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ABSTRACT 

We have aeveloped a  nove l  c o n t a c t - f r e e  method of measuring r e s i s t i v i t y  of t h i n  
semiconduct ing f i l m s  on h i g h l y  conduc t ive  s u b s t r a t e s .  The m a t e r i a l  s t r u c t u r e  
s t u d i e d  i s  commonly encoun te red  i n  t h i n - f i l m  s o l a r  c e l l  development.  T h i s  
r e p o r t  d i s c u s s e s  i n  d e t a i l  t h e  microwave t e c h n i q u e  t h a t  i n v o l v e s  u s i n g  a  
semiconfoca l  Fabry-Perot  c a v i t y  a t  a  wavelength  of 3 mm. The sample c o n s i s t s  
of a  t h i n  f i l m  of CdS on a  b r a s s  s u b s t r a t e  and i s  mounted on t h e  f l a t  
r e f l e c t o r  of t h e  c a v i t y .  Using f i e l d  p e r t u r b a t i o n  methods, a n  e x p r e s s i o n  i s  
d e r i v e d  t h a t  r e l a t e s  t h e  f i l m  r e s i s t i v i t y  t o  t h e  c a v i t y  q u a l i t y  f a c t o r  Q .  The 
c a v i t y  q u a l i t y  f a c t o r  i s  a n  e a s i l y  measured pa ramete r  and,  by comparing 
measurements of Q w i t h  and w i t h o u t  t h e  sample mounted, a n  a c c u r a t e  measure of 
t h e  r e s i s t i v i t y  i s  o b t a i n e d .  Accuracy of measurements and n e c e s s a r y  sample 
c o n s t r a i n t s  a r e  d i s c u s s e d  i n  d e t a i l .  

Three  samples were measured of CdS on b r a s s  s u b s t r a t e s  spanning a n  o r d e r  of 
magnitude i n  r e s i s t i v i t y  d i f f e r e n c e .  The r e s u l t s  of t h e  method d e s c r i b e d  i n  
t h i s  r e p o r t  a g r e e  w i t h  t h o s e  of a n o t h e r  method t h a t  i n v o l v e s  c u r r e n t  v o l t a g e  
measurement a f t e r  a p p l i c a t i o n  of a  m e t a l l i c  c o n t a c t .  Unl ike  t h e  l a t t e r .  
method, however, t h e  new t e c h n i q u e  p r o v i d e s  a  n o n d e s t r u c t i v e  way of measur ing 
t h e  r e s i s t i v i t y  of semiconductor  f i l m s  on conduc t ing  s u b s t r a t e s  and i s  
amenable t o  au tomat ion .  
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NOMENCLATURE (conc luded)  

s k i n  d e p t h  (cm) 
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SECTION 1.0 

INTRODUCTION 

The c u r r e n t  p r o j e c t i o n s  and p a s t  e x p e r i e n c e s  of energy s h o r t a g e s  have had f a r -  
r e a c h i n g  impacts  on energy r e s e a r c h  i n  t h e  Uni ted  S t a t e s .  A major program 
g a i n i n g  importance  i n  f e d e r a l  r e s e a r c h  fund ing  and p u b l i c  awareness  and sup- 
p o r t  i s  t h e  examinat ion of s o l a r  energy a s  a  v i a b l e  a l t e r n a t i v e  s o u r c e  of 
energy.  T h i s  program h a s  a  very  wide scope,  but  of s i g n i f i c a n t  i n t e r e s t  i s  
t h e  t e r r e s t r i a l  a p p l i c a t i o n  of p h o t o v o l t a i c  c e l l s .  An a c t i v e  r e s e a r c h  program 
i s  underway a t  t h e  S o l a r  Energy Research I n s t i t u t e  i n  p h o t o v o l t a i c s ,  whereas  
t h e  J e t  P r o p u l s i o n  L a b o r a t o r y  i s  managing a  p r o j e c t  w i t h  t h e  g o a l  of marke t ing  
p h o t o v o l t a i c  systems i n s t a l l e d  a t  $700 p e r  kW by t h e  y e a r  1986. 

pk 

There i s  no unanimous agreement on t h e  p a r t i c u l a r  m a t e r i a l  t echno logy  t h a t  
cou ld  meet even lower c o s t  g o a l s  beyond 1986. Impor tan t  c o n t e n d e r s  i n  t h e  
q u e s t  f o r  economical  p h o t o v o l t a i c  c e l l s  a r e  t h o s e  t h a t  a r e  f a b r i c a t e d  u s i n g  
t h i n  f i l m s  of semiconduct ing compounds. The b e s t  unders tood  t h i n - f i l m  c e l l  
s t r u c t u r e  i s  CdS-Cu2S [ I ] :  but  c e l l s  u s i n g  o t h e r  compound semiconduc to r s  a r e  
c u r r e n t l y  being s t u d i e d  [ 2 , 3 ] .  The methods of t h i n - f i l m  deposit'f-on a l s o  
v a r y ,  and i n c l u d e  vacuum e v a p o r a t i o n  and chemical  d e p o s i t i o n  methods sp ray-  
i n g ,  and t h i c k  f i l m  a p p l i c a t i o n  [ 4 , 5 ] .  I n  many of t h e  methods and m a t e r i a l  
i n v e s t i g a t i o n s  t h e  semiconduct ing m a t e r i a l  i s  d e p o s i t e d  on a  c o n d u c t i v e  sub- 
s t r a t e .  Common s u b s t r a t e s  range from b r a s s  t o  indium t i n  ox ide  on g l a s s .  An 
impor tan t  parameter  t h a t  needs  c h a r a c t e r i z a t i o n  i s  t h e  bulk r e s i s t i v i t y  of t h e  
f i l m  on t h e  s u b s t r a t e .  

1-1 RESISTIVITY MEASUREMENTS 

R e s i s t i v i t y  and i t s  e f f e c t  on t h e  o p e r a t i o n  and e f f i c i e n c y  of s o l a r  c e l l s  has  
been s t u d i e d  and w e l l  documented [ 6 , 7 ] .  Accurate  knowledge of t h e  r e s i s t i v i t y  
of t h e  f i l m  i s  r e q u i r e d  i n  t h i n - f i l m  c e l l  R&D and manufacture .  I n  manu- 
f a c t u r i n g ,  r e s i s t i v i t y  measurements s e r v e  a s  a n  impor tan t  guide  t o  t h e  p r o c e s s  
pa ramete r s  and a s  a n  i n d i c a t i o n  of performance of t h e  completed c e l l .  I n  r e -  
s e a r c h ,  i t  a l l o w s  r a p i d  c h a r a c t e r i z a t i o n  of t h e  e f f e c t s  i n  modifying t h e  
s t o i c h i o m e t r i c  and p r o c e s s i n g  pa ramete r s .  For  example, m a n u f a c t u r e r s  of CdS- 
Cu2S c e l l s  a r e  i n t e r e s t e d  i n  knowing t h e  r e s i s t i v i t y  of t h e  CdS f i l m  d e p o s i t e d  
on a  b r a s s  s u b s t r a t e .  Knowledge of t h i s  v a l u e  b e f o r e  t h e  d e p o s i t i o n  of t h e  
Cu2S l a y e r  p r o v i d e s  b a s e l i n e  d a t a  f o r  o v e r a l l  c e l l  performance and p r e v e n t s  
l o s s  i n  t ime and m a t e r i a l s  r e s u l t i n g  from a  Cu2S d e p o s i t i o n  on a n  i n a d e q u a t e  
base  l a y e r  of CdS. 

