a te s  must be taken  in to  account.

th( 4) The phase la g  between th e  M beam su ffe r in g  2M 

r e f l e c t io n s  and th e  zero th  order beam. T his to g e th er  

w ith  th e  above m entioned fa c to r s  s e t s  th e  l im it  to  th e  

number o f  e f f e c t iv e  beams and determ ines the order o f  th a t  

beam w hich, due to  a l l  th e se  fa c to r s ,  w i l l  s ta r t  s e r io u s ly  

opposing th e  summation b r in g in g  th e  1̂ ^% v a lu e  con sid er­

a b ly  below  th e sim ple v a lu e  c a lc u la te d  from formulae 

ig n o r in g  th e  e f f e c t  o f  in te r fe r o m e tr ic  c o n s id e r a tio n s .
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Now, th e  q u estio n  i s  how th e se  fa c to r s  would work fo r  a system  

o f m u lt ip le  beam F izeau  fr in g e s  view ed in  tran sm ission  and a t ob liq u e  

in c id e n c e . The fo llo w in g  p o in ts  could d escrib e th e s itu a t io n  th en :

(1) As th e  r e f l e c t io n  c o e f f i c ie n t s  o f  the p a r a lle l  and perpen­

d ic u la r  components d i f f e r ,  th e  number o f e f f e c t iv e  beams 

crea ted  by e i th e r  component i s  d if fe r e n t  depending on the  

v a lu e s  o f  and R|| a t  a p a r tic u la r  angle o f in cid en ce

0, The number o f  beams created  by the perpendicu lar com­

ponent i s  th e  la r g e r  but l e s s  in te n s e .

( 2) For both  p o la r iz a t io n s  th e  aperture o f  th e  in terfero m eter , 

wedge an gle and th e  num erical aperture o f  th e  m icroscope 

o b je c t iv e  are th e  same. However, th e in ter fe r o m e tr ic  gap 

t  i s  n o t th e  same fo r  both  components due to  d if fe r in g  

v a lu e s  o f  phase change a t  r e f l e c t io n  a t  th e  m edium /m etallic 

c o a tin g  in te r fa c e .

( 3) The in t e n s i t y  o f  the f i r s t  tran sm itted  beam i s  d if fe r e n t  for  

b oth  v ib r a t io n s .  T his ta k es  in to  account th e  combined e f f e c t  

o f  tr a n sm issio n  through the g la s s  su b stra te s  and film  a t an 

in c id e n c e  0 .

( 4) The phase la g  o f  the beam undergoing 2M r e f l e c ­

t io n s  w .r . t .  th e  f i r s t  zero th  order beam, i s  d if fe r e n t  

fo r  both  p o la r iz a t io n s .  The v a lu e  o f ZTiflwill be d i f f e r ­

en t fo r  both  d ir e c t io n s .  T his to g e th er  w ith  d if fe r in g  

v a lu e s  o f  T and R w i l l  determ ine th e  number o f  e f f e c t iv e  

beams b elon g in g  to  e ith e r  component and a lso  the order o f  

th e  beam which w i l l  oppose th e  summation o f  beams c o n tr i­

b u tin g  to  (Ijjjax) 1 (Imax) H •

( 5) A nother fa c to r  i s  th a t  a t  h igh  a n g les  o f in c id en ce  the  

number o f beams crea ted  and c o l le c t e d  fo r  e ith e r  v ib r a tio n  

w i l l  s ig n i f ic a n t ly  d ecrea se . T his i s  because th e  in te r ­

ferom eter aperture becomes v ery  sm all and th e  beams r e f l e c t ­

in g  in s id e  th e  in ter fe ro m eter  undergo severe a n g le s -^ f

0 + 2  e a t  each r e f l e c t io n  which in c r e a se s  th e l in e a r  d is ­

placem ent o f  th e  emerging beams a llow in g  th e o b je c t iv e  to  

c o l l e c t  fewer beams fo r  e ith e r  component.
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Now we w i l l  con sid er  two examples to  i l lu s t r a t e  th e  proceeding  

argum ents. We s h a l l  con sid er  an a ir  s i lv e r e d  wedge in terferom eter  where 

th e r e f l e c t in g  s i lv e r  la y e r s  are o f  id e n t ic a l  th ick n ess  and p r o p e r tie s  

and d ep o s ited  on g la s s  s u b s tr a te s . The su b stra te s  are o f  index 1 .5 2  

and o f  h igh  o p t ic a l  q u a lity .  In  one in sta n ce  th e  s i lv e r  la y e r  w i l l  be

o f  th ic k n e s s  500 Â , and in  another i t  w i l l  be 205 Â

In each c a se , u s in g  a sim ple computer program, th e am plitudes 

and i n t e n s i t i e s  o f  th e  emerging beams co n tr ib u tin g  to  the p o in t o f  peak 

in t e n s i t y  fo r  th e p a r a l l e l  and p erp en d icu lar component fr in g e s  were com­

puted from th e  o p t ic a l  p r o p e r t ie s  o f th e  f ilm  and th e g la s s  su b str a te s .  

A lso  ( im a x )i and (l^ a x ) II computed. This was ca rr ied  out for

in c id e n c e  7 0 ° . The l a s t  two q u a n t it ie s  are g iv en  below as fu n ctio n s  

o f  th e  number o f  beams M +1 , where M = 0 , 1 ,  2 , 3 ,  . . .  e t c .  F igures  

are g iv e n  to  th e  fou rth  decim al p la c e . I t  i s ,  in  f a c t ,  u n lik e ly  th a t  

i n t e n s i t i e s  beyond t h i s  accuracy are o f  any p r a c t ic a l  s ig n if ic a n c e .

The fo llo w in g  ta b le s  g iv e  th e  r e s u l t s  o f  th e  c a lc u la t io n s .

Case (1) = 0 .9 8 4  R^ = 0 .9 0 2  Case (2) R^ = 0 .7 9 2  Ry = 0 .422

Tj_ = 0 .009  T|| = 0 .0 6 2  = 0 .1 9 2  T\\ = 0 .544

For b oth  c a se s  Tg^ = 0 .710  and Tg^ = 0 .9 6 8 .
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For Case ( l )  we have

M + 1 ( ^ m a x ) ( ^ m a x )  11 M + 1
( I m a x ) i (^ m a x )  11

1 0 . 4 1 X 1 0 - 4 0 . 3 6  X 1 0 - 3 3 7 0 . 3 2 7 X . 0 - 1 0 .3 5 8 7
2 0 . 1 6 X 1 0 - 3 0 . 1 3 0  X 1 0 - 1 38 0 . 3 4 0 X 0 - 1 0 . 3 6 0 3
3 0 . 3 6 X 1 0 - 3 0 . 2 6 6  X 1 0 - 1 39 0 . 3 5 3 X 0 - 1 0 . 3 6
4 0 . 6 3 X 1 0 - 3 0 . 4 2 9  X 1 0 - 1 4 0 0 . 3 6 5 X 0 - 1 0 .3 6 3 0
5 0 . 9 7 X 1 0 - 3 0 . 6 0 9  X 1 0 - 1 4 1 0 .3 7 9 X 0 - 1 0 . 3 6 4 2
6 0 . 1 4 X 1 0 - 3 0 . 7 9 9  X 1 0 - 1 4 2 0 . 3 9 2 X 0 - 1 0 . 3 6 5 3

7 0 . 1 8 X 1 0 - 3 0 . 9 9  2 X 1 0 - 1 4 3 0 . 4 0 5 X 0 - 1 0 . 3 6 6 2
8 0 . 2 4 X 1 0 - 3 0 . 1 1 8 4 4 4 0 . 4 1 8 X 0 - 1 0 .3 6 7 1

9 0 . 3 0 X 1 0 - 3 0 . 1 3 7 2 4 5 0 . 4 3 1 X 0 - 1 0 .3 6 7 8
1 0 0 . 3 6 X 1 0 - 3 0 . 1 5 5 3 4 6 0 . 4 4 4 X 0 - 1 0 .3 6 8 6
1 1 0 . 4 3 X 1 0 - 3 0 . 1 7 2 6 4 7 0 . 4 5 7 X 0 -1 0 . 3 6 9 2

1 2 0 . 5 0 X 1 0 - 3 0 . 1 8 9 0 4 8 0 . 4 7 0 X 0 - 1 0 .3 6 9 8

1 3 0 . 5 8 X 1 0 - 3 0 . 2 0 4 5 49 0 . 4 8 3 X 0 - 1 0 . 3 7 6 3

1 4 0 . 6 6 X 1 0 - 3 0 .2 1 8 9 5 0 0 . 4 9 6 X 0 - 1 0 .3 7 0 7

1 5 0 . 7 5 X 1 0 - 3 • 0 . 2 3 2 4 51 0 . 5 0 9 X 0 - 1 0 . 3 7 1 2

1 6 0 . 8 4 X 1 0 - 3 0 . 2 4 4 8 5 2 0 . 5 2 1 X 0 - 1 0 . 3 7 1 5

1 7 0 . 9 3 X 1 0 - 3 0 . 2 5 6 4 5 3 0 . 5 3 4 X 0 - 1 0 .3 7 1 9

1 8 0 . 1 0 2 X 1 0 - 1 0 . 2 6 7 0 5 4 0 . 5 4 7 X 0 - 1 0 . 3 7 2 2

19 0 . 1 1 3 X 1 0 - 1 0 . 2 7 6 8 5 5 0 . 5 5 9 X 0 - 1 0 . 3 7 2 5

2 0 0 . 1 2 3 X 1 0 - 1 0 . 2 8 5 8 5 6 0 . 5 7 2 X 0 - 1 0 . 3 7 2 7

21 0 . 1 3 4 X 1 0 - 1 0 . 2 9 4 0 5 7 0 . 5 8 5 X 0 - 1 0 . 3 7 3 0

2 21 0 . 1 4 4 X 1 0 - 1 0 . 3 0 1 5 58 0 . 5 9 7 X 0 - 1 0 . 3 7 3 2

2 3 0 . 1 5 5 X 1 0 - 1 0 . 3 0 8 3 59 0 . 6 0 9 X 0 - 1 0 . 3 7 3 3

! 2 4 0 . 1 6 7 X 1 0 - 1 0 . 3 1 4 6 6 0 0 . 6 2 2 X 0 - 1 0 . 3 7 3 5

2 5 0 . 1 7 8 X 1 0 - 1 0 . 3 2 0 3 6 1 0 . 6 3 4 X 0 - 1 0 .3 7 3 7

' 26 0 . 1 9 0 X 1 0 - 1 0 . 3 2 5 5 6 2 0 . 6 4 6 X 0 - 1 ■ 0 .3 7 3 8

27 0 . 2 0 1 X 1 0 - 1 0 . 3 3 0 2 6 3 0 . 6 5 8 X 0 - 1 0 .3 7 3 9

28 0 . 2 1 4 X 1 0 - 1 0 . 3 3 4 4 6 4 0 . 6 7 0 X 0 - 1 0 . 3 7 4 0

29 0 . 2 6 6 X 1 0 - 1 0 . 3 3 8 3 6 5 0 . 6 8 2 X 0 - 1 0 .3 7 4 1

3 0 0 . 2 3 8 X 1 0 - 1 0 . 3 4 1 8 6 6 0 . 6 9 4 X 0 - 1 0 . 3 7 4 2

3 1 0 . 2 5 0 X 1 0 - 1 0 . 3 4 5 0 6 7 0 . 7 0 6 X 0 - 1 0 . 3 7 4 3

3 2 0 . 2 6 3 X 1 0 - 1 0 .3 4 7 9 6 8 0 . 7 1 7 X 0 - 1 0 .3 7 4 4 0

3 3 0 . 2 7 6 X 1 0 - 1 0 . 3 5 0 5 69 0 .7 2 9 X 0 - 1 0 .3 7 4 4 0

3 4 0 . 2 8 8 X 1 0 - 1 0 . 3 5 2 9 7 0 0 . 7 4 0 X 0 - 1 0 .3 7 4 5 0

3 5 0 . 3 0 1 X 1 0 - 1 0 . 3 5 5 0 71 0 . 7 5 2 X 0 - 1 0 .3 7 4 6 0

3 6 0 . 3 1 4 X 1 0 - 1 0 . 3 5 7 0
I I  I. ,

7 2 0 . 7 6 3 X 0 - 1 0 . 3 7 4 6 0
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For Case (2 ) we have

M + 1 (^ m a x )X (^max). 11 M + 1 ( I m a x ) j .  ! (^ m ax )  II

1 0 . 1 8 8  X 1 0 “ i 0 . 2 7 7 3 37 0 . 4 3 5 4 0  1 0 . 8 3 0 0
2 0 . 6 0 5  X 1 0 “ i 0 . 5 6 0 7 38 0 .4 3 5 5 0  i

3 0 . 1 1 0 3 0 . 7 0 9 9 39 0 . 4 3 5 5 0

4 0 . 1 6 0 3 0 . 7 7 8 2 4 0 0 . 4 3 5 5 0

5 0 . 2 0 6 4 0 .8 0 7 9 41 0 . 4 3 5 5 0

6 0 . 2 4 7 1 0 . 8 2 0 7 4 2 0 .4 3 5 6 0

7 0 . 2 8 1 9 0 . 8 2 6 1 4 3 0 .4 3 5 6 0

8 0 . 3 1 1 2 0 . 8 2 8 4 4 4 0 . 4 3 5 6 0

9 0 . 3 3 5 3 0 . 8 2 9 3 4 5 0 .4 3 5 6 0

1 0 0 . 3 5 5 1 0 . 8 2 9 7 4 6 0 . 4 3 5 6 0 11
11 0 . 3 7 1 2 0 .8 2 9 9 47 0 . 4 3 5 6 0

!

