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ABSTRACT 

The use o f  Nomarski d i f f e r e n t i a l  in ter ference cont ras t  (DIC) microscopy 

has been extended t o  provide nondestruct ive, q u a n t i t a t i v e  analys is  o f  a 

sample's surface topography. Theoret ica l  modeling has determined the  

dependence o f  the image i n t e n s i t y  on the microscope's o p t i c a l  components, the  

sample's o p t i c a l  propert ies,  and the  sample' s surface o r i e n t a t i o n  r e l a t i v e  t o  

the microscope. Results inc lude expressions t o  a l low the  invers ion  o f  image. 
qh , 

i n t e n s i t y  data t o  determine sample surface slopes. 

A commercial Nomarski system has been modif ied and character ized t o  a l low 

the  evaluat ion of the  o p t i c a l  model. Data have been recorded w i t h  smooth, 

planar samples t h a t  v e r i f y  the t h e o r e t i c a l  p red ic t ions .  

-- - 

/ .. DISCLAIMER --7 I 
Thlr bmk -pmpwd asan kmumof w a x  ~ w r r a b v  n of uie Unlw Starer Govammnt 

NelthR rhn LaIifd Smrm GuwnmClf nvr any MWV ihsrwf, nor my of tbr e m p l w ,  mklusny 
wanty, oxpw or implid, or a r u m  any 1-1 Willw or raqomibllity for Vr ww. 
cornplaenss or u&l- sf any Intarmation. apmrmu~. prcduct or procar dixlod, or 
m t r  tM1 its wa -14 mt mn~m privste~~ 04 whtr ~sfasnco hwio to any W ~ I C  
mmmo~dal pmduct. womc, OF ~ N I W  by mds -ma, d m * ,  rnmnufscturer, nr mh-g M 
m t  waswuv mnfw%e or imp* b ~ d a e m ~ t .  nmmmawlatm, ot fsvorlnp by the Unked 
clrrr h.--. mv -- ?hsrwt. WXI DPlnKIn~ Of whan ewmd 1~nrln do mt 

(a)  Prepared f o r  t h e  U.S. Department of Energy, D i v i s i o n  of Basic Energy 
Sciences, under Contract EY-76-C-06-1830. 

fb )  Operated by Bat te 1 l e  Memorial I n s t i t u t e .  



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



SPIE PAPER 

I. INTRODUCTION 

The development o f  a nondest ruct . ive  technique f o r  e v a l u a t i o n  o f  t he  

su r face  topography o f  r e f l e c t i v e  samples would be .use fu1  f o r  exper imenta l  

s t u d i e s  i n  many t echn i ca l '  areas. Surface topography o f  l a s e r  m i r r o r s  i s  

c r i t i c a l  f o r  breakdown and damage, phenomina i n  h i g h  powered l a s e r  systems. 

M i r r o r  topography i s  a l s o  a  key s0urc.e o f  o p t i c a l  s c a t t e r i n g  i n  l a s e r  and 

s o l a r  energy systems. Stud ies o f  b a s i c  f r i c t i o n  mechanisms a l s o  r e q u i r e  a  

knowledge o f  the  topography o f  t he  two s l i d i n g  sur faces.  But nondes t ruc t i ve  

techniques have n o t  been r e a d i l y  a v a i l a b l e  t o  o b t a i n  q u a n t i t a t i v e  da ta  f rom 

re1  a t i  v e l  y  smooth s u r f  aces. 

Nomarski d i f f e r e n t i a l  i n t e r f e r e n c e  c o n t r a s t  (DIC) microscopy has l ong  

been recognized f o r  i t s  ex t reme ly  u s e f u l  r e v e l a t i o n s  o f  t h e  q u a l i t a t i v e  na tu re  

o f  t h e  v a r i a t i o n s  i n  su r face  he igh t s  f o r  r e f l e c t i v e  specimens. ( L 2 )  

Be r t occ i  and Noggle used t he  technique t o  measure s lopes on l a r g e  

metal  l og raph i c  specimens by an i t e r a t i v e  procedure,(3) and t h e  p resen t  

authors  have presented a  t h e o r e t i c a l  a n a l y s i s  o f  Nomarski DIC microscopy which 

i n d i c a t e d  t h e  p o s s i b i l i t y  o f  us i ng  t he  continuum o f  i n t e n s i t y  va lues i n  t h e  

D I C  image f o r  o b t a i n i n g  sur face  topograph ica l  i n fo rmat ion .  ( 4 )  That t heo ry  

r e s u l t e d  i n  express ions f o r  t he  dependence o f  i n t e n s i t y  on t h e  o p t i c a l  

components and t h e i r  r e l a t i v e  o r i e n t a t i o n s ,  t h e  sample's s lope  and o p t i c a l  

p rope r t i es ,  and t he  o r i e n t a t i o n  o f  sample s lopes w i t h  r espec t  t o  a  r e fe rence  

d i r e c t i o n  de f ined  by elements r e q u i r e d  f o r  D I C  image formati.on. 
. .  . . . . . 

. . .  Th is  d iscuss ion begins w i t h  a  r e r b a l  d e s c r i p t i o n  o f  t h e  ope ra t i on  o f  

Nomarski r e f l e c t i o n  microscopy and then  p resen ts  t he  s a l i e n t  f e a t u r e s  o f  t h e  

'-& above-mentioned t h e o r e t i c a l  ana lys is .  M o d i f i c a t i o n s  o f  a  commerc ia l ly  

a v a i l a b l e  microscope t o  pe rm i t  q u a n t i t a t i v e  o p r a t i o n  i s  then descr ibed.  An 

- al ignment  procedure, methods o f  c a l i b r a t i o n ,  and r e s u l t s  o f  exper iments which 

pe rm i t  t h e  de te rmina t ion  o f  t he  s lope  o f  t i l t e d  p l ana r  samples f rom 

measurements o f  i n t e n s i t y  i n  t h e  image p lane  a re  d e t a i l e d .  