T y p i c a l l y ,  f o r  m a t e r i a l s  of a wide range of r e s i s t i v i t y ,  t h e  measurement i s  
made u s i n g  a  four -po in t  probe t e c h n i q u e .  T h i s  method r e l i e s  on a un i fo rm 
c u r r e n t  through t h e  bulk  of t h e  sample and e l i m i n a t e s  c o n t a c t  e f f e c t s .  I n ,  t h e  
c a s e  of a  t h i n  f i l m  on a  conduc t ing  s u b s t r a t e ,  t h e  method i s  no t  a p p l i c a b l e  
because  a  conduc t ive  l a y e r  e x i s t s  a t  a  d i s t a n c e  from t h e  c o n t a c t s  much s h o r t e r  
t h a n  t h e  d i s t a n c e  between t h e  c o n t a c t s  of t h e  four -po in t  d e v i c e .  A s  a r e s u l t ,  
t h e  i n j e c t e d  c u r r e n t  goes  v e r t i c a l l y  th rough  t h e  m a t e r i a l  t o  t h e  s u b s t r a t e ,  
a c r o s s  t h e  s u b s t r a t e  of h i g h  c o n d u c t i v i t y ,  then  back through t h e  f i l m  t o  t h e  
c o l l e c t i o n  c o n t a c t .  The p robes  do not  s e n s e  a  v o l t a g e  drop c o r r e s p o n d i n g  t o  



t h e  t o t a l  c u r r e n t  r u n n i n g  through t h e  bulk  of t h e  m a t e r i a l .  Without knowing 
t h e  a c t u a l  c u r r e n t  th rough  the  hu lk ,  i t  i s  i m p o s s i b l e  t o  de te rmine  t h e  c o r r e c t  
v a l u e  o f  r e s i s t i v i t y .  It i s  p o s s i b l e  t o  run t h e  d e p o s i t i o n  p r o c e s s  wi th  a n  
i n s u l a t i n g  s u b s t r a t e  and then  measure t h e  r e s i s t i v i t y  of t h i s  f i l m  on t h e  
i n s u l a t o r .  T h i s  method, however, g i v e s  no i n d i c a t i o n  of i n t e r a c t i o n  between 
t h e  f i l m  and m e t a l  s u b s t r a t e ,  which cou ld  a f f e c t  t h e  r e s i s t i v i t y .  

The use  of a microwave Fabry-Perot  i n t e r f e r o m e t e r  i s  a n  a t t r a c t i v e  s o l u t i o n  t o  
t h e  problem f o r  s e v e r a l  r e a s o n s .  With p roper  c o n s i d e r a t i o n  t h e  problem can be 
s o l v e d  by u t i l i z i n g  t h e  h igh c o n d u c t i v i t y  p r o p e r t i e s  of t h e  s u b s t r a t e .  The 
method i s  ' c o n t a c t - f r e e  and t h e r e b y  e l i m i n a t e s  p o s s i b i l i t i e s  of damage by t h e  
c o n t a c t s  on a s o f t  f i l m -  It a l s o  l e n d s  i t s e l f  t o  development of a  sys tem t h a t  
t h e o r e t i c a l l y  can p r o v i d e  f a s t  measurements i n  a  manufactur ing environment .  
Recent advances  i n  m i l l i m e t e r  wave t echno logy  have made eciuipment 8 ~ ~ S l a b l e  
t h a t  i s  c a p a b l e  of  g e n e r a t i n g  v e r y  s t a b l e ,  h igh  power f i e l d s .  T h i s  equipment 
and t h e  improved u n d e r s t a n d i n g  of d e t e c t i o n  and c a v i t y  c o n s t r u c t i o n  make i t  
p r a c t i c a l  t o  perform a f e a s i b i l i t y  s tudy .  

1-2 REPORT STRUCTURE 

T h i s  r e p o r t  c o v e r s  t h r e e  major a r e a s .  The f i r s t  a r e a  i n c l u d e s  examina t ion  of 
t h e  c a v i t y ,  p a s t  work done i n  t h e  u s e  of microwave t e c h n i q u e s  f o r  sample a n a l -  
y s i s ,  and t h e  t h e o r e t i c a l  c a l c u l a t i o n s  of t h e s e  methods. Then t h e  experimen- 
t a l  s e t u p  is e x p l a i n e d  i n  d e t a i l  and t h e  r e s u l t s  of t h e  measured samples  a r e  
g i v e n .  F i n a l l y ,  sample l i m i t a t i o n s  imposed by t h e  t h e o r y  a r e  d i s c u s s e d  and 
t h e  r e s u l t s  a r e  summarized. An a n a l y s i s  of t e s t  system au tomat ion  i s  g iven  i n  
Appendix R. 

S e c t i o n  2.0 d i s c u s s e s  p r e v i o u s  work u s i n g  microwave t e c h n i q u e s  t o  measure t h e  
d i e l e c t r i c  c o n s t a n t  and l o s s  t a n g e n t  of m a t e r i a l s .  P a s t  work has  invo lved  t h e  
u s e  of many d i s t inc t :  schemes and sample mounts f o r  c h a r a c t e r i z a t i o n .  Methods 
a s  d i v e r s e  a s  i n s e r t i n g  powder i n t o  q u a r t z  t u b e s  o r  a c c u r a t e  m i l l i n g  o f  
s p h e r e s  of t h e  sample have been used a lmos t  e x c l u s i v e l y  f o r  examining l a r g e  
samples  t o  d e t e r m i n e  d i e l e c t r i c  c o n s t a n t s  o r  complex p e r m i t t i v i t y .  The method 
most f r e q u e n t l y  used i s  a n  examina t ion  of t h e  eddy c u r r e n t s  induced i n  a  care-  
f u l l y  p repared  sample.  A complete  d i s c u s s i o n  of t h i s  and o t h e r *  methods i s  
p r e s e n t e d .  

The c a v i t y ,  a  semiconfoca l  open r e s o n a t o r ,  u s e d . i n  t h e  system developed i n  
t h i s  p r o j e c t  i s  d e s c r i b e d  i n  S e c t i o n  3.0. The theory  of t h e  s e t u p  i s  d i s -  
c u s s e d ,  w i t h  f o c u s  on c a v i t y  c h a r a c t e r i s t i c s  when no sample i s  p r e s e n t .  
P a r a m e t e r s  such a s  s p o t  s i z e  and t h e  expec ted  c a v i t y  q u a l i t y  f a c t o r  Q a r e  
examined t o  de te rmine  p r o p e r t i e s  of t h e  sample t h a t  a r e  a c c e p t a b l e .  The d i s -  
c u s s i o n '  i n c l u d e s  rev iews  of t h e  ' r e l e v a n t  l i t e r a t u r e  and t h e  e f f e c t s  of v a r y i n g  
'approximat ions .  .Two t h e o r i e s  a r e  fo rmula ted  i n  d e t a i l :  (1) a n a l y s i s  based on 
t h e  assumpt ion  of t h e  f i e l d s  as  p lane  waves, and ( 2 )  t h e  more r i g o r o u s  a n a l -  
y s i s  of the  f i e l d s  a s  p r o l a t e  s p h e r o i d a l  f u n c t i o n s .  

S e c t i o n  4.0 d i s c u s s e s  t h e  system when t h e  sample i s  p e r t u r b i n g  t h e  f i e l d s .  It 
d e a l s  s p e c i f i c a l l y  w i t h  t h e  f o r m u l a t i o n  of a n  e q u a t i o n  r e l a t i n g  t h e  two mea- 
s u r e d  v a l u e s  of c a v i t y  Q ( i . e . ,  w i t h  and w i t h o u t  f i l m  samples i n  t h e  c a v i t y )  
a n d  t h e  r e s i s t i v i t y  of t h e  f i l m .  The a n a l y s i s  ' i s  c o n s i s t e n t  w i t h  a n  a n a l y s i s  



performed by Culshaw & Anderson [ 8 ] ,  and a l l o w s  two methods of d e t e r m i n i n g  
f i l m  r e s i s t i v i t y  r e l a t i n g  t o  t h e  two f i e l d  approx imat ions .  