1 2 0 . 3 8 4 2 0 . 8 3 0 0 0 48 0 . 4 3 5 6 0 ;
1 3 0 . 3 9 4 6 0 . 8 3 0 0 0 49 0 . 4 3 5 6 0

1 4 0 . 4 0 3 0 50 1 1

1 5 0 . 4 0 9 6 51

16 0 . 4 1 5 0 5 2
o
3

1 7 0 . 4 1 9 2 53 0) ; 
2.

18 0 . 4 2 2 6 5 4
d-

% i
19 0 . 4 2 5 3 55 ^  ! 

o  i
20 0 . 4 2 7 4 56

S  :
21 0 . 4 2 9 1 Y

o 57
Ç

1 Cg :

2 2 0 . 4 3 0 5
o
303 58 oo

1
i

23

2 4

0 . 4 3 1 5

0 . 4 3 2 4

<+
B)
Dc+-
0)

59

6 0

3tn
<+

1

! Ji
!
?

25 0 . 4 3 3 0
e+
O 61 D

C+- I
26 0 . 4 3 3 6 00CA 6 2 O !

27

28

0 . 4 3 4 0

0 . 4 3 4 3

I.
C

J
0 6 3

6 4

oiVro>

.

29 0 ; 4 3 4 6 6 5 >

3 0 0 . 4 3 4 8 66 ,

31 0 . 4 3 5 0 67 '

3 2 0 . 4 3 5 1 68

3 3 0 . 4 3 5 2 69

3 4 0 . 4 3 5 3 70
1

3 5 0 . 4 3 5 4 71

36 0 . 4 3 5 4 0
-------------

! 7 2
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From th e  above c a lc u la t io n s  the fo llo w in g  remarks could be made :

(a ) In  Case ( l )  where th e  wedge co a tin g s are h ig h ly  r e f le c t in g

and when 72 beams are con sid ered , ( l  )^  = 0.0763 and 

hm ax)|i = 0-3746 w ith  t h e ir  r a t io  ( l^ a x ) / ( W )  « = 0 . 20.

(b) In  Case (2) where the wedge co a tin g s  are o f low r e f l e c t i ­

v i t y  and when 72 beams are considered , (l^ ax) = 0.4356

(Im ax)|| = 0 .8300  w ith  a r a t io  (im a x )j./ (Imax) || = 0 .5 2 .

However, th e se  f ig u r e s  are not q u ite  what th ey  appear to  be !

Taken as th e y  a re , s t i l l  does n ot ex p la in  th e exp erim en ta lly  observed  

v a lu e s  fo r  th e r a t io  ( im a x )^ / (^max) H * th e  o r ig in a l experiment o f

T olansky( he r e p o r ts  a v i s u a l l y  estim ated  v a lu e  o f  about 0 .0 5  for the

r a t io  o f  i n t e n s i t i e s  in  a case  o f  a h ig h ly  r e f l e c t in g  co a tin g . As for

th e  second case  o f  low r e f l e c t i v i t y  th e  r a t io  determined in  th e course o f  

t h i s  work i s  o f  th e  order 0 .2 0 , The exp lan ation  seemed to  l i e  in  the  

answer to  a main q u e s tio n , d iscu sse d  e a r l ie r ,  namely, how many beams o f  

e f f e c t i v e  am p litu d es are a c tu a lly  c o l le c t e d  o f  e ith e r  p o la r iz a t io n  a t a 

p a r t ic u la r  a n g le  o f  in c id en ce  and a t  a v ery  narrow in terferom eter  aperture, 

To f in d  th e  answer to  t h i s  q u estio n , a sim ple experim ental t e s t  was per­

formed, An o p t ic a l  se t-u p  s im ila r  to  th a t  shown in  F i g . I I I . 1 was 

em ployed. The i r i s  diaphragm behind th e  condenser was rep laced  w ith  a 

r e c ta n g u la r  s l i t .  The m u ltip le  images o f  th e  s l i t  cou ld  be c le a r ly  

observed  in  a fo c a l  p lane some few m illim e te r s  b e fo re  th a t  o f  th e  fr in g e s .  

The m u lt ip le  im ages are o f  in t e n s i t i e s  p ro p o rtio n a l to  th e  am plitudes o f  

th e  beams co n tr ib u tin g  to  the form ation o f  th e  f r in g e s . The p la te s  o f  

th e  in te r fe r o m e te r  were coated  w ith  a s i lv e r  f ilm  o f  low r e f l e c t i v i t y  o f

th e  order o f  0 .5 0 .

m e n  th e  m u ltip le  images o f  th e  s l i t  were viewed a t normal in c i ­

dence one cou ld  count no more than f iv e  im ages. The f i r s t  i s  the most 

in te n s e  w ith  th e  o th er four d im in ish in g  in  in t e n s i t y .  The l a s t  two were 

v e r y  f e e b le .  When th e  in ter fero m eter  was turned in to  70 w ith  the
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i n c i d e n t  b e a m ,  t h e  n u m b e r  o f  i m a g e s  w a s  t h r e e .  On t h e  i n t r o d u c t i o n  o f  

a  P o l a r o i d  s h e e t  i n  t h e  p a t h  o f  t h e  i n c i d e n t  b eam  s u c h  a s  we h a d  o n l y  

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

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

c o u n t  t h r e e  i m a g e s  i n  s p i t e  o f  t h e i r  v e r y  lo w  i n t e n s t i e s .  T u r n i n g  t h e  

P o l a r o i d  9 0 °  now  o n l y  t h e  p a r a l l e l  c o m p o n e n t  c o u l d  p a s s ,  a n d  tw o  r e l a ­

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

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

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

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

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

(^ m a x )  /  ( ^ m a x )  11 o f  t h e  o r d e r  o f  0 . 2 1 ,  a  v a l u e  w h i c h  a g r e e s  w e l l  w i t h  

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

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

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

f a c t o r y  e x p l a n a t i o n .
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v . l  INTRODUCTION

T his chapter p re se n ts  experim ental r e s u lt s  obtained  on f ilm s  o f  

Ag , Au and AU. The r e s u l t s  shown here g iv e  A, the d i f f e r e n t ia l  change 

o f  p hase, as a fu n c tio n  o f  9 th e  angle o f in c id en ce  for  a film  th ick n ess  

d a t  a w avelength  X . The w avelengths a t  which measurements were carr ied  

out were chosen to  rep resen t th e  two ends o f  th e  v i s ib l e  spectrum b esid e  

one a t  th e  m iddle o f  t h i s  spectrum. However, i t  was not always p o s s ib le  

to  carry  out measurements a t  a l l  th ree  w avelengths for  each f ilm . This 

was so because o f  l im ita t io n s  imposed by th e response o f photographic  

p la t e s  a v a ila b le ,  and sometimes because o f  the low tran sm itted  in t e n s i t ie s  

e x h ib ite d  by a f ilm  a t  a c e r ta in  w avelength . This does not mean th a t the  

tech n iq u e i s  n o t capable o f  d ea lin g  w ith  such s itu a t io n s .

The u se  o f  d if f e r e n t  ty p es  o f  photographic p la te s  would, alm ost, 

s o lv e  th e  problem , and indeed , may h elp  to  extend th e  a p p l ic a b i l i t y  o f  the  

method to  th e  in v i s i b l e  p a r ts  o f  th e spectrum. However, when ordered, 

th e  req u ired  p la t e s  a rr iv ed  too  la t e  to  be u sed . In  the case o f each 

m eta l, r e le v a n t  r e s u l t s  were p rocessed  u s in g  a computer program which pro­

duced a computed curve, u sin g  S c h u l z c o n s t a n t s ,  and a group o f  exp eri­

m ental c r o s s e s  from fe d - in  v a lu e s  o f fr in g e  s h i f t  measured on a H ilg er  

comparator as exp la in ed  in  Chapter I I I .  The program produced 6 as a 

f r a c t io n  o f  rr. A lso  p h o to g ra p h ica lly  recorded fr in g e s  a t varying  in c i ­

dence are p resen ted  w ith  th e  r e le v a n t cu rves.

V .2  PREVIOUS WORK

I t  may be u s e fu l here to  p resen t a sh ort survey o f  some e a r l ie r  

work on A fo r  th e  m eta ls  m entioned e a r l ie r .  I t  would be rath er op tim is­

t i c  to  t r y  and compare v a lu e s  o f  A produced on f ilm s  prepared in  d if fe r e n t  

vacuum system s and on su b tra te s  o f  d if fe r e n t  n atu re. However, i t  i s  u se­

fu l  to  p o in t  ou t th e  d if fe r e n c e s  between ob serva tion s and s e t s  o f measure­

m ents.
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P rev iou s work on phase changes, as i t  appears from the ever

in c r e a s in g  volume o f  l i t e r a t u r e ,  cou ld  he grouped in to  the fo llo w in g :

(a) Computations and th e o r e t ic a l  c a lc u la t io n s . In most cases th ese

are done u s in g  approxim ations and con stan ts determined on samples 

approaching hu lk  c h a r a c t e r is t ic s .  However, MacLaurin^^^), and, 

fo r ty  y ea rs  l a t e r ,  Scandone and B a l l e r i n i ^ ^ \  gave c a lc u la t io n s  

o f  A as  a fu n ctio n  o f  th e  angle o f  in cidence for  th in  film s  

The c o n sta n ts  u sed  were th o se  o f  th e  hu lk .

(h) E xperim ental d eterm in ation s o f  A a t  c e r ta in  an g les o f incidence

as one o f  th e  fa c to r s  needed to  determ ine th e  o p t ic a l co n stan ts, 

hut n o t as curves o f  A v s  9 . A very’s^^^^ and C legg’s^^^) work 

are exam ples.