11. OPERATING PRINCIPLES OF NOMARSKI MICROSCOPY 

Image f o rma t i on  i n  Nomarski d i f f e r e n t i a l  i n t e r f e r e n c e  c o n t r a s t  ( D I C )  

microscopy i s  t he  r e s u l t  o f  t he  i n t e r f e r e n c e  o f  two d i s t i n c t  beams t h a t  reach 

t h e  image plane. Nomarski r e f l e c t i o n  microscopy uses p o l a r i z e d  i n p u t  l i g h t ,  a  

b i r e f r i n g e n t  prism, and a  second p o l a r i z e r  t o  analyze t h e  ou tpu t  l i g h t  and 

produce a  D I C  image. The geometr ica l  arrangement o f  t h e  o p t i c a l  elements i s  

shown i n  F i g .  1. Proper a l ignment  o f  these elements produces two o r t h o g o n a l l y  

p o l a r i z e d  beams i n c i d e n t  on t h e  sample w i t h  a  r e l a t i v e  displacement comparable 

t o  t he  r e s o l u t i o n  l i m i t  o f  t he  o b j e c t i v e .  Image f o rma t i on  can b e s t  be 

understood by  cons ide r i ng  an exper iment w i t h  a  r e f l e c t i n g  su r f ace  whose normal 

i s  p a r a l l e l  t o  t he  o p t i c a l  a x i s  v e r t i c a l  o f  t he  microscope. The two 

p o l a r i z a t i o n  components o f  r a y s  moving toward t he  sample exper ience r e l a t i v e  

phase s h i f t s  which depend on t h e i r  p o s i t i o n s  as they  pass through t h e  pr ism. 

I f  an i n t e r f e r e n c e  image were t o  be formed w i t h  these beams t h e  observer  would 

see a  nonuni form i n t e n s i t y  and i n t e r f e r e n c e  f r i n g e s .  But i n  r e f l e c t i o n  

microscopy t h e  h o r i z o n t a l  sample causes t h e  r e t u r n  pa th  f o r  each r a y  t o  be on 

the  oppos i te  s i d e  o f  and a t  an equal  d i s t ance  f rom the  microscope o p t i c a l  

ax is .  The second passage through t h e  p r i sm  again  r e s u l t s  i n  unequal phase 

changes across t he  prism. - But t h e  s ide- to-s ide p o s i t i o n a l  exchange by  t h e  

i n c i d e n t  and r e f l e c t e d  r a y s  causes d i f f e r e n c e s  i n  r e l a t i v e  phase s h i f t  across 

t h e  image t o  cancel .  The system i s  t h e r e f o r e  sel f -compensat ing.  The double 

pass through t h e  p r i sm  r e s u l t s  i n  a  s i n g l e  va lue f o r  r e l a t i v e  phase s h i f t  

across t he  e n t i r e  image. The image i s  thus formed w i t h i n  one i n f e rence  

f r i n g e .  I n  t he  absence o f  su r face  a s p e r i t i e s  t h e  image i s  of un i f o rm  

i n t e n s i t y ,  b u t  v a r i a t i o n s  i n  t h e  sample's su r face  s lope  cause l o c a l  v a r i a t i o n s  

i n  t h e  angle o f  i nc idence  and hence t h e  angle o f  r e f l e c t i o n .  Rays f rom 

a s p e r i t i e s  thus s t r i k e  t h e  p r i sm  a t  p o s i t i o n s  and angles determined by  t h e  

su r face  topography and r e s u l t  i n  a d d i t i o n a l  r e l a t i v e  phase d i f f e r e n c e s  which 

a c t  t o  modulate t h e  i n t e n s i t y  d i s t r i b u t i o n  i n  t he  r e s u l t i n g  image. 

Co l l ima ted  monochromatic l i g h t  should be used t o  form t h e  i n p u t  beam. 

Use o f  unco l l ima ted  l i g h t  r e s u l t s  In nonunj form compensation and i n t r oduces  

random s p a t i a l  changes o f  i n t e n s i t y  which are un re l a ted  t o  su r f ace  topography 



o f  t h e  sample. The use o f  monochromatic l i g h t ,  i n  c o n t r a s t  t o  broad-band 

i l l um ina t i on ,  p rov ides  enhanced sharpness f o r  i n t e r f e rence  f r i n g e s  and y i e l d s  

b e t t e r  d e f i n i t i o n  o f  a s p e r i t y - r e l a t e d  i n t e n s i t y  changes i n  t h e  image. 