The s e t u p  of t h e  system i s  d e s c r i b e d  i n  S e c t i o n  5.0. A complete  l i s t i n g  of '  
sys tem components i s  i n c l u d e d .  

S e c t i o n  6.0 p r e s e n t s  d i s c u s s i o n  of t h e  methods of d a t a  c o l l e c t i o n  and t h e  
r e s u l t s  f o r  d i f f e r e n t  samples of CdS. V a r i a n c e s  i n  t h e  d a t a  a r e  a n a l y z e d  and 
some p r a c t i c a l  d i f f i c u l t i e s  a r e  examined. 

S e c t i o n  7.0 i s  concerned w i t h  t h e  l i m i t a t i o n s  imposed on t h e  samples by t h e  
assumpt ions  made i n  t h e  development of t h e  t h e o r y .  Also  examined a r e  t h e  
a r e a s  where e r r o r s  i n  measurement a r e  most a p t  t o  be found.  

I n  S e c t i o n  8.0 t h e  r e s u l t s  of t h i s  t e c h n i q u e  a r e  summarized and compared w i t h  
t h e  r e s u l t s  from a n o t h e r  t e c h n i q u e ~ , e m p l o y e d  by a n  independen t  o u t s i d e  
source .  An e x c e l l e n t  c o r r e l a t i o n  i s  shown. 

The f i r s t  of t h e  two a p p e n d i c e s  d i s c u s s e s  t h e  wavemeter used t o  make t h e  f r e -  
quency measurements. Appendix R c o n s i d e r s  t h e  c o n v e r s i o n  of t h e  l a b o r a t o r y -  
s c a l e  d e v i c e  t o  a n  automated v e r s i o n  f o r  commercia l -scale  use .  





SECTION 2-0 

LITERATURE REVIE# 

Microwave t e c h n i q u e s  were used i n  t h e  measurement of m a t e r i a l  pa ramete r s  be- 
f o r e  1950. There  was a n  i n c r e a s e  i n  microwave measurement a c t i v i t i e . s  u s i n g  a 
v a r i e t y  of approaches  i n  t h e  f i f t i e s  and s i x t i e s .  These r e s e a r c h  a c t i v i t i e s ,  
however, d i d  no t  l ead  t o  a  market  development of a n a l y t i c  i n s t r u m e n t s .  It i s  
o u r  op in ion  t h a t  t h i s  l a c k  of a v a i l a b i l i t y  of i n s t r u m e n t s  could  be a t t r i b u t e d  
t o  c o m p l e x i t i e s  of f i n a l  s o l u t i o n  express iv r l s  and l i m i t a t i o n s  p laced on t e s t  
samples.  However, c e r t a i n  a p p l i c a t i o n s  of  microwave measurement t e c h n i q u e s  
could  be made q u i t e  a t  t r a c t i v e .  

S e v e r a l  documents p rov ide  good t u t o r i a l s  on t h e  use  of microwave methods. 
Culshaw wrote  a n  e x c e l l e r i t  review of m i l l i m e t e r  wave t e c h n i q u e s  deve loped  
through t h e  1950s [9]. H i s  paper  i n c l u d e s  a n a l y s e s  of t r a n s m i s s i o n  methods, 
measurement t echn iques .  and t o t a l  r e f l e c t i o n  s t u d i e s  and a  d i s c u s s i o n  of t h e  
s t a t e - o f - t h e - a r t  i n s t r u m e n t a t i o n  i n  1961. Of p a r t i c u l a r  i n t e r e s t  i s  h i s  d i s -  
c u s s i o n  of both  Michelson and Fabry-Perot  i n t e r f e r o m e t e r s  a t  m i l l i m e t e r  wave- 
l e n g t h s .  H i s  a n a l y s e s  c o n s t i t u t e  much of t h e  p ioneer  work i n  t h e  use  of in -  
t e r f e r o m e t e r s  a t  t h e s e  wavelengths .  I n  a  subsequent  a r t i c l e  Bhar summarized 
microwave t e c h n i q u e s  i n  t h e  s t u d y  of semiconduc to r s  [ l o ] .  Bhar d i s c u s s e d  con- 
c i s e l y  methods and t h e  t h e o r y  of  c o n d u c t i v i t y  a t  microwave f r e q u e n c i e s .  He 
then  d e s c r i b e d  i n  d e t a i l  t h r e e  measurements: ( 1 )  a  s t u d y  of t h e  t e m p e r a t u r e  
dependence of semiconductor  d i e l e c t r i c  c o n s t a n t  and c o n d u c t i v i t y ,  ( 2 )  t h e  
d e t e r m i n a t i o n  of  t h e  i n f r a r e d  a b s o r p t i o n  c o e f f i c i e n t  of a semiconductor ,  and 
( 3 )  t h e  measurement of m i n o r i t y  c a r r i e r  l i f e t i m e .  Another paper ,  by Tremhlay 
and Boiv in ,  c o v e r s  t h e  b roader  a r e a  of t h e  c o n c e p t s  of microwave o p t i c s  
[ l l ] .  The paper  d e a l s  w i t h  a  v a r i e t y  of s u b j e c t s ,  i n c l u d i n g  d i f f r a c t i o n  
t h e o r y ,  waveguides,  microwave o p t i c a l  i n s t r u m e n t s ,  and hardware f o r  m i l l i m e t e r  
wave t e c h n i q u e s .  It i n c l u d e s  a n  e x t e n s i v e  b i b l i o g r a p h y  of a lmos t  600 r e f e r -  
ences .  Other  impor tan t  s o u r c e s  of background i n f o r m a t i o n  a r e  t h e  numerous 
books on microwave lneasurements [12-171. These books p r e s e n t  e s t a b l i s h e d  
t e c h n i q u e s  and t h e o r i e s  of p r o c e s s e s .  

The l i t e r a t u r e  reviewed i n  t h e  remainder  of t h i s  s e c t i o n  i s  d i v i d e d  i n t o  t h r e e  
main t o p i c s :  ( 1 )  sys tems employing waveguide p e r t u r b a t i o n  t e c h n i q u e s ,  ( 2 )  
methods of m a t e r i a l  c h a r a c t e r i z a t i o n  u s i n g  c l o s e d  c a v i t i e s ,  and ( 3 )  t h e  usage 
of  open r e s o n a t o r  t e c h n i q u e s .  A l l  of t h e  methods have c e r t a i n  c h a r a c t e r i s t i c s  
i n  common, but t h e r e  a r e  s u b t l e  d i f f e r e n c e s  i n  b a s i c  t h e o r y  and sample l i m i -  
t a t i o n s .  I n  g e n e r a l  t h e  m a j o r i t y  of t h e  a r t i c l e s  i s  c h i e f l y  concerned w i t h  
t h e  d i e l e c t r i c  c o n s t a n t s  of  i n s u l a t i n g  m a t e r i a l s .  O t h e r s  d i s c u s s  t h e  a n a l y s i s  
of eddy c u r r e n t s ,  which p l a c e s  r e s t r i c t i o n s  on sample s i z e  and c o n f i g u r a -  
t i o n .  The t e c h n i q u e s  d e s c r i b e d  i n  t h e  open- resona to r  l i t e r a t u r e  most c l o s e l y  
resemble  t h e  i n v e s t i g a t i o n  p r e s e n t e d  i n  t h i s  r e p o r t ,  bu t  v a r y i n g  approxima- 
t i o n s  have been used.  