(c )  Much work has been done on th e  experim ental determ ination  o f  the

phase change a t  r e f l e c t io n  a ir /m e t a l l ic  in te r fa c e , or a t the  

d i e l e c t r i c  s u b s tr a te /m e ta ll ic  in te r fa c e  a t  normal in c id en ce . The 

q u a n tity , a s H e a v e n s r e m a r k s ,  r e v e a ls  a h ig h ly  complex v a r ia ­

t io n  w ith  f ilm  th ic k n e ss  and w avelength . The phase p ro p ertie s  

o f  s i l v e r  and aluminium are o f  importance to  in terferom etry  and 

i t s  a p p lic a t io n s  in  many f i e l d s ,  e .g .  w avelength measurements and 

le n g th  m etro logy . These phase p r o p e r t ie s  were stu d ied  by many 

w ork ers. S in ce  1950, Schulz^"^’ Koehler^ \  Koester^ \  

Weaver e t  a l^ ^ ^ \ Bruce and Ciddor^^^^, Ciddor^ \  Barakat 

e t  and Philip^^^^ a l l  ta ck led  th e problem o f  measure-

in g  th e  q u a n t it ie s  P and th e  change o f phase a t r e f le c t io n  a t  

th e  a i r / f i l m  and su b /film  in te r fa c e s  r e s p e c t iv e ly .  However, in  

t h i s  t h e s i s  we are concerned w ith  th e q u an tity  A th e d if f e r e n t ia l  

change o f  p h ase . In  th e  end chapter some id eas for  fu rth erin g  

work on P and P̂  fo r  th in  f ilm s  o f  m etals w i l l  be put forward.
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V .3 EXPERIMENTAL RESULTS ON SILVER FILMS

Measurements o f  A as a fu n c tio n  o f th e  angle o f in cidence 0 were 

c a rr ied  out a t  th ree  w avelen g th s. At = 4358 1  and Xg = 5461 k  the  

f i lm s  in v e s t ig a te d  were o f  comparable th ic k n e ss , where d /X '^ O .l .  At 

X  ̂ = 6438 Â , d/X = 0 ,0 4 .  At th e  red  end o f  th e  v i s ib l e  spectrum, s i lv e r  

f ilm s  show g r e a te r  r e f l e c t io n  and con seq u en tly  transm it l e s s ,  making i t  

v e r y  d i f f i c u l t  to  work w ith  th ic k n e s s e s  over =“ 250 Â. T h is, however, 

cou ld  be seen  as an advantage s in c e  th e  in ter fe ro m etr ic  techn ique, depen­

dent as i t  i s  on th e h igh  r e f l e c t io n  c o e f f i c ie n t  o f  the in terferom eter  

c o a t in g s , cou ld  be used  a t  low er th ic k n e ss  v a lu e s  w ith  longer w avelengths.

F igu re  V .l  shows th e  v a r ia t io n  o f  A v s  0 fo r  a s i lv e r  film  o f  

550 Â a t  X  ̂ = 4358 Â . The c r o s se s  rep resen t th e  experim ental p o in ts ,

w h ile  th e  s o l id  l in e  i s  th e  ' th e o r e t ic a l*  computed v a r ia t io n s . P la te  (12) 

shows th e  fr in g e  s h i f t  caused by a s tep  h e ig h t o f  550 A. This was the  

th ic k n e s s  o f  th e  f i lm . P la te  (13) shows a s e r ie s  o f p h otograp h ica lly  

recorded  fr in g e s  o f  equal th ic k n e s s  taken  a t  an g les  o f in cid en ce 0° to  

7 0 ° . At Xg = 5461 Â th e  experim ental and computed v a r ia t io n s  o f  A v s  0 

fo r  a f ilm  o f  600 1 are shown in  F ig .V .2 . P la te  (14) shows th e  fr in g e  

s h i f t  e q u iv a le n t  to  th e  f ilm  th ic k n e s s .  P la te  (15) g iv e s  th e recorded fr in g e  

sep a ra tio n  a t  v a r io u s  a n g le s  o f  in c id e n c e . At th e  lon ger end o f th e  spec­

trum X3 = 6438 1 th e  f ilm  th ic k n e ss  was 250 1. This gave enough tra n s­

m iss io n  to  f a c i l i t a t e  photographic record in g  w ithout unduly in h ib it in g  the  

requ irem ents o f  r e f l e c t io n  c o e f f i c i e n t .  However, i t  i s  seen  th a t the  

exp erim en ta l p o in ts  are s ig n i f i c a n t ly  s h if t e d  from th e computed curve.

The l a t t e r  was computed u s in g  co n sta n ts  determ ined for  th ick er  f ilm s  o f  

d 2 500 1. F ig .V .3  shows th e  experim ental and computed v a r ia t io n s  o f  

A v s  0 fo r  d/X 0 .0 4 . P la te  (16) shows fr in g e s  o f  equal th ick n ess  

taken  a t  d i f f e r e n t  a n g le s  o f  in c id en ce  a t  th e  w avelength X3 = 6438 Â .
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To fu rth er  i l l u s t r a t e  th e  e f f e c t  o f  th ick n ess  and to  demonstrate 

th e  a p p l ic a b i l i t y  o f  th e  tech n iq u e , a f ilm  o f s i lv e r  o f 225Â  vas d ep osited  

and F ig .V .4  g iv e s  th e v a r ia t io n  o f  A v s  8 for  t h i s  f ilm  a t Xg = 5461 k .  

P la te s  ( 17) and ( i s )  e x h ib it  th e fr in g e  s h i f t  due to  the th ick n ess  and 

th e  recorded  fr in g e s  a t  d if f e r e n t  a n g les  o f in c id en ce , r e s p e c t iv e ly .  I t  

i s  aga in  seen  th a t  computed v a r ia t io n  w ith  bulk con stant i s  s ig n i f ic a n t ly  

departed from th e  experim ental p o in ts .

V .4  EXPERIMENTAL RESULTS ON GOLD FILMS

In  th e case  o f  g o ld , measurements were made a t  two w avelengths,

Xg = 5461 k  and X3 = 6438 Â .

The r e f l e c t i v i t y  o f  g o ld  f ilm s  a t  th ese  w avelengths i s  reason ab le , 

w h ile  a t  X  ̂ = 4358 k  i t  i s  poor and th e  v i s i b i l i t y  o f th e  fr in g e s  in  a 

g o ld  coa ted  a ir  wedge in ter fero m eter  i s  very  poor. The th ic k n e ss  o f  the  

f i lm , u sed  a t  th e  two w avelen gth s, was 580 A à  20 1-, P la te  (19) g iv e s  the  

fr in g e  s h i f t  caused by a g o ld  step  o f  such h e ig h t . Measurements were 

a ls o  made on th in n er  f ilm s  o f  th ic k n e ss  d ^ 200 Â but w id e ly  d if fe r in g  

v a lu e s  o f  d as deduced by th e  in te r fe r o m e tr ic  techn ique made any r e s u lt s  

ob ta in ed  on such f ilm s  h ig h ly  su sp e c t. The d i f f i c u l t i e s  w ith  measuring 

go ld  f i lm s  th ic k n e s s  were r e fe r r e d  to  in  th e  l a s t  chapter.

F igure V .5  shows th e  A v s  9 computed and experim ental v a r ia t io n s  

a t Xg = 5461 A . P la te  (20) shows th e  doubled fr in g e s  obta ined  a t  t h i s  

w avelen g th . F ig .V .6  g iv e s  th e v a r ia t io n s  o f  th e same film  a t X^= 6438 A 

and P la te  (21) i l l u s t r a t e s  th e  fr in g e s  s h i f t s  ob ta ined  a t d if f e r e n t  an g les  

o f  in c id e n c e . The agreement betw een th e  experim ental p o in ts  and computed 

cu rves show th a t  th ic k n e ss  e f f e c t s  are ir r e le v a n t  a t t h i s  s ta g e , s in ce  th e  

Schulz co n sta n ts  were determ ined fo r  f ilm s  o f  th ick n ess  o f  d ^ 700 Â , 

However, fo r  th e  lon ger  w avelength  th ere  i s  some d iffe r e n c e  between th e  

computed and experim ental v a r ia t io n s .
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V .5 EXPERIMENTAL RESULTS ON ALUMINIUM FILMS

Tvo experim ents were performed on th e same A t f ilm . The th ic k ­

n ess  o f  th e  f ilm  was 265 A ± 20 A .

The experim ental and computed v a r ia t io n s  o f  A v s  6 a t  X^= 4358 1

and Xg = 5461 A are shown in  F ig s .V .7 and V.8 r e s p e c t iv e ly .  The exp eri­

m ental p o in ts  come c lo s e  to  th e  computed curve in d ic a tin g  c lo se  agreement 

w ith  th e  o p t ic a l  c o n sta n ts  used  fo r  com putation. P la te  (22) shows fr in g e  

sep a ra tio n s  a t  X  ̂ and fo r  d if f e r e n t  v a lu e s  o f  9 th e  angle o f in c i ­

dence. The v a r ia t io n  o f  A v s  0 fo r  A t was not p r e v io u s ly  rep orted  in  

th e  l i t e r a t u r e

V .6 DISCUSSION

The r e s u l t s  ob ta in ed  in  t h i s  chapter rep resen t experim ental data 

in  a d ir e c t  manner, i . e .  th ey  g iv e  A as a fu n ctio n  o f 6 . This seemed

n a tu ra l s in c e  th e  d i f f e r e n t ia l  change o f  phase r e s u lt s  from th e  non-normal

r e f l e c t io n  o f  l i g h t  a t  th e  a ir /m e ta l in te r fa c e .  They a lso  confirm  the  

g en era l tren d  o f  o p t ic a l  p r o p e r t ie s  o f th in n er  f ilm s  departing from th ose  

o f  th ic k e r  f ilm s  approxim ating to  th e  bulk ca se . The f ilm s  were evapo­

ra ted  a t  a r a te  o f  25 V se co n d . T his a lone could account for  any d i f f e r ­

en ces w ith  p r e v io u s ly  measured v a lu e s  o f  A for  f ilm s  prepared a t d if fe r e n t  

r a t e s .  A very^ ^ ^ \ and Clegg^^^) measured A fo r  :Çilms o f Ag , A u, Sn 

and Cu . C leg g ’s measurements were made in  vacuum o f  th e order o f  

2 X 10-^mmIIg w h ile  A very’ s , as in  th e  p resen t work, were made in  a ir  

w ith in  a sh o rt tim e o f  t h e ir  removal from th e  vacuum chamber. C legg ’s '  

measurements were made a t  0 = 65°, w h ile  A very’s,w ere made a t  a range 

o f  in c id e n c e  from normal to  th e  h ig h e s t  p o s s ib le  in c id en ce  a llow ed  by 

th e  in te r fe r o m e tr ic  tech n iq u e .

* P r iv a te  communication w ith  P ro f. O.S. Heavens, York U n iv e r s ity .
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No comparable measurements, to  th e  knowledge o f  the author, are 

made on A6 f i lm s ,  excep t a t  f ix e d  a n g les  as p art o f e l l ip s o m e tr ic  d eter­

m ination  o f  th e  A t o p t ic a l  c o n s ta n ts . ■ A very’s f ilm s  ranged from 125 1 -  

500 A in  th ic k n e s s  and h is  measurements were made a t  more than one wave­

le n g th  in  th e  v i s i b l e  p art o f  th e  spectrum. Table V .l  g iv e s  a comparison 

o f  r e s u l t s ,  ob ta in ed  on s i lv e r  f ilm s  o f comparable th ic k n e ss  a t X= 5 4 6 l l ,  

by A very, C legg and in  th e  p resen t work. The ta b le  a lso  con ta in s th e  

computed v a lu e s  o f  A a t  th e  w avelength  m entioned, based on ’bulk v a lu e s ’ 

o f  n and k ob ta in ed  by S ch u lz .

TABLE V .l

Author Film  T hickness A a t  0 = 65° exp A Schulz 5̂  comp k

Clegg ~  400 1 n=  0 .0 5  -  13 .3 2

P resen t 600 Â 0 .321  TT X = 5461 A

A very ~  500 1 0 .320  TT ^ 5 0  = 0-326

I S

I t  i s  c le a r  from th e above ta b le  th a t  C legg’s experim ental va lu e  
€ h {

th e  v a lu e s  determ ined by Avery and in  th e p resen t work.

The l a t t e r  two v a lu e s  agree rem arkably w e ll  con sid erin g  improved vacuum 

c o n d it io n s  used  to  prepare th e  f ilm s  in  t h i s  work. They are a lso  in  

agreem ent w ith  th e  computed v a lu e  based on con sta n ts  determined by Schu lz. 