The c r i t i c a l  element i n  t h e  system i s  t h e  Nomarski prism, a  Wol las ton 

p r i sm as mod i f i ed  by  Nomarski. The p r i sm i s  made w i t h  two wedges o f  

b i r e f r i n g e n t  m a t e r i a l  which a re  c u t  and assembled i n  a  manner which s p l i t s  an 

incoming beam i n t o  two components (o r thogona l  p o l a r i z a t i o n s )  which i n t e r s e c t  

a f t e r  e x i t i n g  t h e  pr ism. I n t e r s e c t i o n s  of t h e  e x i t i n g  beams occur i n  a  p lane  

which w i l l  be r e f e r r e d  t o  as t h e  "p lane o f  apparent s p l i t t i n g . "  The p r i sm  

. geometry and "p lane o f  apparent s p l i t t i n g "  a re  i l l u s t r a t e d  i n  F i g .  l a .  The 

p r i sm  i s  o r i e n t e d  i n  t h e  system so t h e  p lane o f  apparent s p l i t t i n g  i s  

perpend icu la r  t o  t h e  o p t i c a l  a x i s  o f  t he  microscope. I t  should be noted t h a t  

t h e  p r i sm  n o t  o n l y  s p l i t s  t he  two p o l a r i z a t i o n  components b u t  a l s o  causes a  

r e l a t i v e  phase s h i f t  between them. The amount o f  r e l a t i v e  phase s h i f t  between 

t he  beams v a r i e s  l i n e a r l y  w i t h  mot ion  o f  t h e  i n p u t  beam a long t h e  p r i s m  shear 

d i r e ~ t i o n . ' ~ )  T r a n s l a t i o n  of t h e  p r i sm  a long  t he  shear d i r e c t i o n ,  i .e. ,  t h e  

d i r e c t i o n  o f  r e l a t i v e  displacement between t he  two emergent beams, a l lows  

adjustment o f  t h e  phase d i f f e r e n c e  between t h e  beams and t h e r e f o r e  t h e  average 

i n t e n s i t y  i n  t h e  D I C  image. 

The o b j e c t i v e  lens i s  l oca ted  one f o c a l  l eng th  beyond t h e  p lane  o f  

apparent s p l i t t i n g .  Th is  causes t h e  two beams pass ing through t h a t  p lane  a t  

d i f f e r e n t  angles t o  be focused by t h e  o b j e c t i v e  lens a t  d i f f e r e n t  p o s i t i o n s  

near t h e  sample's su r face  i n  t h e  back foca l  p lane of t h e  o b j e c t i v e  ( F i g .  l b ) .  

As i n d i c a t e d  i n  F ig .  2a t h e  beams r e f l e c t e d  f rom t h e  sample a re  then 

recombined i n t o  a  s i n y l e  beam by t h e  p r i sm  on t he  r e t u r n  path.  

Next examine t h e  f u n c t i o n  o f  t h e  p o l a r i z e r  and a n a l y i e r  and t he  o v e r a l l  

system opera t ion .  The p o l a r i z e r  i s  used t o  a d j u s t  t he  beam p o l a r i z a t i o n  

i n c i d e n t  on t h e  Nomarski p r i sm  p e r m i t t i n g  d i r e c t  c o n t r o l  over t h e  r e l a t i v e  

ampl i tude o f  t he  t w n  s p l i t  beams l eav ing  t h e  p r i sm  and i n c i d e n t  on t h e  

sample's sur face.  Q u a n t i t a t i v e  su r face  measurements r e q u i r e  adjustment o f  the 
... p o l a r i z e r  t o  y i e l d  two beams o f  equal amp l t i t ude  a t  t h c  sample. 

The analyzer  i s  necessary f o r  D I C  image format ion.  The beam preceding 

t he  analyzer  i s  composed o f  two or thogonal  l y  po la r i zed ,  co-1 i nea r  beams which 



cannot i n t e r f e r e .  The analyzer  passes a  common p o l a r i z a t i o n  component f rom 

each beam which a l lows  t h e i r  i n t e r f e r e n c e  and t h e  f o rma t i on  o f  t he  D I C  image 

i n  t h e  microscope eyepiece o r  a t  t h e  f i l m  plane. 

I t  should be noted t h a t  t h e  l i n e a r  mo.tion i n d i c a t e d  f o r - t h e  Nomarski 

p r i sm  i n  F ig .  1 may n o t  be the  s tandard mot ion  a v a i l a b l e  f o r  a  g iven  

commercial i ns t rument  b u t  has been i n d i c a t e d  here d u e . t o  i t s  importance i n  

m a i n t a i n i n g  cons tan t  shear ing  d i r e c t i o n  and equal i n t e n s i t i e s  i n  t h e  two beams 
, .  . . .  . . 

th roughout  t h e  range o f  p r i sm  t r a v e l .  

A t h e o r e t i c a l  model has been d e ~ e l o p e d ' ~ )  which embodies these 

ope ra t i ng  p r i n c i p l e s  and e x p l i c i t l y  i nc ludes  e f f e c t s  of t h e  o p t i c a l  elements 

and t h e  o p t i c a l  p r o p e r t i e s  o f  t h e  sample. The model desc r ibes  t h e  dependence 

o f  t h e  image i n t e n s i t y  on t he  r e l a t i v e  phase change between beam components 

and y i e l d s  expressions f o r  t h a t  r e l a t i v e  phase change. The image i n t e n s i t y  

can be w r i t t e n  

I = I, [C + D ( l  - cos X ) ]  

- 
- Imax [Q + 1 / 2 ( 1 - Q ) ( 1  - cos X)] . 

where 

2 C = cos (A-P) + c s i n  2(A-P) + c 2  s i n 2  (A-P), (3) .. 

2  D = - s i n  2A 1 / 2 ( 1  - E ) s i n  2P + c cos 2P . ( 4 )  

Here A  and P a re  t h e  angles made by t he  ana lyzer  pass d i r e c t i o n  and t h e  

p o l a r i z e r  pass d i r e c t i o n ,  w i t h  t h e  shear d i r e c t i o n  and E i s  t h e  r e l a t i v e  

amount o f  t h e  a t tenua ted  p o l a r i z a t i o n  component passed by t h e  p o l a r i z e r  o r  

analyzer .  