2-2 WAVEGUIDE METHODS 

I n s e r t i o n  of t h e  sample i n t o  waveguides has  been examined e x t e n s i v e l y ,  w i t h  
t h e  most common methods of a n a l y s i s  i n v o l v i n g  d e t e r m i n a t i o n  of t h e  t r ansmis -  
s i o n  a n d / o r  r e f l e c t i o n  c o e f f i c i e n t s .  The methods vary i n  t h a t  t h e  sample may 
p a r t i a l l y  o r  comple te ly  f i l l  t h e  waveguide, e i t h e r  i n  a long s e c t i o n  o r  a t  a  
t e r m i n a t i o n .  J a c o b s  et a l .  d e s c r i b e d  a n  e l e c t r o d e l e s s  measurement of r e s i s -  
t i v i t i e s  of semiconductor  samples t h a t  t o t a l l y  f i l l e d  t h e  waveguide [1.8]. 
S i n g l e - c r y s t a l  samples were i n s e r t e d  i n t o  t h e  waveguide and t h e  r e s i s t i v i t y  
was determined by a  measurement of power t r a n s m i s s i o n  through t h e  sample. 
C o r r e l a t i o n  wi th  d.c. measurements was good, but t h e  sample was l i m i t e d  t o  a  
s i n g l e - c r y s t a l  m a t e r i a l  and waveguide s i z e .  Sandus [19] pointed o u t  t h e  l i m -  
i t a t i o n s  of comparisons  of d. c .  c e s i s i t i v i t y  w i t h  microwave r e s i s t i v i t y  when 
measurements a r e  made i n  rhe nlalll~er of Jucobci et  a l .  H i s  o b j e c t i o n  was t h a t  
f o r  many semiconductor  compounds, t h e  s u l f i d e s  excluded,  t h e  measured conduc- 
t i v i t y  a t  microwave f r e q u e n c i e s  i s  a  f u n c t i o n  of t h e  a b s o r p t i o n  s p e c t r a  of t h e  
m a t e r i a l .  The s u l f i d e s  a r e  excluded because t h e i r  lowest  d i s p e r s i o n  f r e q ~ i e n c y  
l i es  i n  t h e  i n f r a r e d .  Another l e t t e r  by Champlin and Armstrong c o n s i d e r e d  t h e  
r e s u l t s  o f  J a c o b s  e t  a l .  and examined t h e .  d i f f e r e n t  approx imat ions  f o r  com- 
p l e t e l y  v e r s u s  p a r t i a l l y - f  i l l e d  waveguides [20 ]  . 
Havemann and Davis  used a  procedure  s i m i l a r  t o  t h a t  used by J a c o b s  e t  a l .  i n  
d e t e r m i n i n g  t h e  c o n d u c t i v i t y  of t h i n  m e t a l  f i l m s  [21] .  They c a l c u l a t e d  t h e  
t r a n s m i s s i o n  and r e f l e c t i o n  c o e f f i c i e n t s  of a  metal  f i l m  i n s e r t e d  i n  a  square  
waveguide.  A r e s t r i c t i o n  of t h i s  method was a  maximum measurable  f i l m  t h i c k -  
n e s s  of 1050 a a t  10 CHz. I n  a similar exper iment ,  Ramey and Lewis looked 
a l s o  a t  t h i n  m e t a l  f i l m s  bu t  assumed a  t o t a l  r e f l e c t i o n  [22] .  Thcy contended 
t h a t  even though a  f i l m  may be l e s s  t h a n  t h e  c a l c u l a t e d  s k i n  dep th ,  i n t e r n a l  
r e f l e c t i o n  p r o c e s s e s  w i l l  s t i l l  y i e l d  t o t a l  r e f l e c t i o n ,  and t r a n s m i s s i o n  w i l l  
o c c u r  on ly  f o r  a t h i c k n e s s  much l e s s  than t h e  s k i n  dep th .  T h i s  a n a l y s i s  might 
e i t h e r  e x p l a i n  c e r t a i n  anomal ies  observed hy Havel~lann and Davis o r  t o t a l l y  re-  
f u t e  t h e i r  f ind i r igs .  An i n t c r c c t i n g  po in t  r a i s c d  by Ramey and Lewis i s  t h a t  
f i l m s  which c o n t a i n  r e l a t i v e l y  h i g h  c o n c e n t r a t i o n s  of g a s s e s  d i s p l a y  a  f r e -  
quency-dependent c o n d u c t i v i t y .  T h i s  c h a r a c t e r i s t i c  a p p l i e s  t o  m a t e r i a l s  de- 
p o s i t e d  a t  t o r r  o r  h i g h e r .  Conduc t iv i ty  was n o t  cons idered  i n  t h e i r  
paper ;  i n s t e a d ,  o p t i c a l  c o e f f i c i e n t s  were examined. Chaurosia  and Voss a l s o  
examined a  t h i n  meta l  f i l m  i n  a r e c t a n g u l a r  guide  and c a l c u l a t e d  t h e  trans- 
m i s s i o n  c o e f f i c i e n t  t o  de te rmine  r e s i s t i v i t y  [23] .  The f i l m  was l i m i t e d  t o  
l e s s  clian 100 t h i c k n e s s .  

R e f l e c t i o n  t e c h n i q u e s  were d i s c u s s e d  i n  s e v e r a l  papers .  Lindmayer and Kutsko 
examined t h i c k  semiconductor  samples (i. e . ,  g r e a t e r  than  50 IJ m t h i c k )  t h a t  
t e r m i n a t e d  a  waveguide [24] .  Use of t h e  power r e f l e c t i o n  c o e f f i c i e n t  and t h e  
v o l t a g e  s t a n d i n g  wave r a t i o  (VSWR) tnade i t  p o s s i b l e ,  wi th  a complex expres-  
s i o n ,  t o  determine t h e  r e s i s t i v i t y .  T h i s  p r o c e s s  r e q u i r e d  u s e  of a  p r e c a l i -  
b r a t e d  t a b l e  of i n d i v i d u a l  t h i c k n e s s e s  and d i e l e c t r i c  c o n s t a n t s .  An added 
c o n s t r a i n t  was t h a t  t h e  m a t e r i a l  being t e s t e d  had t o  be s u b s t a n t i a l l y  t h i c k e r  
t h a n  t h e  s k i n  d e p t h .  A paper by Naber and Snowden [25] extended t h e  a n a l y s i s  
of Lindmayer. By a n a l y z i n g  t h e  r e f l e c t i o n  and VSWR measurements, they  were 
a b l e  t o  make q u i e s c e n t  and transient c o n d u c t i v i t y  measurements. The t r a n s i e n t  
measurements were t h e n  r e l a t e d  t'o t h e  p h o t o c o n d u c t i v i t y  p rocess .  I n  a  pre- 
s e n t a t i o n  by Champlin e t  a l . ,  a  l a r g e  sample was used co f i l l  a c i r c u l a r  
(TEO1) waveguide [26] .  Under t h e  assumption of i n f i n i t e  dep th  of m a t e r i a l ,  



t h e  r e f l e c t i o n  c o e f f i c i e n t  was measured u s i n g  a  r e f l e c t i o n - c o e f f i c i e n t  
b r i d g e .  A l a r g e  sample dep th  (compared t o  s k i n  d e p t h )  was r e q u i r e d .  An in- 
t e r e s t i n g  a n a l y s i s  of t h e  advan tages  of t h i s  mode over  o t h e r  modes was pre- 
s e n t e d ,  and t h e  c o n c l ~ u s i o n  v7as t h a t ,  because  sample c o n t a c t  t o  s i d e  w a l l s  was 
not  n e c e s s a r y ,  t h i s  mode d i d  not  c r e a t e  t h e  c o n t a c t  impedance c r e a t e d  by t h e  
TE13 mode. 