C legg(^^^, e x p la in s  th e  d if fe r e n c e  between h is  r e s u lt s  and th o se  o f  

A very on th e  account o f  th e  low r a te  o f  evaporation , 2 i / s e c ,  and to  the  

e f f e c t  o f  aggregated  s tru c tu re  which i s  u s u a lly  a ttach ed  to  f ilm s  prepared  

a t  slow  r a te s  o f  evap ora tion .

I t  must be m entioned here th a t  graphs g iv in g  A v s  0 p resen ted  

in  t h i s  ch a p ter , are d ir e c t ly  c a lc u la te d  from th e  order sep aration  o f  the  

doubled fr in g e  p a tte r n s  as exp la in ed  in  th e p rev iou s chapter. They show 

A = 0° fo r  0 = 0 ° .  However, i t  can be shown from th eory  g iven  in  th e  

In tr o d u c t io n , Chapter I  and r e fe r e n c e s  ( l ) , ( 1 4 ) , ( 1 5 )  and (1 6 ) , th a t for
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0 = 0 ° ,  A = Tî° , th a t  i f  th e  v a lu e s  o f  A in d ica te d  in  th e graphs i s  

t r a n s f o r m e d  in to  regu lar  measurement, then we w i l l  have

^graph) •

T h is i s  im portant i f  th e  v a lu e s  in  th e  graphs are used to  su b s t itu te  in  

th e  form ulae g iv en  in  th e  In tr o d u c tio n . I t  may be noted , a ls o ,  th a t  

th e  s h i f t  o f  th e  dark bands in  a B abinet Compensator used in  Drude’ s 

method fo r  determ ining A, when transform ed in to  an angle i s  in  fa c t  equal 

to  ( tt -  a ) . In t h i s  r e sp e c t  th e  in t e r f  erom etric techn ique as w e ll as th e  

p o la r im e tr ic  method are n ot ab le  to  d if f e r e n t ia t e  between a d i f f e r e n t ia l  

change o f  phase (or r e la t iv e  phase s h i f t )  o f  zero or o f  tt°  .
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C HAPTER VI

THE EXTINCTION COEFFICIENT OF Ag , Au AND A l  

FILMS IN THE TEUCKNESS RANGE OF d ^ 200 I  

IN TEE VISIBLE SPECTRUM
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V I . 1 INTRODUCTION

In th e  f i r s t  four chapters o f t h i s  t h e s i s  th e  q u a n tity  A= (6  -  6 )
P s

was s tu d ied  hoth  t h e o r e t ic a l ly  and exp erim en ta lly . I t  has been shown a 

s e n s i t iv e  q u a n tity  to  changes in  th e o p t ic a l  con stan ts in  v ariou s ranges. 

However i t s  dependence on k in  th e lower reg io n s o f n and h igher ranges 

o f  d i s  more prominent than i t s  dependence on n .  We a lso  have shown 

how A could  be determ ined as a fu n ctio n  o f  0 for  a c e r ta in  f ilm  u sin g  an 

in te r fe r o m e tr ic  tech n iq u e o r ig in a l ly  reported  by T olansky(^), The in te r -  

fero m etr ic  tech n iq u e i s  shown to  be sim p le, in exp en sive and p o sse ss in g  

r e l ia b le  accuracy .

In t h i s  chapter we take th e in v e s t ig a t io n  a step  fu r th er . We s h a ll  

make u se  o f  th e  experim ental data ob tained  in  Chapter V to  e x tr a c t v a lu es  

o f  k th e  e x t in c t io n  c o e f f i c ie n t  o f  th e f ilm s  in v e s t ig a te d . This i s  accom­

pan ied  by o b ta in in g  graphs o f  A v s  n for  constant v a lu es  o f  k . The 

v a lu e  o f  k corresponding to  a ^Qxp c e r ta in  0 , d and \  , could be 

found p r e t ty  a c c u r a te ly  s in c e  in te r p o la t io n  a t any p o in t i s  n ea r ly  lin e a r  

a t  h ig h er  d and 0 v a lu e s .  In t h i s  way we s h a ll  have a complete ’ in te r ­

fero m etr ic  tech n iq u e fo r  th e  determ ination  o f  th e  e x t in c t io n  c o e f f i c ie n t  

o f  h ig h ly  r e f l e c t in g  absorbing s in g le  la y e r s .  This to g e th er  w ith  in te r ­

fero m etr ic  determ ination  o f  th e  f ilm  th ic k n e ss  seems to  open a more compre­

h e n s iv e  in te r fe r o m e tr ic  approach to  th e  determ ination  o f  th e  o p t ic a l  

param eters o f  th in  absorbing f i lm s . T his i s  what we s e t  out to  do in  the  

f i r s t  p la c e .
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V I . 2 PREVIOUS worn

In ter fero m etry  has heen a p p lied  to  study th in  f i lm s  mainly for  

determ ining t h e i r  th ic k n e s s ,  u s in g  e i th e r  f iz e a u  or f . e . c . o .  f r in g e s  and 

a ls o  fo r  th e  measurement o f  phase changes in  r e f l e c t i o n  and tran sm ission ,  

However, Schul z^^^’ t r i e d to  extend the u s e fu ln e s s  o f  in t e r f e r o ­

m etr ic  tech n iq u es  to  f in d  th e  o p t ic a l  co n sta n ts .  He used an in te r fe r o ­

m etr ic  assembly shown in  F ig .V I .1. This c o n s is te d  o f  s i l v e r - d i e l e c t r i c -  

s i l v e r  tra n sm iss io n  f i l t e r .  The d i e l e c t r i c  separating  the two m e ta l l ic  

la y e r s  was a f r e s h ly  c leaved  sh eet  o f  mica. He deduced the va lue o f  the  

normal in c id e n c e  phase change a t  r e f l e c t i o n  a t  the mica-metal in te r fa c e  

from th e  w avelength s h i f t  introduced as a r e s u l t  o f  such phase change

ta k in g  p la c e .  Then he c a lc u la te d  k from the fo llow in g  equation

2k  n
t a n p  = — ----- t- 2 —  . . .  (V I .1)

n +k - n ^  o

where n^ i s  th e  r e f r a c t iv e  index o f  the  d i e l e c t r i c  separating  the two

( 13)s i l v e r  l a y e r s .  In  h i s  paper'  ̂ he used a more complicated arrangement, 

d e p o s it in g  s i l v e r  on one s id e  o f  th e  mica and s i l v e r  and th e  x metal on 

th e  o th er  s id e  as shown in  F ig .V I .2 .  In such cases  th ere  were two adja­

cen t  f i l t e r s  Ag-mica-Ag and Ag-mica-metal x, where the  f i r s t  f i l t e r  was 

used  as a standard or r e fe r e n c e .  The arrangement required  knowledge of

(a) th e  mica d isp ers io n  which had to  he measured in  a

sep arate  experiment;

(h) th e  th ic k n e s s  o f  metal la y e r s  had to  s a t i s f y  equation  

( V I . l )  which assumes a s in g le  r e f l e c t io n ;

(c )  the  method in volved  the  measurement o f  wavelength a t

peak tra n sm iss io n s .  This i s  not u s u a l ly  an easy  task  

i f  the m e ta l l i c  f i lm  th ic k n e ss  i s  not th ic k  enough to  

produce a h ig h ly  r e f l e c t i n g  surface and sharp fr in g es ;

(d) th e  f a c t  th a t  mica i s  doubly r e fr a c t in g  means g e t t in g  ,

two s e t s  o f  f r in g e s  a t  each wavelength. This could  

le a d  to  errors  i f  care i s  not taken in  measurements.
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The in te r fe r o m e tr ic  arrangement used in  t h i s  work was described  

in  Chapter XXX. I t  i s  far  sim pler than th a t  en^loyed by Schulz, I t  

p o s s e s s e s  th e  advantages :

(a) the  d i e l e c t r i c  medium between th e  two r e f l e c t i n g  surfaces  

o f  the in ter ferom eter  i s  a i r ,  thus avoiding the complica­
t io n s  a r i s in g  from the  mica d ispers ion ;

(b) no wavelength measurements are involved;

(c )  formulae employed to  analyse  th e  r e s u l t s  take in to  con­

s id e r a t io n  the  m u lt ip le  r e f l e c t i o n s  w ith in  the f i lm  as 

opposed t o  u s in g  formula (V I . l )  which apply only to  the  

bulk ca se ,

A d is c u s s io n  o f  th e  v a lu e s  o f  k y ie ld e d  by d i f f e r e n t  methods w i l l  be given  

l a t e r  in  t h i s  chapter .

V I .3 GlbVPIHCAL EXTRACTION OF k VALUES
OF Ag , Au AND A l  FILMS

To e x tr a c t  the  k va lu e  o f  th e  m e ta l l ic  f i lm s  used as in te r fe r o ­

meter c o a t in g s  in  the in te r fe r o m e tr ic  determ ination o f  A, a computer 

program was run to  produce a A v s  n chart for  constant v a lu es  o f  k ,

fo r  c e r ta in  v a lu e s  o f  X , d , 0 and su b stra te  index. The k va lu es  were

in  0 .1  s t e p s .  The experim ental va lu e  o f  A, determined in  the  l a s t  chap­

t e r  was then  'e n c lo s e d '  between two v a lu e s  o f  k .  In the case o f  f i lm s

o f  d ^ 200 Â th e  l i n e  o v a r ia t io n  o f  A v s  n for a c e r ta in  va lu e  o f

k over a l im i t e d  range o f  n was almost a h o r iz o n ta l  l i n e  p a r a l l e l  to  the

x - a x i s ,  th e  n -c o o r d in a te .  A second graph o f  A v s  n was constructed  in

which p a r a l l e l  l i n e s ,  p a r a l l e l  to  the n -a x is ,  were drawn corresponding to  

th e  experim enta l v a lu e  o f  A , and u s in g  data from the  s e n s i t i v i t y  study in  

Chapter I I ,  th ey  a ls o  were drawn according to  the  v a r ia t io n  in  k caused 

by v a r i a t i o n  in  A eq u iva len t  to  the  maximum experimental error in  A . A l l  

graphs were drawn except one, a t  8 = 70 and for substrate  index o f  1 .5 .

F i g s . V I . 3 - VI. 17 correspond to  th e  fo l lo w in g  cases  r e s p e c t iv e ly .
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Ag d =  5 5 0  A X =  4 3 5 8  A 6 = 70°
Ag d =  6 0 0  1 X =  5 4 6 1  A 6 = 70°
Ag d = 2 5 0  1 X =  6438 A 8 = 70°

Ag d = 2 2 5  1 X = 5461 A 8 =  70°
Au d  =  5 8 0  A X = 5461 1 8 =  60°
Au d =  5 8 0  Â X = 6 4 3 8  1 8 = 70°
A t d =  2 6 5  A X =  4 3 5 8  1 8 = 70°
A t d = 2 6 5  A X = 5 4 6 1  A 8 = 70°

The v a lu e s  o f  k which emerged from th ese  graphs are tab u la ted  in  

th e  fo l lo w in g  t a b le  to g e th e r  w ith  Schulz v a lu e s  for comparison.