Imax i s  t h e  maximum image i n t e n s i t y  and occurs when cos X  = -1. Hence 

fC 



" I d e a l "  o p t i c s  ( C  = 0 ) ,  w i t h  P = 45' and A = 135" r e s u l t  i n  C = 0  and Q = 0. 

Departures f rom i d e a l  o p t i c s  tend t o  g i v e  i n t e n s i t y  r e l a t i o n s  o f  t h e  form o f  

Eq. ( 2 )  w i t h  nonzero Q, as can be subs tan t i a t ed  expe r imen ta l l y  by a d j u s t i n g  

t h e  Nomarski p r i sm t o  va r y  t h e  phase s h i f t  X,and observ ing  t h a t  t h e  minimum 

i n t e n s i t y  i s  n o t  zero. The fo rm o f  Eq. ( 2 )  i s  p robab l y  more general  than t h e  

assumptions f o r  which i t  was der ived,  namely, t h a t  nonzero Q comes f rom 

depar tures f rom P = 45', A = 135', E = 0, o r  f r om  an equ i va l en t  i d e a l  s e t  of 

these parameters. F i n i t e  band w i d t h  and depar tures f rom smal l  ang le  

approximat ions m igh t  c o n t r i b u t e  t o  nonzero Q, b u t  i n  a  fo r thcoming  

exper imenta l  paper we w i l l  r e p o r t  good agreement w i t h  Eq. ( 2 )  w i t h  an 

exper imental  70 - fo ld  r e d u c t i o n  o f  i n t e n s i t y  f rom Imax t o  minimum i n t e n s i t y  

I m i n  = Imax* 

The model was developed us i ng  geomt r i ca l  o p t i c s  and r e s u l t s  were 

conf i rmed by comparison w i t h  those ob ta ined  us i ng  t h e  E ikona l  equat ion.  

A p p l i c a t i o n  o f  t he  model r e q u i r e s  accurate  knowledge o f  t h e  r e l a t i v e  phase 

d i f f e r e n c e s  and t h e i r  dependence on t h e  system o p t i c s  and t h e  sample. The 

u t i l i t y  o f  t h e  technique f o r  su r face  ana l ys i s  i s  u l t i m a t e l y  based on t h e  

s e p a r a b i l i t y  o f  e f f e c t s  on phase s h i f t  due t o  sample geometry f rom those due 

t o  p r i sm p o s i t i o n .  Th i s  i s  seen i n  t he  express ion f o r  t h e  t o t a l  r e l a t i v e  

phase' s h i f t ,  

where a i s  r e l a t e d  t o  t h e  sample topography and B i s  governed by t h e  p r i sm  

p o s i t i o n .  Expressions f o r  bo th  c o n t r i b u t i o n s  t o  t h e  t o t a l  phase s h i f t  were 

developed f o r  an o p t i c a l  system which a l lowed t he  l i n e a r  t r a n s l a t i o n  o f  t h e  

. pr isma1on.g i t s s h e a r d i r e c t i o n . ' T h e p r i s m r ' e t a r d a t i o n  i s  then a  l i n e a r ' .  

f u n c t i o n  o f  t h e  p r i sm p o s i t i o n .  

where x  i s  t h e  wedge p o s i t i o n ,  B ~ '  i s  t h e  r e t a r d a t i o n  a t  x=O, and $ i s  t h e  

r a t e  o f  phase change w i t h  changing p r i sm  p o s i t i o n .  The p r i sm  p o s i t i o n  i s  



measured r e l a t i v e  t o  an a r b i t r a r y  re ference.  I f  t h a t  r e fe rence  i s  changed, 

remains cons tan t  and depends t he  va lue  o f  B~ changes accord ing ly .  But 
o n l y  on t h e  p r o p e r t i e s  o f  t he  b i r e f r i n g e n t  p r i sm  and t h e  i l l u m i n a t i n g  

wavelength ( A ) ,  . 
\ 

where ne(no) i s  t h e  e x t r a o r d i n a r y  ( o r d i n a r y )  r e f r a c t i v e  index o f  t h e  p r i sm  

m a t e r i a l  and ew i s  t h e  common wedge angle o f  t h e  two ha lves o f  t he  Nomarski 

pr ism.  The s i g n  (*) i s  determined by t h e  Nomarski p r i sm  o r i e n t a t i o n  ( i .e . ,  

p r i sm  i n v e r s i o n  changes t h e  s i g n ) .  The remain ing phase s h i f t  ( a )  i s  then 

governed by t he  su r face  geometry and cons tan ts  o f  t h e  o p t i c a l  system. For t h e  

sample geometry seen i n  F i g .  3: 

1 d 0 
a = - 7 f tan  2 $cos 1 ;i;- (10) 

Where f = o b j e c t i v e  f o c a l  length,  $ =  su r f ace  s lope  angle, and 6 = angle  

between t h e  p r i sm  shear d i r e c t i o n  and t h e  su r f ace  " f a l l  l i n e . "  



111. EXPERIMENTAL SYSTEM 

A. DESCRIPTION 

The microscope system used i n  t h i s  s tudy was a Zeiss U l t r a p h o t  11. ( a )  

The microscope was equipped w i t h  an ad jus tab le  p o l a r i z e r  ( 0  t o  go0 ) ,  an 

ad jus tab le  analyzer  ( 0  t o  180°), and a narrow bandpass c o l o r  f i l t e r  (10  

nanometers h a l f  bandwidth) w i t h  a cen te r  wave1ength;of 545.0 nanometers. 
. . 