Nag and Roy ana lyzed  samples i n  a  waveguide t o  de te rmine  c o n d u c t i v i t y  and t h e  
d i e l e c t r i c  c o n s t a n t  [27] .  The VSWR was .measured i n  a  s imple  a r rangement ,  b u t  
a  major s t i p u l a t i o n  was t h a t  t h e  sample t h i c k n e s s  be a  m u l t i p l e  of q u a r t e r -  
wavelengths .  I n  subsequent  a r t i c l e s ,  Nag, Roy, and C h a t t e r j i  gave more de- 
t a i l e d  a n a l y s e s  of t h e i r  p r e v i o u s  work [28 ,29]  . Retun ing  by l e n g t h  a d j u s t m e n t  
f o r  a  minimum i n  power r e f l e c t i o n  compensated f o r  v a r y i n g  sample t h i c k n e s s .  
The sample was no longer  a  s h e e t ,  but  a  s l a b  machined t o  f i t  t r a n s v e r s e l y  i n t o  
t h e  waveguide. C a r e f u l  c o n t a c t i n g  t o  s i d e  w a l l s  was a g a i n  r e q u i r e d ,  a s  
p o i n t e d  ou t  by Gunn [30]  . 
The t echn ique  i n i t i a t e d  by Nag e t  a l .  u s i n g  s p e c i a l l y  shaped samples has  a l s o  
been popu la r .  Holmes e t  a l .  mounted v e r t i c a l l y  a  c i r c u l a r  o r  s q u a r e  semicon- 
d u c t o r  p o s t  i n  t h e  r e c t a n g u l a r  waveguide [31] .  I n  t h e i r  paper  t h e  a u t h o r s  
p r e s e n t e d  exper imenta l  r e s u l t s ,  a  t h e o r e t i c a l  a n a l y s i s ,  and e x t e n s i o n s  of  t h e  
t e c h n i q u e  t o  a p p l i c a t i o n s  f o r  l i f e t i m e  measurements. McKinney and Duff a l s o  
p r e s e n t e d  a  ske tchy  a n a l y s i s  of  rod dimension e f f e c t s  when t h e  rod was in-  
s e r t e d  i n t o  a  r e c t a n g u l a r  waveguide [ 3 2 ] .  A paper  which combined waveguide 
and c a v i t y  t echn iques  was w r i t t e n  by A l l e r t o n  and S e i f e r t  [33] .  These a u t h o r s  
d e s c r i b e d  two methods of measurement. The f i r s t  was a  r e f l e c t i o n  measurement 
of t h e  f i l m  t e r m i n a t i n g  a  t r a n s m i s s i o n  l i n e .  Measurement of t h e  r a t i o  of con- 
d u c t i o n  t o  r e f l e c t i o n  made i t  p o s s i b l e  t o  de te rmine  r e s i s t i v i t y  f o r  t h i c k  
s l a b s .  The second method used a  c a v i t y  t echn ique  of look ing  a t  power t r a n s -  
m i t t e d  through a  c a v i t y  when a  p o r t i o n  of t h e  c a v i t y  w a l l  was composed of t h e  
m a t e r i a l  being t e s t e d .  Without s p e c i a l  c o n s i d e r a t i o n s  t h i s  method i s  l i m i t e d  
t o  samples  whose t h i c k n e s s e s  a r e  s u b s t a n t i a l l y  g r e a t e r  t h a n  t h e i r  s k i n  
d e p t h s .  C e r t a i n  s t e p s  can he t a k e n  t o  look a t  t h i n  samples but  they  r e q u i r e  
p o s s i b l e  m a t e r i a l  changes.  

2-3 CLOSED CAVITY METHODS 

The m a j o r i t y  of c a v i t y  t e c h n i q u e s  d e s c r i b e d  i n  t h e  l i t e r a t u r e  examined f i e l d  
l o s s e s  i n  a  sample due t o  eddy c u r r e n t s .  The impor tan t  r e s t r i c t i o n  of  such 
t e c h n i q u e s  was t h a t  t h e  d imension of t h e  sample a f f e c t e d  by t h e  f i e l d s  needed 
t o  be much g r e a t e r  than t h e  s k i n  d e p t h .  Thus c u r r e n t s  were g e n e r a t e d  on t h e  
s u r f a c e  of t h e  salilple, and by c a r e f u l  d imens iona l  a n a i y s i s  t h e  r e s i s t i v i t y  was 
determined.. 

Champlin and Krongard d e s c r i b e d  a t e c h n i q u e  of c a v i t y  p e r t u r b a t i o n  t h e o r y  t h a t  
a l lowed  computat ion of t h e  r e s i s t i v i t y  and t h e  d i e l e c t r i c  c o n s t a n t  [34] .  
T h e i r  procedure  r e q u i r e d  i n s e r t i o n  of a small s p h e r e  of t h e  t e s t  m a t e r i a l  i n t o  
t h e  c a v i t y .  By moni to r ing  t h e  f requency s h i f t  and q u a l i t y  f a c t o r  i t  was. t h e n  
p o s s i b l e  t o  de te rmine  t h e  eddy c u r r e n t s  w i t h i n  t h e  sample and t h e r e b y  t o  de- 
t e rmine  t h e  r e s i s t i v i t y  of t h e  sample.  Low c o n d u c t i v i t y  samples  r e q u i r e d  
v a r i a t i o n s  i n  t h e  a n a l y s i s  u s i n g  p e r t u r b e d  t echn iques .  The method d i f  f e t e d  
from s t a n d a r d  eddy-current  methods i n  t h a t  t h e r e  were no m u l t i v a l u e  res~rlts. 



The s t a n d a r d  method of  u s i n g  eddy c u r r e n t s  was i n t r o d u c e d  by L i n h a r t  e t  a l .  
[35]. A s p h e r i c a l  sample ,  t h e  r a d i u s  of which was much g r e a t e r  t h a n  t h e  s k i n  
d e p t h ,  was p laced  a t  t h e  c e n t e r  of a  c i r c u l a r  c y l i n d r i c a l  c a v i t y  e x c i t e d  i n  
t h e  HOll mode. By measur ing  t h e  change i n  t h e  q u a l i t y  f a c t o r  and assuming a l l  
l o s s e s  t o  be due t o  s u r f a c e  eddy c u r r e n t s ,  t h e  a u t h o r s  d e r i v e d  a n  e x p r e s s i o n  
f o r  t h e  r e s i s t . i v i t y .  The a u t h o r s  d i s c u s s e d  t h e  shape f a c t o r s  t h a t  compensate 
f o r  n o n s p h e r i c a l  samples .  Kohane and S i r v e t z  took t h e  s p h e r i c a l  sample con- 
c e p t  a  s t e p  f u r t h e r  and were a b l e  t o  remove sample s i z e  r e s t r i c t i o n s  [36]. 
The sample was pos i t ' i oned  i n  t h e  c a v i t y  where t h e  magnet ic  f i e l d  was a t  a  
maximum and t h e  e l e c t r i c  f i e l d  was z e r o .  The a u t h o r s  then  r e l a t e d  t h e  eddy 
c u r r e n t s  induced by t h e  magnet ic  f i e l d  t o  t h e  sample r e s i s t i v i t y .  Knowing t h e  
f i e l d  i n t e n s i t y  a t  t h e  c e n t e r  of t h e  c a v i t y ,  they  measured t h e  power l o s s  and 
c a l c u l a t e d  the  r e s i s t i v i t y .  Owston a l s o  demonstra ted  t h e  use  of eddy c u r r e n t s  
t o  d e t e r m i n e  r e s i s t i v i t y  o f  e h l n  meral P i l ~ n s  [37]. T l ~ e  f l a t  f i l m  were 
mounted i n  the  c a v i t y ,  and l o s s  of power t r a n s m i s s i o n  through t h e  c a v i t y  was 
a s s o c i a t e d  w i t h  t h e  eddy c u r r e n t s  and hence t h e  r e s i s t i v i t y .  I n  a d d i t i o n ,  t h e  
sys tem of p rob ing  t h e  sample was a n a l y z e d .  Kohane a l s o  examined a  s p h e r i c a l  
sample  i n  a  c a v i t y  [38]. The method was a g a i n  r e s t r i c t e d  t o  a  sample r a d i u s  
g r e a t e r  t h a n  t h e  s k i n  d e p t h .  By measur ing q u a l i t y  f a c t o r s  and power l o s s ,  h e  . . 
was a b l e  t o  d e t e r m i n e  a  v a r i a b l e  f o r  t h e  t e s t  sample t h a t  was a  f u n c t i o n  of 
t h e  t r a n s m i s s i o n  c o e f f i c i e n t .  Two s o l u t i o n s  t o  t h e  problem cou ld  o c c u r ,  and 
t o  e l i m i n a t e  ambigu i ty  a  second sample had t o  be measured. Kohane d i s c u s s e d  
t h e  e f f e c t  of measurements over  a  wide v a r i a t i o n  of equipment o p e r a t i n g  tem- 
p e r a t u r e s ,  conc lud ing  t h a t  c a r e f u l  a t t e n t i o n  must be paid  t o  t h e  a p p a r a t u s  
d u r i n g  t e s t i n g .  