TABLE V I . 1

1 Metal d X k Schulz v a lu es  
o f  d > 500 A

Ag 550 4358 2 .4 2  ± 0.020 2 .42  ± 0 . 0 5

Ag 600 5461 3 .4 5  ± 0.030 3 .3 2  ± 0.07

Ag 250 6438 3 .3 5  ± 0.020 4 .20  ± 0 .08

Ag 2 2 5 5461 3 .1 0  ± 0.020 3 .3 2  ± 0.07

1 Au 580 5461 2.37  ± 0.020 2.37 ± 0 .05

1 Au 580 6438 3.46  ± 0.040 3 .50  ± 0 .07

A t 265 4358 4.011 ± 0.025 4 .3 2  ± 0 .08

A t 265 ! 5461 5.016 ± 0.025 5 .32  ± 0 .10
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V I . 4 DISCUSSION

The v a lu e s  o f  th e  e x t in c t io n  c o e f f i c i e n t  k for  f i lm s  of  Ag , Au 

and A t  v ere  determined hy an in te r fe r o m e tr ic  technique based on e s ta b l i s h ­

ing  the  experim ental v a r ia t io n  o f  A , the  d i f f e r e n t i a l  phase change a t  

r e f l e c t i o n  a i r / m e t a l l i c  f i lm  in te r fa c e  as a fun ction  o f  8 the angle of  

in c id e n c e .  The k v a lu e s  v e r e ,  in  gen era l ,  50^ more accurate than those  

determined by Schulz^^^), This accuracy -was achieved by pr ior  t h e o r e t ic a l  

study o f  th e  dependence o f  the q u a n tity  A on various  fa c to rs  namely, (d/x)  

r a t i o ,  n and k . Good agreement vas  obtained in  the  presen t vork and 

th o se  p r e v io u s ly  determined by in te r fe r o m e tr ic  techn iques . Hovever, for  

s i l v e r  f i lm s  o f  d ^ 250 A some disagreement i s  observed. For an Ag 

f i lm  o f  d = 250 A a t  X = 6438 Â the  k va lue determined here i s  about 

25/0 l e s s  than th a t  reported  by S chulz . This i s  not very  surpris ing  s ince  

Schulz v a lu e s  v ere  determined for  f i lm s  o f  d ^ 500 A, The experimental 

behaviour o f  A v s  6 for  the  Ag f i lm  o f  d = 250 A i s  shovn in  F ig .  V . 3 

The experim ental c r o s s e s  are s i g n i f i c a n t l y  s h i f t e d  from the computed curve 

based on Schulz c o n s ta n ts .

In  t h i s  and th e  l a s t  f i v e  chapters i t  vas  shovn th a t  in terferom etry  

i s  capable o f  serv in g  as a u s e f u l  and accurate means for  the determination  

o f  th e  e x t in c t i o n  c o e f f i c i e n t  o f  th in  h ig h ly  r e f l e c t in g  f i lm s .  The simp­

l i c i t y  o f  the in te r fe r o m e tr ic  technique and the charted computed p ro p ert ie s  

o f  A made t h i s  p o s s i b l e .
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V I I . 1 INTRODUCTION

In t h i s  and th e  next chapter a new technique, based on the forma­

t io n  o f  v h i t e  l i g h t  multiple-bcara f r in g e s ,  for  the study o f  surface micro-

top ograp h ies  i s  d is c u s se d .  Ilovever, in  t h i s  chapter the formation and 

c h a r a c t e r i s t i c s  o f  v h i t e  l i g h t  multiplo-beara f r in g e s  are d ea lt  v i t h .  This 

i s  n e cessa ry  as an in tr o d u c t io n  to  th e  next chapter vhere the  a p p lica t io n  

o f  the  v h i t e  l i g h t  f r in g e s  i s  d escr ib ed .

White l i g h t  f r in g e s  are , perhaps, th e  most commonly observed in

n atu re .  They form in  t h i n l y  spread v a te r  p o o ls  and in  o i l  f i lm s ,  th ey

a ls o  occur in  soap bu bb les .  Nevton r in g s ,  formed between a le n s  and a 

p l a t e ,  are v e r y  fa m il ia r  to  a l l  who vork in  o p t ic s .  In them one observes  

th e  famous dark spot in  the  cen tre  and one or tvo coloured orders beyond 

vh ich  overlapp ing  ta k e s  p la c e .  The darkness o f  the fr in g e  in  the cen tre ,  

v as  concluded by Young to  be due to  a phase change o f  it vhen l i g h t  i s  

r e f l e c t e d  from a rare medium a t  th e  boundary o f  a dense medium, i . e .  an
/ i)/apparent a l t e r a t i o n  in  th e  path o f  X/2 . This vas  confirmed^Fresnel's  

three m irrors experiment in  1819. Hovever, the v i s i b i l i t y  o f  Neivton r in gs  

i s  lo v  s in c e  i t  i s ,  e f f e c t i v e l y ,  a tvo beam in te r fe r e n c e  set-up  using  

g l a s s  s u r fa c e s  o f  lo v  r e f l e c t i v i t y .

Tolansky, in  th e  f o r t i e s ,  developed the multiple-beam in ter fe ren ce  

tech n iq u es  and a p p lie d  them to  a v id e  range of  surface studies^^"^’ . 

lie produced m ultip le -beam  monochromatic Nevton r in g s  in  tran sm ission  and 

a p p lied  them to  th e  measurement o f  the  d i f f e r e n t i a l  change o f  phase on 

r e f l e c t i o n  a i r / m e t a l l i c  f i lm  in t e r f a c e .  In  1972 he reported^  ̂ the forma­

t io n  o f  m ultip le-beam  v h i t e  l i g h t  f r in g e s  on mica su rfa ces .  They vere ,  in  

e f f e c t ,  th e  m ultip le-beam  v e r s io n  o f  Nevton*s r in g s .  The b e a u t i fu l  p a t­

t e r n s  had a much enlianced v i s i b i l i t y  and t h e i r  colour d isp ers ion  vas g r e a t ly  

in cr ea se d  .due to  th e  h igh er  r e f l e c t i v i t i e s  o f  the  surfaces  in vo lved .
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In the  fo l lo w in g ,  th e  technique invo lved  in  producing white l i g h t

m ultip le-beam  fr in g e s  in  tra n sm iss io n  i s  d escribed , and t h e ir  p ro p ert ie s
/

are in v e s t ig a t e d ,

V H .2  Tim FORMATION OF WHITE LIGHT >rULTIPLE- 
BEAM INTERFERENCE FRINGES

I t  i s  important to  r e a l i z e  th a t ,  u n lik e  in  the case o f  monochromatic 

m ultip le-beam  f r in g e s ,  w hite  l i g h t  multiple-beam  fr in g e s  require very small 

path  d i f f e r e n c e s .  This means in  p r a c t ic e ,  th a t  the surfaces  involved  

w i l l  have to  a ch iev e  a g rea t  degree o f  c lo s e n e s s .  Newton’s r in gs  i s  a case  

in  p o in t ,  where th e  l e n s - p l a t e  combination ach ieves  p h ysica l  con tact,  or 

v e r y  n e a r ly  so , a t  cen tre  p o in t .  In  a wedge in terferom eter the p o in t o f  

c o n ta c t  would c o n s t i t u t e  the  edge o f  th e  wedge. The condition  for  achiev­

ing p h y s ic a l  c o n ta c t  a t  the edge o f  the wedge i s  important s in ce  i t ,  as  

w i l l  be d e t a i l e d  l a t e r ,  d e f in e s  where the  f i r s t ,  s e c o n d . . .  e t c .  orders  

appear.

To enhance th e  v i s i b i l i t y  and colour d isp ers ion  the surfaces  

in v o lv e d  w i l l  have to  be coated  w ith  h ig h ly  r e f l e c t in g  contouring s i lv e r  

f i lm .  This in tr o d u c e s  a new elem ent, namely the e f f e c t  o f  the phase 

change upon r e f l e c t i o n ,  a ir /A g  , which i s  a fu n ction  of both the wavelength  

and f i lm  th ic k n e s s .

F igure V I I . 1 re p r e se n ts  an a ir  wedge o f  angle e where, i t  i s  

assumed, p h y s ic a l  c o n ta c t  ta k es  p la ce  a t  the edge o f  the wedge. The sur­

fa c e s  are assumed to  be coated w ith  an id e n t ic a l  h ig h ly  r e f l e c t in g  s i lv e r  

f i lm  o f  th ic k n e s s  d and R and T are i t s  r e f l e c t i v i t y  and tr a n s m is s iv i ty  

r e s p e c t i v e l y .  A ccording to  F i g .V I I .1, th e  appearance o f  fr in g e s  r e s u l t ­

ing  from th e  in t e r fe r e n c e  o f  the  tra n sm itted  m u lt ip ly  r e f l e c t e d  beams, 

w ith in  th e  in te r fe r o m e te r  a t  normal in c id en ce  o f  p a r a l l e l  white l i g h t ,  

w i l l  be governed by th e  fo l lo w in g  simple r e la t io n  :

NX = 2 t  . . .  (V I I . l )
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■where N i s  the  order number and t  i s  the  th ick n ess  o f  the in te r fe r o ­

meter a t  a p a r t ic u la r  p o in t .  However, th e  above r e la t io n ,  and F ig ,V II .  1 

do not take  in to  account th e  a d d it io n a l  path d if fe r e n c e  introduced by the  

phase change on r e f l e c t i o n  a ir /A g .  To do so r e la t io n  (V I I . l )  w i l l  be 

r e -w r i t t e n  as fo l lo w s  ;

NX = 2 ( t +  3 )  . . . .  (V II .2)

This means th a t  co loured  tra n sm itted  f r in g e s  o f  maximum i n t e n s i t i e s  w i l l  

be expected  to  appear a t  contours s a t i s f y in g  th e  r e la t io n  (V II.2) in  the  

form; N .  X/2 = ( t + p )  . . .  (V II.3)

where (p)^ ^ i s  the  a d d it io n a l  path  d if fe r e n c e  due to  the phase change on 

r e f l e c t i o n  a ir /A g  .

The i n t e n s i t y  d i s t r ib u t io n  in  a transm itted  multiple-beam fr in ge  

i s  governed by th e  A iry  formula, i . e .  the  r e l a t io n  between the transm itted  

i n t e n s i t y  and th e  phase d i f f e r e n c e  between any two su ccess iv e  in te r fe r in g  

beams c o n tr ib u t in g  to  a p a r t ic u la r  p o in t  in  the  fr in g e  p a ttern .  This

l a t t e r  q u a n t i ty  i s  6 = ^  . (Path d i f fe r e n c e  between any two su ccess iv e  

beams) and we can w r ite

6 = ^ - [ 2 ( t + p ) ]  . . .  (V II .4)

This i s  fo r  normal in c id e n c e  and an a ir  coated in terferom eter .  The A iry

formula would then  be w r i t t e n  as fo l lo w s

( 1 - E )

when t  i s  s e t  to  equal zero ,  i . e .  th ere  i s  p h y s ica l  con tact ,  but not

o p t i c a l ,  th e  above r e l a t io n  w i l l  be w r it te n  as fo llow s  :

I  = 1 • •••
.ffl— . s in 2

( 1 - E ) 2

Now, exam ination o f  t h i s  l a s t  formula (V II .6 )  would show th a t ,  for  

each w avelen gth , th ere  w i l l  be a small amount o f  l i g h t  transm itted  a t  the

_ 158 -



PLATE (23)



zero -ord er  or con tact p o in t .  The i n t e n s i t y  tran sm itted  w i l l  depend on 

the  magnitude o f  T and R and on the va lu e  o f  j '  2rr. A quick évalua- ' 

t i o n  would show th a t  for  X = 5000 A the tran sm itted  in t e n s i t y  i s  near to  

the  minimum i n t e n s i t y  o f  the corresponding monochromatic fr in g e  p a ttern .

The amount o f  l i g h t  tran sm itted  in c r e a se s  w ith  decreasing wavelength.

This  i s  because the  term (p/X) d ecreases  w ith  in creas in g  w avelength. This 

seems to  be the  exp lan ation  to  the b lue  co lo u ra tio n  which appeared in  

T olan sk y’s p a t t e r n ^ ^ \  The photographic emulsion i s  more s e n s i t iv e  in  

th e  b lu e  where the  system tran sm its  most.