. The Nomarski p r i sm  assembly was mod i f i ed  f rom t h e  Zeiss c o n f i g u r a t i o n  t o  

p rov i de  p r i sm  mot ion p a r a l l e l  t o  t h e  p r i s m  shear d i r e c t i o n  us i ng  a d o v e t a i l  

s l i d e  w i t h  a micrometer screw d r i v e  p r o v i d i n g  a r e s o l u t i o n  o f  0.0001 i n .  

(F i g .  4 ) .  Th is  a l lowed adjustment o f  t h e  beam p o s i t i o n  on t he  pr ism, 

p e r m i t t i n g  adjustment o f  t h e  r e l a t i v e  p r i sm  r e t a r d a t f o n  w h i l e  m a i n t a i n i n g  

f i x e d  angular o r i e n t a t i o n s  between t he  o p t i c a l  elements i n  t h e  microscope. 

Samples were mounted on a goniometer head equipped w i t h  adjustment screws 

on i t s  base t o  a l l ow  complete c o n t r o l  o f  t he  o r i e n t a t i o n  o f  t h e  sample su r face  

w i t h  respec t  t o  t h e  microscope o p t i c a l  ax is .  The sample assembly- was p laced 

on a r o t a t i n g  sample s tage a v a i l a b l e  w i t h  t he  microscope. The s tage pe rm i t t ed  

independent r o t a t i o n  o f  t he  sample about t h e  o p t i c a l  a x i s  o f  t h e  microscope. 

Image i n t e n s i t i e s  were measured w i t h  an EGG Model 550-2 pho tode tec to r  

mounted i n  t h e  f i l m  p lane  o f  t he  microscope. Measured i n t e n s i t i e s  were thus 

average va lues and n o t  r e l a t e d  t o  e f f e c t s  o f  smal l  a s p e r i t i e s .  System 

e v a l u a t i o n  was accomplished us ing  l a r g e  (1.52 i n .  d i a ) ,  super smooth (10-20 1 
rms roughness) m i r r o r s .  The pho tode tec to r  w i l l  be rep laced  by f i l m  f o r  

i n v e s t i g a t i o n  o f  smal l  f ea tu res .  

0.  OPTICAL ALIGNMENT 

System c h a r a c t e r i z a t i o n  must be preceded by  an a l ignment  procedure, t he  

o b j e c t  o f  wh.ich i s  t o  s e t  t he  p o l a r i z e r  t o  pass equal  i n t e n s i t i e s  a long each 

(,a) Reference t o  a company o r  p roduc t  name does n o t  imp ly  approval  o r  
.. recommendation o f  t h e  p roduc t  by t h e  P a c i f i c  Northwest Labora to ry  o r  t h e  

U.S. Department o f  Energy t o  t h e  exc l us i on  o f  o t he rs  t h a t  may be s u i t a b l e .  



o f  t h e  o r thogona l  o p t i c a l  axes i n  the 'Nomarsk i  p r i s m  ( p a r a l l e l  and 

p e r p e n d i c u l a r  t o  t h e  p r i s m  shear d i r e c t i o n ) .  The ana lyze r  i s  then  s e t  

o r thogona l  t o  t h e  p o l a r i z e r .  

The f i r s t  s t e p  i n  a l i gnment  i s  t o  l o c a t e  t h e  o p t i c a l  axes o f  t h e  Nomarski 

pr ism.  The procedure i s  based on t h e  f a c t  t h a t  p l a n e  p o l a r i z e d  l i g h t  w i l l  

pass u n a l t e r e d  through a  b i r e f r i n g e n t  c r y s t a l  o n l y  when t h e  p l a n e  o f  

p o l a r i z a t i o n  c o i n c i d e s  w i t h  one o f  t h e  o p t i c a l  axes. The a l i gnment  s teps  t h u s  

determine t h e  d i r e c t i o n  o f  t h e  pr i -sm o p t i c a l  axes by  i t e r a t i v e l y  f i n d i n g  t h e  

r e l a t i v e  s e t t i n g s  o f  p o l a r i z e r ,  ana lyzer ,  and t h e  Nomarski p r i s m  which y i e l d  

an e x t i n g u i s h e d  o u t p u t  beam. 

The procedure r e q u i r e s  a  f l a t  m i r r o r  mounted on t h e  sample s tage  

o r thogona l  t o  t h e  microscope o p t i c a l  a x i s ,  a  Nomarski o b j e c t i v e  assembly 

i n c l u d i n g  an o b j e c t i v e  l e n s  and a  Nomarski p r i s m  w i t h  l i n e a r  p r i s m  t r a v e l ,  a  

s tandard  o b j e c t i v e  lens  w i t h  t h e  same m a g n i f i c a t i o n  as t h e  Nomarski o b j e c t i v e ,  

and a  narrow band c o l o r  f i l t e r  on t h e  microscope 1  i g h t  source. The procedure 

c o n s i s t s  o f  t h e  n i n e  s teps  shown i n  Tab le  I. The f i r s t  f i v e  s e r v e  t o  

a c c u r a t e l y  determine t h e  angu la r  l o c a t i o n s  o f  t h e  o p t i c a l  axes i n  t h e  Nomarski 

p r i s m  by  an i t e r a t i v e  search.  The l a s t  f o u r  s teps  then  s e t  t h e  p o l a r i z e r  and 

ana lyze r  f o r  q u a n t i t a t i v e  system o p e r a t i o n .  The procedure w i l ' l  produce equal  

i n t e n s i t i e s  o f  l i g h t  po la r i . zed  a long  each o f  t h e  o r t h o g o n a l  axes o f  t h e  

Nomarski pr ism. The f i n a l  c o n f i g u r a t i o n  o f  o p t i c a l  e lements leaves t h e  

p o l a r i z e r  and ana lyze r  a l i g n e d  o r t h o g o n a l l y  w i t h  . the p o l a r i z e r  s e t  a t  45' t o  

t h e  o p t i c a l  axes o f  t h e  Nomarski pr ism. 