T r a n s m i s s i o n  and r e f l e c t i o n  measurements used i n  c a v i t y  t e c h n i q u e s  have been 
examined. Richara  and P o i t e v i n  measured t h e  r e f l e c t i o n  o f f  t h i c k  samples  of  
low r e s i s t i v i t y  f i l m s  f o r  many known v a l u e s  of sample t h i c k n e s s  and r e s i s t i v -  
i t y  [39]. Using t h e  c u r v e s  t h u s  g e n e r a t e d ,  they  were a b l e  t o  measure t h e  r e -  
s i s t i v i t y  of a  new sample w i t h  known t h i c k n e s s .  The c a l c u l a t i o n s  were v a l i d  
o n l y  f o r  samples much t h i c k e r  t h a n  t h e  s k i n  d e p t h ,  hence l i m i t i n g  t h i n  samples  
t o  ve ry  low v a l u e s  of r e s i s t i v i t y .  The method was a p p l i e d  t u  e p i t a x i a l  l a y e r s  
on t h i c k  s u b s t r a t e s  and gave good r e s u l t s .  An a n a l y s i s  by O r g e r e t  and Boucher 
c o n s i d e r e d  power t r a n s m i s s i o n  th rough  a  f i l m  t o  de te rmine  o t h e r  f a c t o r s  such 
as  c a r r i e r  l i f e t i m e  and s u r f a c e  recombina t ion  v e l o c i t y  [40]. I n  a n o t h e r  
t r a n s m i s s i o n  approach ,  Dan i lov  e t  a l .  developed a method l o r  c a l c u l a t i o n s  of 
semiconductor  p a r a m e t e r s  [41]. T h e i r  a r t i c l e  i s  l a c k i n g  i n  d e t a i l  and t h e  
c o n c l u s i o n s  a r e  s k e t c h y .  However, Akhinanaev e t  a l .  [ 4 2 ]  b r i e f l y  d e s c r i b e d  a n  
i n s t r u m e n t  based on t h e  work of Dan i lov  e t  a l . :  a  power t r a n s m i s s i o n  appara -  
t u s  t h a t  i s  des igned  t o  measure r e s i s t i v i t y .  

Roussy and Felden deve loped  a  nove l  method of de te rmin ing  t h e  p e r m i t t i v i t y  of  
powders [43]. The powders were c o n t a i n e d  i n  a  q u a r t z  tube  which was p r e s s u r -  
i z e d  and i n s e r t e d  i n  a c a v i t y .  By examining t r a n s m i s s i o n  p r o p e r t i e s  i t  was 
p o s s i b l e  t o  c o r r e l a t e  t h e  p e r m i t t i v i t y  w i t h  t h e i r  measurements. Covington and 
Ray examined f i l m s  on i n s u l a t i n g  s u b s t r a t e s  [44]. Curves were g e n e r a t e d  f o r  
sample  t h i c k n e s s  and d i e l e c t r i c  c o n s t a n t  t o  de te rmine  t h e  r e s i s t i v i t y .  The 
a u t h o r s  p r e s e n t e d  e x c e l l e n t  theory  on f i l m  power t r a n s m i s s i o n  and r e f l e c t i o n ;  
h o w e v e r , , t h e  u n d e r l y i n g  t h e o r y  a g a i n  had i t s  o r i g i n  i n  eddy-current  l o s s e s .  

Another c a v i t y  approach  was concerned w i t h  bimodal r e s o n a n t  c a v i t i e s .  I n  t h i s  
a p p r o a c h  t h e  i n c i d e n t  microwave f i e l d  e x c i t e d  a  mode i n  t h e  sample,  which i n  



t u r n  e x c i t e d  c u r r e n t s  i n  t h e  sample.  P o r t i s  exp la ined  how t h e s e  c u r r e n t s  t h e n  
e x c i t e d  a  second mode t h a t  was coupled t o  t h e  d e t e c t i o n  system [ 4 5 ] .  High re-  
s i s t i v i t y  samples were most s u i t a b l e  f o r  t h i s  method, and t h e  s e n s i t i v i t y  o f  
measurements was improved over  p r e v i o u s  methods. P o r t i s  b r i e f l y  d e s c r i b e d  t h e  
u s e  of t h i s  t echn ique  t o  de te rmine  t h e  m o b i l i t y  of p h o t o c a r r i e r s  i n  CdS. 
P e t h i g  and South extended t h i s  t e c h n i q u e  t o  Hall m o b i l i t y  measurements [ 4 6 ] ,  
and Eley and P e t h i g  d i s c u s s e d  a p p l i c a t i o n s  of  t h e  method t o  b i o l o g i c a l  samples  
[47]  . R e c e n t l y  Watanabe e t  a l .  d i s c u s s e d  t h e  microwave c o n d u c t i v i t y  of  semi- 
conduc to r s  due t o  a n  eddy-current  l o s s  [48] .  The method i s  r e s t r i c t e d  t o  
t h i c k  samples and s o  is  measurements of  samples whose r e s i s t i v i t y  
is between 5 x and G x 10 