Now, th e  f i r s t  v i s i b l e  fr in g e  w i l l  appear in  a reg ion  removed from 

the  edge o f  th e  wedge. This would r e s u l t  in  a band o f  no v i s i b l e  i l lu m in a­

t i o n  sep a ra t in g  th e  zero th  fr in g e  from the  v i s i b l e  fr in g e s  o f  the  f i r s t  

ord er .  In  th e  second order overlapping would take p la c e ,  and as a r e s u l t  

th e  second order band o f  no v i s i b l e  i l lu m in a t io n  i s  much l e s s  in  width  

compared w ith  i t s  correspondant in  th e  f i r s t  order. The co lours o f  the  

th ir d  order s u f f e r  severe  overlap ping . The increased  path d if fe r e n c e s  

in v o lv ed  in  th e  h igh er  orders p reven ts  them being observed. However, 

th e s e  h igh er  orders are observed i f  monochromatic l i g h t  rep la ces  the i n c i ­

dent w hite  l i g h t .  P la te  (23) shows w hite  l i g h t  multiple-beam fr in g e s  

ob ta in ed  in  an in ter fe ro m eter  where one component i s  a f r e s h ly  c leaved  mica 

su r fa c e ,  s i l v e r  coated , the other i s  a microscope s l id e  coated w ith  an iden­

t i c a l  s i l v e r  f i lm .  The fe a tu r e s  described  above are c l e a r ly  d is t in g u ish ed  

in  th e  p l a t e .
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V I I .3  THE TECHNIQUES FOR PRODUCING MUTE LIGHT

MULTIPL-BEAM FRINGES ON MICA SERFAGES

As p o in ted  out e a r l i e r ,  the  path d i f f e r e n c e s  involved  in  the forma­

t io n  o f  w hite  l i g h t  m ultiple-heam  fr in g e s  are v ery  sm all.  Hence any arrange­

ment which may he used to  house the two components o f  the in terferom eter  w i l l  

have to  f a c i l i t a t e  b r in g in g  the  su r fa ces  as c lo se  as p o s s ib l e .  The other  

problem, encountered when d ea ling  w ith  a mica surface , i s  the marked wrink­

l i n g  w ith  ups and downs o f te n  many l i g h t  waves in  h e ig h t  and depth.

A tech n iq ue to  so lv e  th e s e  problems was described by" Tolansky^^^) 

and was used  in  t h i s  work. The f r e s h ly  c leaved  sheet was p laced  in  the  

chamber o f  th e  evaporation  p la n t ,  to g e th er  w ith  a microscope cover s l i p .

They were both  coated , s im ultaneou sly , w ith  a h ig h ly  r e f l e c t in g  s i l v e r  

f i lm  o f  th ic k n e s s  d =“ 350 Â . This corresponds to a r e f l e c t io n  c o e f f i c i e n t  

o f  R ^  0 .8 0  for  th e  green l i n e  o f  mercury where X = 5461 Â. A fter  th ey  

were removed from th e  chamber, a small drop o f  Canada balsam was p laced on 

th e  rear  (u n s i lv e r e d )  face  o f  th e  mica sh e e t .  A gainst t h i s  a c lean  g la s s  

m icroscope cover s l i p  was p la ce d .  The other component o f  the in te r fe r o ­

meter was p la ced  w ith  t h i s  assembly where th e  two s i lv e r e d  surfaces  were 

brought to g e th e r  and p ressed  down hard. The two components were clipped  

to g e th e r .  In  t h i s  manner many areas o f  v ery  c lo s e  approach were r e a l iz e d ,  

and th e  Canada balsam when spread to  a th in  f i lm , the fo rce s  o f  surface  

t e n s io n  helped  to  f l a t t e n  th e  w rink ling  in  the mica sh ee t .

The o p t i c a l  system used to  observe and record the white l i g h t  

m ultip le-beam  f r in g e s  was s im ila r  to  th a t  described in  F i g . I I I .  1 o f  chapter 

I I I .  The f r in g e s  were recorded on a 35mm colour n ega tive  Fuji f i lm  of  

100 A S A . Exposures were determined by t r i a l  and error.

I t  must be sa id  here th a t  the  commercially a v a i la b le  s e r v ic e s  to  

p r o c e s s  co lour  m a ter ia l  lea v e  q u ite  a l o t  to  be desired  Î There seems to  

be no r e a l i z a t i o n  th a t  some o f  us do not use cameras for the j n s t  the  

o c c a s io n a l  snap shot Î
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V I I I .1 INTRODUCTION

In th e  l a s t  chapter th e  formation and c h a r a c te r i s t ic s  o f  m u lt ip le -  

beam w hite  l i g h t  f r in g e s  were d escr ib ed . The most important c h a ra c te r is ­

t i c s  are (a) th e  knowledge o f  th e  order number, and (b) the heightened  

top ograp h ica l d is p e r s io n .  The l a t t e r  property  i s  a consequence o f  the  

f a c t  th a t  th e  topograp h ica l h e ig h t  o f  th e  i s o la t e d  spectrum in  the f i r s t  

order i s  ~ 1 5 0 0  Â. In monochromatic F izeau  fr in g e s  the  order separation  

X/2 i s  2730 Â for the  green l i n e  o f  mercury.

However, l i t t l e ,  i f  any, q u a n t i ta t iv e  inform ation about the surface  

microtopography could be derived  from th e  a t t r a c t iv e  w hite l i g h t  fr in g es  

d escr ib ed  in  th e  l a s t  chapter . Tolansky^^^^ contended th a t  a " . . .  normally  

co lour  s e n s i t i v e  eye should be able to  d iv id e  the sp ec tra l  colour range in  

th e  v i s i b l e  in to  a hundred p a r ts" .  T h is ,  in  f a c t ,  i s  to  suggest the  

’ s c a l in g '  o f  th e  f i r s t  order spectrum. H err io t ,  1961 produced a

system o f  m ultichrom atic  m u lt ip le  beam Fizeau  f i l l i n g  the orders. His  

low -order f r in g e s  belonged to  10 w avelengths to  the  order.

In t h i s  chapter a new o p t ic a l  system i s  described in  which a 

’ sw eep in g’ f r in g e  o f  v a r ia b le  ch rom atic ity  ’moves’ in to  alignment w ith  a 

’ s t a t io n a r y ’ fr in g e  o f  a f ix e d  wavelength a t  a fea tu re  in  the surface under 

s tudy . T his  dynamic arrangement h e lp s  surveying the order span and does 

away w ith  th e  need to  measure s tep  h e ig h ts  in  form o f  fr in g e  d isplacem ents.  

Only w avelengths are measured u s in g  a spectrometer drum. This i s  far  

more accu ra te  and d ir e c t  method than the usual employment o f  a t r a v e l l in g  

comparator to  measure fr in g e  d isp lacem ents on photographic p la t e s .

In  th e  fo l lo w in g  experimental d e t a i l s  o f  the o p t ic a l  system and 

some measurements on mica su r fa ces  w i l l  be g iv en . A lso an assessm ent o f  

th e  err o rs  in v o lv e d  in  th e  technique and t h e ir  l i k e l y  e f f e c t  on the accu­

ra cy  o f  measurements are d iscu sse d .
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V III . 2 TIDE OPTICAL SYSTEM

The o p t ic a l  arrangement i s  shoAvn, sch em atica lly ,  in  F i g .V I I I .1.

L ight from tvo  sources f a l l s ,  s im ultaneously , onto the t e s t  specimen v ia  

a rec ta n g u la r  s l i t .  Source (a) vas  a v h i t e  l i g h t  q u artz- iod in e  lamp.

The v h i t e  l i g h t  vas  condensed onto th e  s l i t  o f  a H ilger  constant dev ia t ion  

spectrom eter . The t e le sc o p e  arm of the spectrometer vas  removed and 

rep laced  hy a simple h i-con vex  le n s  o f  fo.cal length  100 cm . This arrange­

ment produced a pure v h i t e  l i g h t  spectrum dispersed  over a length  o f  about 

150mm in  th e  fo c a l  p lane o f  the l e n s .  A s l i t  vas  p laced  in  the plane of  

th e  spectrum and i t s  v id th  adjusted  to  1 mm.

The extended spectrum contained some 3000 Â hetveen i t s  v i s i b l e  

ends, and the  s l i t  s e le c t e d  a band o f approximately 20 A v id th .  The vave-  

le n g th  o f  the l i g h t  emerging from the  s l i t  vas  determined by reading, and 

v a r ie d  by moving the c a l ib r a te d  drum o f  the constant d ev ia t ion  spectrometer, 

This arrangement a l lo v e d  th e  formation o f  the 'sweeping f r in g e '  to  be moved 

from one end o f  th e  spectrum to  the o ther , producing a v a r ia b le  colour  

f r in g e  in  th e  f i r s t  order. The c a l ib r a t io n  o f  the spectrim eter drum vas  

ca r r ie d  out v i t h  th e  a id  o f  source (c) vh ich  emitted l i n e  spectra o f  kno^m

v a v e le n g th s  covering  the v i s i b l e  range. Light from the multichromatic

source (b) v a s  f i l t e r e d ,  ^ i n g  a high q u a l i ty  narrov band a l l  d i e l e c t r i c  

in t e r f e r e n c e  f i l t e r .  This l a t t e r  arrangement provided the 's ta t io n a r y  

r e fe r e n c e '  f r in g e  having a f ix e d  vavelength  determined by the peak tran s­

m iss io n  X o f  th e  f i l t e r  used.

When the  drum c a l ib r a t io n  vas carr ied  out and thus rendering the  

le n g th  o f  th e  d isp ersed  v h i t e  l i g h t  'r ea d a b le ' ,  the c a l ib r a t io n  source

(c)  vas  cut o f f .  Nov ve vould have the tvo sources (a) and (b) focused

dovn on th e  s l i t  (d) and a le n s  (e )  rendered the emerging mixture p a r a l l e l

vhen i t  f a l l s  onto the  t e s t  speciment ( f ) .  A microscope v i t h  a camera 

attachm ent v e r e  used to  record the  f r in g e s .  P la te  (24) shovs the actua l

experim enta l s e t -u p .
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V I I I . 3 MEASUREMENTS ON MICA SIJEFACE

A c lean  f r e s h ly  c leaved  mica sh eet  vas  s i lv e r e d  on one s id e  in  the

vork chamber o f  the evaporation p la n t  described  in  Chapter I I I .  Simulta­

n eo u s ly  a microscope cover s l i p  vas  introduced in  the p la n t  and vas s i lv e r e d  

to  the  same ex ten t  as the mica su r fa ce .  This ensured th a t  the  tvo r e f l e c t ­

ing su r fa ces  o f  the in ter ferom eter  had th e  same r e f l e c t i v i t y .  The r e f l e c t ­

ing s i l v e r  f i lm  had a th ic k n e s s  o f  the order o f  380 A g iv in g  r e f l e c t i v i t y

o f  about 0 .8 5  fo r  green mercury l i n e  5460 A .

M ultiple-beam v h i t e  l i g h t  in te r fe r e n c e  fr in g e s  vere  secured in  the  

manner descr ibed  in  the l a s t  chapter . Ifhen the areas o f  c lo s e  approach 

and th e  d i f f e r e n t  orders vere  recognized , the t e s t  é ta lo n  vas mounted in  

fro n t  o f  the  microscope as in  P la te  (24) and F i g .V I I I .1.

F i r s t ,  th e  t e s t  é ta lo n  vas  a l lo v e d  to  r e c e iv e  l i g h t  from the m u lt i­

chromatic source (b) o n ly .  The f i l t e r  used vas a Barr and Stroud a l l  

d i e l e c t r i c  in te r fe r e n c e  f i l t e r  v i t h  peak transm ission  a t  5461 A. The 

green 's ta t io n a ry *  fr in g e  belonging  to  t h i s  vavelength  vas observed in  the  

f i r s t  and second ord ers . The f i r s t  order fr in g e  vas  a d iscontinuous con­

tour  ending abruptly  a t  the edge o f  a c leavage s te p .  Beyond the  s tep  the  

f r in g e  continued , but vas  d isp laced  a t  the edge o f  the s tep  because o f  the  

sudden change in  vedge th ic k n e ss  t  . IVhen l i g h t  from source (a) vas  a ls o ,  

s im u ltan eou s ly ,  a l lo v e d  to  f a l l  onto the in terferom eter  and the drum of  

th e  con stant d e v ia t io n  spectrometer vas  ro ta te d ,  the r e s u l t in g  'sweeping' 

f r in g e  vas  made to  j o in  the ' s ta t io n a r y '  fr in g e  a t  the  step  edge. The 

f i n a l  appearance vas  a continuous but tvo coloured contour. The vave­

le n g th  a t  vh ich  the 'sweeping' fr in g e  was made to  a l ig n  v i t h  the 's ta t io n a r y '  

f r in g e  was read on the spectrometer drum. This was found to  be 6010 1. 