TABLE I. 

Step 1. I n s t a l l  t h e  s tandard  o b j e c t i v e . l e n s .  

Step 2. A d j u s t  t h e  p o l a r i z e r  and ana lyze r  f o r  e x t i n c t i o n .  

Step 3. Remove t h e  s tandard  o b j e c t i v e  l e n s  and i n s t a l l  t h e  Nomarski o b j e c t i v e  

assembly. 

Step 4. I f  t h e  o u t p u t  beam i s  s t i l l  e x t i n g u i s h e d ,  r e c o r d  t h e  d i r e c t i o n s  o f  

t h e  r o t a t a b l e  p o l a r i z e r  and analy,zer.  T h i s  w i l l  occur  o n l y  when t h e  

p o l a r i z e r  and' ana lyze r  a r e  p a r a l l e l  t o  t h e  p r i s m  o p t i c a l  axes. 

Step 5. I f  t h e  o u t p u t  beam i s  - n o t  e x t i n g u i s h e d ,  r o t a t e  t h e  ana lyze r  a  s m a l l  

amount and r e p e a t  s teps 1-5.. . . 

S tep 6: Rota te  p o l a r i z e r  45' f rom t h e  f i na .1  s e t t i n g  o b t a i n e d  i n  Step 4. 

RECORD p o l a r i z e r  se t t i ng , .  

S tep 7. I n s t a l l  s tandard  o b j e c t i v e  lens .  

Step 8. A d j u s t  ana lyze r  f o r  e x t i n c t i o n  w i t h  t h e  new p o l a r i z e r  p o s i t i o n .  

RECORD . the ana lyze r  s e t t i n g .  

Step 9. I n s t a l l  t h e  Nomarski o b j e c t i v e  assembly. 

C. CALIBRATION 

The s e p a r a b i l i t y  o f  t h e  phase s h i f t  i n t r o d u c e d  by t h e  Nomarski p r i s m  f r o m  

t h a t  produced b y  v a r i a t i o n s  i n  s u r f a c e  h e i g h t  on t h e  sample p e r m i t s  t h e  

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

C a l i b r a t i o n  i s  based on Equat ions (2 ,  7, and 8 ) .  Examinat ion o f  Equa t ion  ( 2 )  

r e v e a l s  t h e  maximum and minimum measured i n t e n s i t y  are  s i m p l y  Imax and 

. I f  w e  f u r t h e r  d e f i n e  

I t = I  ( . I - Q ) ,  max 

t h e  i n t e n s i t y  o f  Eq. ( 2 )  can e a s i l y  be seen t o  c o n s i s t  o f  a  c o n s t a n t  

background r e s u l t i n g  f rom o p t i c a l  leakage p l u s  a  c o n t r i b u t i o n  which i s  

modulated by t h e  t o t a l  r e l a t i v e  phase s h i f t  X. 



For the special case when a flat sample is orthogonal to the microscope 

optical axis, a = 0 and the intensity can be written as 

I = I mi n + I' [I c o s  to+ x$)]/z 
Eq. (14) is the basis for instrument calibration. With a flat sample 

mounted orthogonal to the optical axis of the microscope, translation of the 

prism across the field of'the objective produced a changing image intensity, 

I ( x )  , which is dependent on prism position. The leakage parameter 'Q can be 

obtained from 

and the parameter I' can then be found using Eq. (12). The intercept B~ and 

the slope ds/dx of Eq. (8) can be obtained either by using nonlinear 

regression to.directly compare I(x) to the model of Eq. (14.), or by inverting 

that equation to obtain the argument . . of the cosine function, 

-l [l - 2 1(x) - I m i n ] l  . B(X) = cos 

Standard linear regression of the arc-cosine in Eq. (16) on prism position x 

then yields least-squares estimate of the slope and intercept of Eq. (8.). 

Determination of system parameters was carried out using a flat, super 

smooth mirror and average intensities measured with the photometer mounted as 

described above. Visual examination of the Nomarski image showed uniform 

illumination and no significant discrete defects. The sample was oriented 

with its surface orthogonal to the microscope optical axis ( $ J =  0 - a = 0) 
to allow independent assessment of the prisin retardation, B, in Eq. (7). 

,- . Image intensity data were then recorded as a function of prism position 

as the prism was translated through its entire range of 0.175 in. (0.445 cm). 



1 n t e n s i t i . e ~  were recorded a t  pr.ism p o s i t i o n  i n t e r v a l s  o f  0.001 i n .  The d a t a  

p o i n t s  shown i n  F ig .  5a demonstrate t he  s i nuso ida l  dependence on t h e  p r i sm  

p o s i t i o n  p r e d i c t e d  by  Eq. (14) .  

The da ta  were analyzed us i ng  bo th  l i n e a r  and non l i nea r  regress ion .  

L inear  r eg ress i on  us i ng  Eq. (16)  o n l y  p rov ides  i n f o r m a t i o n  on t h e  dependence 

o f  phase r e t a r d a t i o n  on p r i sm  p o s i t i o n .  F ig .  5b shows t he  r e s u l t s  o f  t h e  

a p p l i c a t i o n  o f  t h i s  a n a l y s i s  t o  t h e  raw da ta  s i m i l a r  t o  t h a t  i n  F i g .  5a. 
. - Est imates o f  t h e  q u a n t i t i e s  so and ds ldx  correspond t o  t h e  i n t e r c e p t  and 

slope o f  t he  l i n e  i n  F ig .  5b. The r e s u l t i n g  va lues p rov i de  a  complete 

d e s c r i p t i o n  o f  p r i sm  r e t a r d a t i o n  as g iven i n  Eq. (8).. 