2.4 OPEN RESONATORS 

The use  of a n  open r e s o n a t o r  i s  t h e  method most a p p l i c a b l e  t o  t h e  t h e o r y  de- 
veloped i n  t h i s  r e p o r t .  The b a s i c  t h e o r y  of t h i s  t e c h n i q u e  d a t e s  back t o  t h e  
l a t e .  f i f t i e s ,  when t h e  Boulder  L a b o r a t o r i e s  of t h e  N a t i o n a l  Bureau of Stan- 
d a r d s  (NBS) were a c t i v e l y  r e s e a r c h i n g  m i l l i m e t e r  wave t e c h n i q u e s .  Culshaw 
pub l i shed  s e v e r a l  p a p e r s ,  and much of h i s  o r i g i n a l  work i s  c i t e d  i n  S e c t i o n  
3.0 on c a v i t y  c h a r a c t e r i s t i c s .  Culshaw proposed ' t h e  u s e  of two p l a n a r  s u r -  
f a c e s  t o  s e t  up a  Fabry-Perot  i n t e r f e r o m e t e r  [ 9 ] .  H i s  concept  invo lved  plac- 
i n g  t h e  sample i n  t h e  middle  of t h e  c a v i t y  and de te rmin ing  t h e  d i e l e c t r i c  con- 
s t a n t  and t h e  r e s i s t i v i t y  of t h e  sample. The work was l i m i t e d  t o  samples  of 
m u l t i p l e  quar ter -wavelength  t h i c k n e s s e s .  The measurements,  s i m i l a r  t o  t h o s e  
d e s c r i b e d  i n  t h i s  r e p o r t ,  used t h e  q u a l i t y  f a c t o r s  of loaded v e r s u s  unloaded 
c a v i t i e s .  T h e i r  method was d e s c r i b e d  i n  g r e a t e r  d e t a i l  i n  a  subsequent  paper  
by Culshaw and Anderson [ 8 ] .  A l e n g t h  r e t u n i n g  t e c h n i q u e  was t h e  p r i n c i p l e  
behind t h e  t h e o r y ,  bu t  t h e  r e s u l t s  of  work on f requency  r e t u n i n g  were a l s o  
p r e s e n t e d .  The measurement of t h e  l e n g t h  o r  f r equency  r e q u i r e d  t o  r e t u n e  t o  
r esonance  was used i n  t h e  c a l c u l a t i o n  of m a t e r i a l  p a r a m e t e r s ,  

C u l l e n  .and Yu used a  c o n f o c a l  r e s o n a t o r  w i t h  t h e  sample c e n t e r e d  between t h e  
r e f l e c t o r  s u r f a c e s  [ 4 9 ] .  I n  t h i s  t echn ique  of p e r m i t t i v i t y  measurement, t h e  
c o n d i t i o n s  of resonance were determined u s i n g  s p h e r i c a l  s u r f a c e s  and Gauss ian  
beam t h e o r y .  Compared t o  o t h e r  methods, t h e s e  l e d  t o  q u i t e  good v a l u e s  of 
measured d i e l e c t r i c  and l o s s  t a n g e n t s .  The samples were l a r g e  compared t o  
normal th i r l  Eflms and could  not  e x h i b i t  g r e a t  r e f l e c t i v i t y .  Cu l l en  and Yu 
gave a n  e x c e l l e n t  summary of o t h e r  r e s e a r c h  and of  t h e  e r r o r  a n a l y s i s  tech-  
n i q u e s  f o r  t h e i r  system. 

Degenford and Coleman were perhaps  t h e  f i r s t  t o  demons t ra te  a c c u r a t e  measure- 
ments of d i e l e c t r i c  c o u s t a u t s  [ 5 0 ] .  T h e i r  exper iment  used a  c o n f o c a l  Yabry- 
P e r o t  r e s o n a t o r  i n  which t h e  sample was mounted i n  t h e  c e n t e r  of t h e  c a v i t y .  
The unusua l  f e a t u r e  of t h e i r  s e t u p  w a s  t h a t  t h e  sample was t i l t e d  by some 
known a n g l e .  When t h e  d i e l e c t r i c  s h e e t  was t i l t e d  i n  t h i s  manner, t h e  re-  
f l e c t e d  beam was removed from t h e  c a v i t y .  T h i s  g r e a t l y  s i m p l i f i e d  t h e  r e s u l -  
t a n t  f i e l d  and a m p l i t u d e  ca l . cu la t ions .  The formula f o r  d e t e r m i n a t i o n  of  t h e  
d i e l e c t r i c  c o n s t a n t  was t h u s  reduced t o  a  s imple  l i n e a r  r e l a t i o n  i n v o l v i n g  
o n l y  t h e  r a t i o  of t h e  sample t h i c k n e s s  t o  t h e  m i r r o r  movement r e q u i r e d  t o  re-  
s t o r e  resonance.  Values  o b t a i n e d  from t h i s  method were good but  no t  s u f f i -  
c i e n t l y  a c c u r a t e .  I n  subsequent  work by Degenford,  m o d i f i c a t i o n s  t o  t h e  
t h e o r y  were made t o  de te rmine  t h e  l o s s  t a n g e n t  of t h e  sample [ 5 1 ] .  The l o s s  



t a n g e n t  e x p r e s s i o n  became a  l i n e a r  but  complex r e l a t i o n  of m i r r o r  d i s t a n c e ,  
sample  t h i c k n e s s ,  Q,  and r e t u n i n g  d i s t a n c e .  Use of t h i s  e x p r e s s i o n  may be t h e  
most v i a b l e  method of  microwave measurements of d i e l e c t r i c  m a t e r i a l s .  

I n  o t h e r  open r e s o n a t o r  work, Breeden and Sheppard o b t a i n e d  many of  t h e  same 
t h e o r e t i c a l  answers  by.' measur ing sample c h a r a c t e r i s t i c s  i n  a  Michelson-type 
i n t e r f e r o m e t e r  [ 5 2 ] .  By u s i n g  m i r r o r  r e t u n i n g  f o r  t h e  sample which was in-  
s e r t e d  i n  the  r e s o n a t o r ,  they  de te rmined  t h e  d i e l e c t r i c  c o n s t a n t  and t h e  l o s s  
t a n g e n t .  ' A r e s t r i c t i o n  of  t h e i r  t e c h n i q u e  was t h a t  i t  r e q u i r e d  very  , a c c u r a t e  
and l a r g e '  sample t h i c k n e s s .  Bandpass f i l t e r i n g  i n  d a t a  p r o c e s s i n g  a l s o  pre-  
s e n t e d  a problem. Breeden and Langley l a t e r  proposed mounting t h e  d i e l e c t r i c  
m a t e r i a l  i n  a s e m i c o n f o c a l  Fabry-Perot  r e s o n a t o r ,  hut  they d i d  not  g i v e  de- 
t a i l s  on the  a p p a r a t u s  and o n l y  gave measurements of a  s i n g l e  sample [ 5 3 ] .  
I n t e r e s t i n g l y ,  they p r e f e r r e d  f r e q u e ~ l c y  ~t !Lul l l~lg  uvei' mirror ~ c k u n i n g  due t o  
t h e  h i g h e r  a c c u r a c y  of  f r equency  measurements. 

More r e c e n t l y ,  Cook e t  a l .  compared cav i ty /wavegu ide  v e r s u s  open- resona to r  
measurements of p e r m i t t i v i t y  and l o s s  t a n g e n t  of a d i e l e c t r i c  sample [ 5 4 ] .  
The open r e s o n a t o r  was i n  a  h e m i s p h e r i c a l  c o n f i g u r a t i o n ,  and t h e  c a l c u l a t i o n s  
reduced  t o  measurements of Q ,  t h e  sample r e t u n i n g  d i s t a n c e ,  and t h e  s e p a r a t i o n  
d i s t a n c e  between t h e  m i r r o r s .  The c a v i t y  measurement was made by inseYtff ig  
t h e  sample i n  t h e  end of a  h e l i c a l  waveguide. Measurements of t h e  d i e l e c t r i c  
c o n s t a n t  and r e s i s t i v i t y  of d i e l e c t r i c  m a t e r i a l s  by t h e  two methods compared 
w e l l .  