P la te  (25) shovs the s i tu a t io n  j u s t  d escr ib ed . The alignment vas  carr ied  

out v i t h  the  a id  o f  a c r o s s -v ir e  ey ep iece .
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The measurement o f  the h e ig h t  o f  the c leavage step  could have, 

h a p p ily ,  ended here ! Hovever, as shoim in  the l a s t  chapter, the  considera­

t io n s  o f  the  a d d it io n a l  path d if fe r e n c e  introduced hy th e  change o f  phase 

upon r e f l e c t i o n  at  the Air/Ag in te r fa c e  in s id e  the é ta lo n ,  must he taken  

in to  account,

( 57)Sch u lz ' ' measured the change o f  phase on r e f l e c t i o n  Air/Ag, as 

a fu n ct io n  o f  the vavelength  in  the v i s i b l e  spectrum. H is measurements 

v ere  made on a s i l v e r  f i lm  o f  th ic k n e ss  d > 350 A vh ich  c l o s e l y  approxi­

mates to  bulk p r o p e r t ie s .  The eq u iva len t  path d if fe r e n c e  a t  the  vave­

le n g th s  5461 k  and Xg 6010 A due to  the change o f  phase a t  r e f l e c ­

t i o n  A ir/A g, as taken from Schulz measurements, are 1020 A and 980 A resp ec­

t i v e l y .  These v a lu e s  v i l l  be adopted here fo r  the purpose o f  c a lc u la t in g  

th e  mica c leavage s te p .

Nov, ve may v r i t e  the fo l lo v in g  tvo r e la t io n s  for  the  h e ig h ts  o f  

th e  in ter fero m eter  contoured by the  's ta t io n a r y '  green fr in g e  and the

'sw eeping' orange-red fr in g e  r e s p e c t i v e ly :

. . . .  ( V I I I .2)
2 . d

X2

^2,d

The h e ig h t  o f  th e  mica c leavage step  in  p la t e  (24) v i l l  be g iven  by

Xn- X

where and & are the eq u iva len t  path d i f f e r e n c e s  caused by
1 , 6  ^ , 6

the  change o f  phase on r e f l e c t i o n  Air/Ag a t  the  v ave len g th s  X  ̂ = 5461 A 

and X2 = 6010 Â r e s p e c t iv e ly .

(6 ) t  = 6010.^5461 _ (ggo_ 1020)

= ^  .  40 

( a) t  = 314.5  Â .
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V I I I .4 DISCUSSION

A new o p t ic a l  arrangement for  producing multiple-beam fr in g e s  o f  

v a r ia b le  ch rom atic ity  has been descr ib ed . S ince the  order o f  in ter fe ren ce

i s  known to  be u n ity ,  th e  am biguity u s u a l ly  a s so c ia te d  w ith  order number in  

t h i s  kind o f  in v e s t ig a t io n  has been removed. The use o f  a monochromator 

to  provide v a r ia b le  ch rom atic ity  enables the contour to  scan the whole 

v i s i b l e  s p e c tr a l  range w ith in  a known order. I t  might be u s e fu l  to  in d i ­

ca te  here th a t  the  fr in g e s  described  in  t h i s  paper are F izeau  multiple-beam  

f r in g e s  in  the  f i r s t  order. The p r in c ip a l  advantage o f  th e se  f r in g e s  over 

f . e . c . o .  f r in g e s ,  for  example, i s  th a t  a surface fea tu re  covered by a f i r s t  

or second-order w hite l i g h t  system, can be explored v i s u a l l y  in  minute 

d e t a i l .  In  f . e . c . o .  f r in g e s ,  th e  system i s  e s s e n t i a l l y  s t a t i c  and the  

order number has to  be determined b e fo re  the f r in g e s  could be in terp re ted .  

Another fea tu re  o f  th e  p resen t  system o f  f r in g e s  i s  th a t  the shape o f  the  

top ograp h ica l fea tu re  i s  d e te c ta b le  a t  a g lance because the  spectra  tend  

to  contour the  narrower p art  o f  th e  wedge in  the shorter  wavelength reg ion  

and th e  wider p a r ts  in  the  longer wavelength reg io n .

The degree o f  p r e c i s io n  which i s  to  be expected from t h i s  technique  

depends on sev era l  fa c to r s  :

(a) The q u a l i t y  o f  the f r in g e s ,  i , e ,  t h e i r  sharpness and

v i s i b i l i t y .  This in  turn depends on the  h igh  r e f l e c ­

t i v i t y  o f  the su rfaces  in vo lved ,

(b) The width o f  source l i n e s  employed,

(c)  The accuracy a s so c ia te d  w ith  the  measurement o f  the

q u a n tity  P .

(d) The accuracy w ith  which th e  alignment o f  th e  two

coloured p a r ts  o f  th e  fr in g e  and th e  c o n s is te n c y  o f  

the  drum readings a t  t h i s  p o in t .

In  the  p resen t  work the fr in g e  w idth was about l / 25 o f  the order 

sep a ra t io n  between orders one and two. As for  the l i n e  w idth , th e  f i l t e r
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used in  connection  w ith  source (h) had a h a lf -w id th  o f  th e  order of  20 Â

w h ile  the width  o f  the l i n e  s e le c t e d  from the  d ispersed  white l i g h t  was

determined hy th e  w idth o f  th e  s l i t  (d ) .  The s l i t  could s e l e c t  a hand of

approxim ately the same width  as th a t  tran sm itted  hy the f i l t e r  as explained

e a r l i e r  in  t h i s  chapter . The error in  the q u an tity  f -  p\ ) i s
\  ^2,d l , d /

n ot l i k e l y  to  he v ery  much g rea te r  than ± 7 Â .  Schulz^^^), mentions a 

probable u n c e r ta in ty  o f  ± 1 5  A in  th e  measurement o f  in d iv id u a l  v a lu es  o f  p

I t  was found to  be p o s s ib l e  to  r e s e t  the drum o f  the monochromator 

(the  m odified  I l i lg e r  con stant d ev ia t io n  spectrometer) to  b e t t e r  than ± 8  A.

The maximum v a r i a b i l i t y  th e r e fo r e  a s s o c ia te d  w ith  the term ---------   was

± 4  Â. I t  i s  th e r e fo r e  f a i r  to  say th a t  the  o v e r a l l  error in  th e  measure­

ment o f  the step  h e ig h t  i s  not l i k e l y  to  exceed ±10  A,

-  171 -



CHAPTER IX

FU TU RE WORK
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This i s  a short account o f  some id ea s  p ro jec ted  for  future work.

I t  was the main t a r g e t  o f  t h i s  t h e s i s  to  show th a t  in ter fe ro m etr ic  

tech n iq u es  could he s t i l l  extended to  cover new grounds and a p p lic a t io n s  

hoth  in  th in  f i lm  o p t ic s  and surface microtopography. The study o f  the  

s e n s i t i v i t y  o f  the d i f f e r e n t i a l  change o f  phase on r e f l e c t i o n  A ir /M e ta l l ic  

f i lm ,  6 $ showed th a t  for th in  f i lm s  o f  d ^ 200 1  , A was s e n s i t iv e  to  hoth  

n and k . This g iv e s  grounds to  h e l i e v e  th a t  a s im ila r  study on the more 

r e a d i ly  measurable q u a n t i t ie s  p and hy tech n iq ues s im ila r  to  those

used hy Baraket e t  al^^^^. The author was a member o f  t h i s  research  group 

a t  E gypt's  N ationa l Research Centre when a wide range study was carr ied  out 

on th e  o p t ic a l  phase p r o p e r t ie s  o f  th in  f i lm s .  I t  i s  the in te n t io n  to  

carry  out th e s e  s tu d ie s  some s te p s  fu rth er  and use measurements o f  3 and 

to  deduce the  o p t ic a l  con stants  o f  f i lm s  s tud ied  in  l i g h t  o f  s e n s i t i v i t y  

c h a r ts .  Quartz o p t ic s  may he u s e fu l  to  extend the in te r fe r o m e tr ic  tech ­

nique d escr ib ed  in  Chapter I I I  to  th e  u l t r a  v i o l e t  p a r ts  o f  the  spectrum.

In th e  sphere o f  surface microtopography i t  i s  envisaged th a t  th e  o p t ic a l  

system d escr ib ed  in  Chapter VII may he developed in to  an instrument using  

two d isp e r s in g  e lem ents, may he r e f l e c t i o n  g r a t in g s ,  to  provide in s ta n t  

surveying a t  th e  e x i t  s l i t  o f  surface fe a tu r e s  o f  a specimen.

At t h i s  stage  i t  may he proper to  c lo se  t h i s  in v e s t ig a t io n  w ith  

an Arabic phrase, which, I  am sure, i t s  E n g lish  t r a n s la t io n  would not he 

v e r y  far  from an e x i s t in g  E n g lish  eq u iva len t  :

"Thou s h a l l  not say I  know fo r  you on ly  t r y "
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ABSTRACT

Tolansky (1944) used m u ltip le  beam in ter fe r en ce  fr in g e s  

produced by an a ir  wedge to  determine th e  d i f f e r e n t ia l  phase 

charige a t r e f l e c t io n  A (. A “ ^g)*  The method i s  used

to  f in d  k , th e e x t in c t io n  c o e f f ic ie n t  o f  th e  coatin g  f ilm s  o f  

the in ter fero m eter , A computer programme i s  used to  draw curves 

o f A  versu s r e fr a c t iv e  in d ex  n fo r  con stan t va lu es o f  k , (n and k 

are defin ed  by n = n -  i k ) ,  fo r  a g iven  f ilm  th ic k n e ss , wavelength  

and an g le  o f  in c id e n c e . • • .

The q u an tity  A  i s  obtained a t  a number o f an g les o f  in c id en ce ,  

and v a lu e s  o f k may be deduced from th e  computed cu rves. I f  / \  i s  

accu rate to  -  0,003  7T then k may be determ ined to  w ith in  -  0 .03  . 

fo r  v a lu e s  o f  2 ,0  C k ^  3 .0 ,  p rovid in g  n i s  in  th e  range 0 , 0 5 < n < 3 . 0 .  

The method i s  s u ita b le  fo r  f ilm  th ick n e sse s  g rea ter  than 300 S , \

T his technique i s . n o t  su ita b le  fo r  determ ining accurate v a lu es  o f  n> 

because o f the i n s e n s i t i v i t y  o f A  to  n. To dem onstrate the method, 

v a lu es  o f  k fo r  f ilm s  o f  s i l v e r ,  aluminium and go ld  have been obtained  

fo r  w avelengths i n  th e  v i s ib le  r eg io n , ^
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A b s tr a c t . T h e  phase o f  the first beam  in m u ltip le-b eam  fringes in transm ission  
has been altered by introducing a phase plate in its path . R eflection -like fringes 
in transm ission  resu lt w hen  the phase angle introduced is close to tt.

T h e  resu lting fringes w h ich  appear as sharp dark lines w ith  close to  
zero on a bright background are found su itab le for determ ining the differential 
change o f  phase at reflection o f  the P and S com ponents o f  ligh t vibrations, 
for m etallic  film s w hose reflectivities range from  35 per cen t to 60 per cent. 
D ifferentia l change o f  phase at reflection  has been  determ ined for A g film s w h ose  
th icknesses range from  100 to 200.4.

1. Introduction
Multiple-beam fringes are altered by introducing an additional phase delay 

in one of the beams contributing to the formation of the fringes. This may be 
accompanied by a change in amplitude. This alters the intensity distribution of 
the fringe system in a way which depends upon the value and sign of the phase 
angle introduced, the order of the beam modulated and the accompanying change 
(if any) in its amplitude. Modulation of multiple-beam interference fringes at 
reflection was performed [1] and applied to determine the change of phase in 
transmission through very thin layers of silver.