Non l inear  r eg ress i on  was used t o  es t imate  both t h e  p r i sm  parameters (6, 

and ds l dx )  and t h e  exper imental  i n t e n s i t y  parameters ( I m a x  and Q )  by 

comparing Eq. ( 2 )  t o  t h e  raw data.  I n  t h e  comparison, Eq. ( 8 )  was used f o r  

t h e  t o t a l  phase s h i f t  X. A l l  non l i nea r  r eg ress i on  c a l c u l a t i o n s  were conducted 

us i ng  t h e  FORTRAN program, NLIN, based on an a l g o r i t h m  due t o  Marquardt  ( 5 )  

and adapted t o  r u n  on a  PDP11110 minicomputer.  

Table I 1  compares t h e  r e s u l t s  o f  l i n e a r  and non l i nea r  r eg ress i on  f o r  a  

40X Nomarski o b j e c t i v e .  

Table I 1 1  l i s t s  t h e  r e s u l t s  o f  n o n l i n e a r  r eg ress i on  f i t s  t o  t h e  data, 

w h i l e  t he  cont inuous curve  i n  F ig .  5a i s  t y p i c a l  o f  t h e  agreement between 

exper iment ( p o i n t s )  and t he  c a l c u l a t e d  f u n c t i o n  f o r  t h e  40X o b j e c t i v e .  The 

est imates are h i g h l y  r ep roduc ib l e  as evidenced by t h e  s tandard d e v i a t i o n s  

l i s t e d  i n  Table 111. 

Comparison o f  Tables I 1  and I 1 1  revea l s  u n i f o r m l y  good agreement between 

l i n e a r  and non l i nea r  r eg ress i on  f o r  ds/dx b u t  a  l a r g e  d i f f e r e n c e  i n  t h e  

i n t e r c e p t ,  so. The d i f f e r e n c e  was a  r e s u l t  o f  t he  disassembly o f  t he  40X 

o b j e c t i v e  assembly between exper iments aqd a  subsequent change i n  t h e  zero 

s e t t i n g  o f  t h e  micrometer r e l a t i v e  t o  t h e  microscope. Th i s  caused t h e  change 

i n  t h e  va lue o f  B~ b u t  d i d  no t  a l t e r  t h e  va lue o f  ds ldx  which i s  c o n t r o l l e d  

by t h e  phys i ca l  cons tan ts  of t h e  Nomarski pr ism,  Eq. ( 2 ) .  



TABLE 11. Comparison o f  R e s u l t s  from L i n e a r  and Non l inear  Regress ion 

Assembly Method B ~ ( ~ ) ,  Rad. ds ldx ,  Rad. / in .  

40X L i n e a r  16.0103 * 0.0158 -40.7126 0.0491 

Non l inear  15.9604 -40.5731 

( a )  Value i s  n o t  abso.lute. A d d i t i o n  o f  2n1 leaves r e s u l t s  unchanged. 
. . 

TABLE 111. R e s u l t s  o f  T r a n s l a t i o n  Exper iments 
40X O b j e c t i v e  

Set  o  ds ldx ,  i n .  I o  Q SE") - 1 

AVG. 7.518 -40.516 1.754 0.009 

ST. DEV. 0.016 0.053 0.037 0.0002 

( a )  R e s o l u t i o n  = 0.005 i n .  
( b )  E(0) s tands f o r  Even (Odd) p o i n t s  o f  t h e  s e t .  R e s o l u t i o n  = 0.001 i n .  
( c )  Standard e r r o r  o f  es t ima te .  

U n c e r t a i n t y  i n  t h e  leakage parameter Q i s  i n d i c a t i v e  o f  t h e  

r e p r o d u c i b i l i t y  o f  t h e  a l ignment  procedure.  The e x t r e m e l y  sma l l  v a l u e  o f  Q 

makes i t s  d e t e r m i n a t i o n  s e n s i t i v e  t o  f l u c t u a t i o n  i n  t h e  photometer read ings  

due t o  n o i s e  and changes i n  background i l l u m i n a t i o n .  It can be seen f r o m  

Table I 1 1  t h a t  c o n d i t i o n s  f o r  t h e  t h r e e  t r a n s l a t i o n  exper iments u s i n g  t h e  40X 

o b j e c t i v e  were h i g h l y  r e p r o d u c i b l e  w i t h  t h e  s tandard d e v i a t i o n  o f  Q amounting 

t o  o n l y  2.68%. 



I V .  MEASUREMENT OF SURFACE SLOPES 

Resu l t s  o f  exper iments t o  determine su r f ace  slopes from i n t e n s i t y  da ta  

ob ta ined  w i t h  a  f l a t  sample whose sur face  normal makes an angle  J/ w i t h  t h e  

microscope o p t i c a l  a x i s  w i l l  now be presented. With t h e  p r i sm  a t  a  f i x e d  

p o s i t i o n  xo, t he  t o t a l  phase X can be w r i t t e n  

IV = e ( i o )  - t a n  2 IV cos 4 ;r; 
[I 

I n  Eq. (17) ,  B (xo) represen ts  t h e  cons tan t  p r i sm  r e t a r d a t i o n  a t .  t he  

p o s i t i o n  xo, and b i s  t h e  angle between t h e  sur face  f a l l  l i n e  and t h e  