In this work the first beam contributing in the formation of multiple-beam  
fringes in transmission has been modulated by introducing a phase plate in the 
path of the first beam. The resulting fringe system appears as sharp dark lines 
on a bright background, which is termed ‘ reflection-like fringes in transmission ’. 
These fringes are found to be superior in sharpness and visibility to the unmodu­
lated transmitted system when metallic coatings of low reflectivity are used. 
Interferometric methods using ordinary multiple-beam fringes for differential 
change of phase measurement are applicable only when the resulting fringes are 
sharp. This takes place only when highly reflecting metallic films of reflectivity 
more than 80 per cent are under investigation. This is why all previous 
investigators using interference fringes were restricted to absorbing films of 
reflectivity more than 80 per cent. This also explains why no reliable previous 
data on the determination of differential change of phase for thin metallic films 
of reflectivity range 35-60 per cent have been reported in the literature.
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2. Theory
In the following the effect of adding a phase angle ^ to the first transmitted 

beam, on the distribution of intensity in a multi-beam transmitted system, is 
discussed. The case considered is the case of an Airy summation.

7?̂ , =  resultant wave of multiple beams in the case of a Fabry-Perot 
interferometer,

= T  exp i{ a > t 4- 2y) + T R  exp i \ c ü t  -f- 2y — 8) + . . .

=  A  2  ̂exp i { c v t  +  2y — A),

where 8 is the phase difference between any two successive beams, y  is the phase 
change due to transmission through one film, A is the phase difference of resultant 
w.r.t. the first transmitted beam and

tan A =
R  sin S 

1 —7? cos 8

In figure 1 OC represents the resultant of all beams, O b  represents the first 
transmitted beam and b e  represents the resultant of all beams except the first.

F c = A % + r ~ -2 A T .T c o ? ,A .

0

( 1- 2 R Cos  % *

S i n  i

F igu re 1.
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T he amplitude of the resultant of all beams other than the first is;

T R
V ( 1 - 2 7 ? cos8 +  /?“) ‘

Now in the triangle Obc:
sinâ

sin c80 =  sin P = cos8 + P2)'

It is clear from the diagram that the maximum intensity is achieved from an 
angle S when the phase of the first transmitted beam is altered by (180 —P)°, 
while alteration by (360 — P)° brings the two vectors along the same line but with 
opposite directions giving minimum intensity.

If the phase of the first transmitted beam is delayed by an angle the 
resultant transmitted intensity is given by:

7'2ŷ 2 2T~R  1
l - 2 « c o s 8  + /f" "  +  + j

( 1)
'P R - 2 P R

+ r ^ « c o s 8  + J^^- si n^si nS) .  J

This equation gives the intensity distribution for any value of the angle of 
modulation p  for all values of 8 when T  and R  are known from the properties 
of the coating layers when ISO'’.

Therefore

Accordingly, if (.4 +  P ) = 27'2 and C = T \ \ - 2 R %  then

C
I = A + B -

\ —2R  cos 8 +  R-  ' 

Now if
C

A  -h B  ^
( l - R f '

C  being positive, we get an intensity distribution similar to the reflected system 
in multiple-beam fringes, with

4 u n  =  -4  +  P  -  , 5 =  2«7T,

2niax = ̂ 4+P- 8 = (2/Z+l)7r.

Intensity distribution and visibility o f fringes
The conditions for having a reflected system are:

and R ^ < h

O.A. 2 B



366 N . Barakat and M . S. Shaalan

For such a system of reflection-like fringes in transmission:

' 1 - 2 R VI  ( l i d E X
i - j j /  ■

An interesting case arises, giving =  the condition is:

A + B =  ^
{ \ - R f

The value of R  satisfying this condition is equal to 1 :

•'max--' \ x + R )  •

The visibility of fringes in the particular case of i? =  1 will be equal to unity. 
As R  increases, C decreases and is equal to zero as R = H \ / 2 .  In this case 
equation (2) becomes I = A  +  B  =  2 T ^ ,  i.e. independent of the phase angle 8 .  

A uniform background (of magnitude equal to 2 T ^  for R  =  7 l  per cent) appears 
in the held of view. As R  increases further, C is no longer positive and the 
equation of intensity becomes

IC’I1 = A + B +
1 — 2R  cos 4- R~

|C| being the numerical value. This is the intensity distribution of a transmitted 
system of

|C| |C|
4max= { l + R f

at 8 = 2mr and (2«4-1)7t respectively. This will be superimposed on a 
background of magnitude equal to {A-\-B).

3. Production of reflection-like fringes in transmission
The optical set-up used to investigate the effect of introducing an additional 

phase to the first beam is shown in figure 2. Two optical flats of diameter 60 mm 
and thickness 11 mm were coated with thin evaporated silver layers of reflectivities 
R -2 and i ?2 where (PiPg) =  63 per cent. The two optical flats were used to 
form a silvered air wedge of angle e =  0-0002 rad. The wedge was adjusted with 
its edge parallel to the vertical slit S' .  A monochromatic source of A =  5461Â 
was used to illuminate the wedge with parallel light. At the focal plane of the 
projection lens Lg successive images of the slit S '  appeared.

Plate 1 shows the appearance of these images. The microscope objective 
was moved back to position B until the usual multiple-beam transmitted system  
was in focus. Plate 2 shows the transmitted system of bright fringes on a dark 
background. T o investigate the effect of introducing an additional phase to the 
first beam, a MgFg layer of thickness 6687 Â on a glass substrate was introduced 
in the path of the first image and adjusted to make an angle of 45° with the optical 
axis. The phase angle introduced was calculated using the formula

J, t
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where t is the thickness of the MgFg layer and is its refractive index. A change 
in the intensity distribution of the transmitted system was observed and recorded 
photographically as shown in plate 3. It is a reflected system with relatively 
sharp dark lines on a bright background. They are termed here ‘ reflection-like 
fringes in transmission

wedge

Figure 2. O ptical set-u p  for producing reflection-like fringes im  transm ission.

f

Plate 1. Plate 2.

Plate 3. P late 4.

2  B 2
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The effect of reflectivity of the coating layer on the intensity distribution of 
rcflcction-like fringes has been investigated experimentally using silvered air 
wedges of reflectivities ranging from 40 per cent to 80 per cent. Observations 
are found to be in complete agreement with theoretical deductions reached before. 
In the previous experiments the phase plate was adjusted so that only the first 
image passed through it while the rest of the images were viewed through glass. 
T he condition for maximum visibility in reflection-like fringes in transmission 
has been verified experimentally. In this experiment two optical flats were 
coated with silver layers of reflectivity =  50 per cent. Plate 4 shows the 
reflection-like fringes in transmission resulting. The experimental value of 
visibility was 0-98.

4. Determination of differential change of phase at reflection for silver layers over the
range 100-200 À thick
Tolansky [2] applied multiple-beam fringes for the measurement of differential 

change of phase at reflection. He used a silvered lens/plate interferometer and 
multiple-beam fringes in transmission. The thickness of the Ag layer was over 
350 Â. His results were in accordance with theoretical calculations based on

I I

FILTER ‘- I

S

CAMERA

(a)

Figure 3.

t l  t 'I

P late 5. P late 6.
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assuming the Ag layer to be of the same optical constants as the bulk metal. The 
formulae were deduced from the electromagnetic theory. Avery [3] extended the 
interferometric method for measuring the differential change of phase at reflection 
to a number of layers, namely silver, copper and tin. He used an air wedge 
coated with evaporated layers of the metals previously mentioned. His technique 
was applied only to multiple-beam Fizeau fringes and fringes of equal chromatic 
order in transmission. His measurements included the differential change of 
phase at reflection for Ag layers of high and low reflectivities. He claimed that 
displacements between resolved components for R  as low as 30 per cent, at high 
angles of incidence, were measurable using the transmitted system.

In this work the differential change of phase at reflection air/Ag is measured 
for Ag layers of low reflectivity with thickness between 100 and 200 Â. The low 
reflectivity made it necessary to modify the interferometric method. The 
solution was found in applying multiple-beam reflection-like fringes in trans­
mission obtained by the method described above. The optical arrangement for 
recording the fringe shift of reflection-like fringes due to differential change of 
phase over the incidence range 0-50° is shown in figure 3. Two optical flats 
were coated with identical silver films of 7? = 60 per cent and thickness 185 Â. 
Thickness measurement was carried out using multiple-beam Fizeau fringes at 
reflection. The wedge was adjusted with its edge parallel to the rectangular 
slit S. The usual fringes in transmission were then obtained. When the phase 
plate was introduced in the path of the first beam, the result was a reflection-like 
system of fringes.

Plates 5 and 6 show reflection-like fringes due to the P and S components of 
angles of incidence at 25 and 35° respectively.

At  angle 25° no shift was observed. A double shutter was used to record 
each component separately. The same steps were carried out for silver films of 
thickness 155, 135 and 105 A. The fringe shift Ay/>' was measured using an Abbé 
comparator. I ’he differential change of phase was then calculated as a fraction 
of A using the relation :

A = (8p -SJ=  -^*2» 

where y  is the distance between any two successive fringes.

5. RcsuKs and discussion
Figure 4 shows the variation of the differential change of phase at reflection 

as a function of A with the angle of incidence. The main features of the cur^ s  
are: /

{a) Alinima at angle of incidence 25° appeared in the four Ag films exanfined 
and reached almost zero shift.

(b) Maxima at angle of incidence 35° appeared in the four cases. The 
experimental curves of the differential change of phase A versus the angle of 
incidence for evaporated Ag films of thickness range 100-200 Â showed the 
presence of zero value at 6 = 25° followed by a maximum value of A at 6 = 35° 
followed by a maximum then gradual increase of A with 6. Such behaviour of A 
of this type of film is completely different from that of thick films of thickness 
more than 350 A for the case of Ag. The experimental curve for A versus 6
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Figure 4.

carried out by previous investigators showed a gradual but slow increase of A 
with 6 up to some 40° then a quicker increase continues up to 0 =  80° for evaporated 
Ag films of thickness >350Â. No maxima or minima were reported.

O n p eu t m odifier la phase du prem ier rayon dans le cas des interférences à ond es  
m ultip les par l ’introduction  d ’une lam e de phase sur son trajet. L orsque le déphasage  
ainsi introduit est vo isin  de tt ,  on ob tien t par transm ission  un systèm e de franges analogue  
aux franges par réflexion.

L es franges ainsi ob tenu es, qui apparaissent com m e des lignes obscures et fines avec  
■̂ min vo isin  de zéro sur fond  clair son t u tiles pour déterm iner la variation de phase différen­
tie lle  des com posantes P  e t S  des v ibrations lum ineuses pour des couches m étalliques dont 
les réflectances sont com prises entre 0,35 et 0 ,60 . L e  déphasage à la réflexiona été déterm iné  
pour des couches d ’argent don t les épaisseurs son t com prises entre 100 et 200 Â.

D u rch  E inführen einer P hasenp latte in das erste S trah lenbündel e ines V ielstrah l- 
In terferom eters w erd en  die Phasen der Streifen  versch oben . Es entstehen  in  T ransm ission  
Streifen , die denen  in R eflektion  ahneln , w en n  der e in gefü hrte  P hasenw inkel nahe bei tt liegt.

D ie  erhaltenen  S treifen  erscheinen  als scharfe dunkle L in ien  m it einem  /,„j„ nahe bei 
N u ll  auf hellem  G runde un d  eign en  sich  gu t zur B estim m u n g  der P hasenversch iebung in  
der P - u n d  S -K o m p o n en te  der L ich terregun g fur m eta llisch e Sch ich ten  m it einem  
R eflek tionsverm ôgen  zw ischen  35 un d  60 P rozent. M an kann auch die P hasenversch iebung  
b ei der R eflek tion  an S ilbersch ich ten  m it D ick en  von  100 b is 200 Â bestim m en .
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