shear ing  d i r e c t i o n  o f  t h e  pr ism. The t o t a l  phase thus con ta i ns  a  cons tan t  

term and a s i nuso ida l  term i n  4 whose ampl i tude i s  governed by t h e  sample's 

su r f ace  s lope  q. From F ig .  5a, i t  i s  seen t h a t  t h e  va lue  o f  xo determines 

t he  nominal ope ra t i ng  i n t e n s i t y  w h i l e  t he  o s c i l l a t i n g  phase component causes 

i n t e n s i t y  modulat ion.  For q u a n t i t a t i v e  s u r f  ace eva lua t i ons  i t  i s  d e s i r a b l e  t o  

s e l e c t  B (xo) = ( ~ ) n  which corresponds t o  a  mid-range image i n t e n s i t y  f o r  a  

ze ro  s lope sample. Th i s  ope ra t i ng  p o i n t  p rov ides  a  l i n e a r  r e l a t i o n s h i p  

between i n t e n s i t y  modulat ion and smal l  su r face  slopes. It a l so  a l lows  t he  

d i r e c t  de te rmina t ion  o f  su r f ace  s lope  s i g n  ( +  o r  -)  f rom t h e  measured 

i n t e n s i t y  changes due t o  t he  s i n g l e  va lued na tu re  o f  t h e  cu rve  between each 

ad jacen t  maximum and minimum. F i gu re  6 i l l u s t r a t e s  t h e  p r e d i c t e d  e f f e c t i v e  - 
su r face  s lope range f o r  t h r e e  Nomarski o b j e c t i v e  assemblies. 

Numerical values n f  su r f ace  slopes were determined us i ng  r o t a t i o n a l  

i n t e n s i t y  da ta  (I (xo, 4 )  VS. 4 )  and non l i nea r  r eg ress i on  ana l ys i s .  The 

f l a t  copper sample was t i l t e d  on t h e  goniometer t o  a  s e r i e s  o f  angles l ess  

than 4'. The maximum t i l t  angle was governed by  mechanical i n t e r f e r e n c e  o f  

t h e  sample su r face  and t h e  o b j e c t i v e  l ens  housing. Data were recorded a t  5" 

i n t e r v a l s  ( b d )  us ing  t h e  l t ~ o d i f i e d  40X Nomarski o b j e c t i v e  assembly. The p r i sm  

s e t t i n g  o f  0.3785 i n .  produced a  p r i sm  r e t a r d a t i o n  o f  7.818 rad ians ,  

cor responding t o  a  p r i n c i p a l  va lue  o f  0 . 4 8 9 ~  rad ians .  Th i s  r e s u l t e d  i n  

i n t e n s i t y  changes t h a t  were p r o p o r t i o n a l  t o  t h e  su r f ace  s lope  ( i  .e., a l i n e a r  

response r e g i o n ) .  

14 



Data were analyzed u s i n g  t h e  average va lues  f o r  8o and ds /dx  l i s t e d  i n  

Tab le  111. Eq. ( 1 1 )  was used w i t h  t h r e e  independent p r i s m  t r a n s l a t i o n  

exper iments  a t  d i f f e r e n t  lamp i n t e n s i t i e s  t o  c a l c u l a t e  t h e  average leakage 

parameter Q. The n o n l i n e a r  r e g r e s s i o n  r o u t i n e  was used t o  determine t h e  

sample s lope  $. R e s u l t s  a re  shown i n  Tab le  I V .  I t  i s  seen t h a t  a n a l y s i s  o f  

i n t e n s i t y  d a t a  can be expected t o  y i e l d  va lues  o f  t h e  s l o p e  t o  an accuracy o f  

about 0.20' f o r  t h e  range i n v e s t i g a t e d  here.  

I t  i s  t o  be emphasized t h a t  a l l  system c a l i b r a t i o n  d a t a  necessary  t o  

determine s lopes t o  t h e  accuracy i n d i c a t e d  i n  Tab le  I V  were o b t a i n e d  f r o m  

p r i s m  t r a n s l a t i o n  exper iments.  The a l i gnment  procedure desc r ibed  i n  

S e c t i o n  I 1 1  and a  s i m p l e  c a l i b r a t i o n  exper iment  measur ing i n t e n s i t y  as a  

f u n c t i o n  o f  p r i s m  p o s i t i o n  y i e l d  a l l  c a l i b r a t i o n  d a t a  necessary t o  de te rm ine  

s lopes o f  t i l t e d  samples u s i n g  t h i s  techn ique.  

TABLE I V .  T i l t  Angles Determined by  N o n l i n e a r  Regress ion 
on I n t e n s i t y  Data 

,' Data Se t  

7901 

7902 

7903 

7904 
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Fig. 5. R e s u l t s  o f  Nomarski p r i s m  t r a n s l a t i o n  exper iments  f o r  a  40X o b j e c t i v e  
assembly ( a )  i n t e n s i t y  versus p r i s m  p o s i t i o n  w i t h  raw d a t a  ( p o i n t s )  and 
non-1 i near r e g r e s s  i o n  model f i t  ( s o l  i d  1  i ne)  
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F i g .  6. T h e o r e t i c a l  i n t e n s i t y  dependence on sample t i l t  w i t h  a h i g h  
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SUMMARY 

The operation of reflective Nomarski DIC microscopy for quantitative 
surface topography analysis has been discussed. The modification, alignment, 

and characterization of a commercial microscope were described to allow the 

adaptation of this technique to many existing microscope systems. Examples of 

surface slope measurements were given along with the pertinent equations used 

for data reduction. 

i i i  
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