Anderson p r e s e n t e d  a  method of d i e l e c t r i c  c o n s t a n t  and l o s s  t a n g e n t  measure- 
ment f o r  t h i c k  samples i n  both  c o n f o c a l  and semiconfoca l  Fabry-Perot  resona-  
t o r s  [ 5 5 ] .  H i s  a n a l y s i s  was q u i t e  thorough i n  i t s  i n v e s t i g a t i o n  of f i e l d s  
p r e s e n t  i n  t h e  r e s o n a t o r .  It i s  used a s  a  r e f e r e n c e  s e v e r a l  t imes  i n  S e c t i o n  
4.0  when f i e l d s  a r e  r e q u i r e d .  The p r i n c i p a l  d i s a d v a n t a g e  of h i s  t h e o r y  i s  
t h a t  f o r  t h e  c a l c u l a t i o n  of  p a r a ~ i l e t e r s  a  computer numer ica l  i n t e g r a t i o n  i s  
n e c e s s a r y  f o r  each sample of d i f f e r i n g  t h i c k n e s s  o r  d i e l e c t r i c  c o n s t a n t .  

2-5 SUMMARY 

T h e r e  i s  much i n f o r m a t i o n  i n  t h e  l i t e r a t u r e  concern ing  microwave measurement 
t e c h n i q u e s .  Problems e x i s t ,  however, i n  most methods f o r  measurement of  t h i n  
f i l m s  on meta l  s u b s t r a t e s .  The waveguide t e c h n i q u e s  g e n e r a l l y  r e q u i r e  c a r e f u l  
c o n s i d e r a t i o n  of m a t e r i a l  c o n d u c t i v i t y  t o  s i d e w a l l s  f u r  proper  mode con t inua-  
t i o n .  They u s u a l l y  r e q u i r e  e i t h e r  t h i c k  b l o c k s  that: f i l l  t h e  waveguides o r  
t h i n  samples which t r a n s m i t  power through t h e  m a t e r i a l .  Cav i ty  measurements 
g e n e r a l l y  r e q u i r e  t h i c k  samples ( i . e . ,  much g r e a t e r  than  t h e  s k i n  d e p t h )  i n  
s p e c i f i c  shapes .  When t h i c k  samples a r e  no t  n e c e s s a r y ,  t r a n s m i s s i o n  of power 
t h r o u g h  t h e  sample i s  r e q u i r e d ,  t h e r e b y  i g n o r i n g  eddy c u r r e n t s .  Both r e q u i r e -  
ments l i m i t  t h e  u s e  of c a v i t y  measurement t e c h n i q u e s .  Open r e s o n a t o r  s t r u c -  
t u r e s  have t h e  l e a s t  t e s t r i c t i v e  requiremeriLs Tur t h i n  f i l m s .  For  t h i s  
r e a s o n ,  such a s t r u c t u r e  was i n v e s t i g a t e d  i n  t h e  p r o j e c t  d e s c r i b e d  i n  t h e  re-  
ma inder  of t h i s  r e p o r t .  



SECTION 3-0 

OPEN RESONATOR CHARACTERISTICS 

I t  h a s  long been r e a l i z e d  t h a t  a p p l i c a t i o n  of o p t i c a l  t e c h n i q u e s  a t  m i l l i m e t e r  
wavelengths  would b e n e f i t  t h e  unders tand ing  of new microwave d e v i c e s .  I n  1959 
Culshaw sugges ted  p o s s i b l e  r e f l e c t o r  c o n f i g u r a t i o n s  f o r  a  microwave Fabry- 
P e r o t  i n t e r f e r o m e t e r  [ 5 6 ] .  Using f l a t  composi te  r e f l e c t o r s  w i t h  q u a r t e r -  
wavelenzth  d i e l e c t r i c  s h e e t s  spaced by a i r  gaps ,  he demonstra ted  u s e  of t h e  
open c a v i t y  wi th  i n p u t  and o u t p u t  norns  f o r  r a d i a t i o n  and d e t e c t i o n  and exam- 
ined  t h e  e f f e c t s  of t h e  number of p l a t e s ,  and t h e i r  r e f l e c t i o n ,  on c a v i t y  rea-  
sonance c o n d i t i o n s .  By use  of t r a n s m i s s i o n  l i n e  theory  he developed a  m a t r i x  
c a l c u l a t i o n  of t h e  f i e l d s  and induced c u r r e n t s .  H i s  emphasis was on a n a l y s i s  
of r e f l e c t o r  d e s i g n  v a r i a t i o n s  and - t h e  e f f e c t  t h o s e  v a r i a t i o n s  had on t r a n s -  
miss ion  p r o p e r t i e s .  The f o l l o w i n g  y e a r  Culshaw pub l i shed  a  much more d e t a i l e d  
a n a l y s i s  of t h e  p lane-mirrored i n t e r f e r o m e t e r  [ 5 7 ] .  I n  t h i s  p a r t i c u l a r  d e s i g n  
he demonstra ted  Q v a l u e s  of 100,000 f o r  power r e f l e c t i o n  c o e f f i c i e n t s  of 
0.999.  Without c o n s i d e r i n g  d i f f r a c t i o n  e f f e c t s ,  he was a b l e  t o  make wave- 
l e n g t h  measurements w i t h  a c c u r a c i e s  of 0.04%. He a l s o  sugges ted  u s e s  of t h e  
s e t u p  f o r  p o s s i b l e  measurements of m a t e r i a l  p r o p e r t i e s ,  s p e c i f i c a l l y  of l o s s  
t a n g e n t  and d i e l e c t r i c  c o n s t a n t .  H i s  p r i n c i p a l  r e s u l t s  were s t i l l  r e l a t e d  t o  
f r i n g e  wid ths  and r e f l e c t o r  d e s i g n s .  I n  f u r t h e r  c o n s i d e r a t i o n s  he c i t e d  pos- 
s i b i l i t i e s  of t h e  use  of t h e  r e s o n a t o r  s t r u c t u r e  a s  a  maser r e s o n a t o r  [ 5 8 ] .  
(Th i s  was a l s o  examined by Temple [ 5 9 ] . ) .  ~ u l s h a w  .went i n t o  more d e t a i l  on t h e  
f i e l d s  w i t h i n  t h e  c a v i t y  a s  w e l l  a s  t h e  t h e o r e t i c a l  Q. He a l s o  b r i e f l y  d i s -  
cussed s e v e r a l  o t h e r  r e f l e c t o r  s u r f a c e s ,  i n c l u d i n g  p l a n a r ,  focused s p h e r i c a l ,  
b i c o n i c a l  s p h e r i c a l ,  and h e m i s p h e r i c a l  b i c o n i c a l  s u r f a c e s .  He summarized t h i s  
work and d i s c u s s e d  m i l l i m e t e r  t e c h n i q u e s  i n  a n  e x c e l l e n t  t u t o r i a l  a r t i c l e  191, 
i n  which he covered a t  l e n g t h  a l l  a s p e c t s  of r e s o n a t o r  d e s i g n  f o r  p l a n a r  re-  
f l e c t o r s ,  a s  w e l l  a s  t h e  t h e o r e t i c a l  Q's t o  be o b t a i n e d .  He a l s o  reviewed 
m a t e r i a l  p r o p e r t i e s  a t  microwave f r e q u e n c i e s ,  and t r a n s m i s s i o n  and r e f l e c t i o n  
c o n s i d e r a t i o n s .  I n  t h e  same y e a r  two r e l a t e d  papers  were p u b l i s h e d ,  one by 
Fox and L i  [60]  and t h e  o t h e r  by Boyd and Gordon [61]  . 

3 - 1 EXPERIMENTAL RESEARCH 

Our r e s o n a t o r  d e s i g n  i s  shown i n  F-ig. 3-1. I t  i s  a  semiconfocal  Fabry-Perot  
r e s o n a t o r ,  modified i n  such a  manner t h a t  t h e  requ i rement  of d  = b ' / 2  i s  r e -  
l a x e d .  The v a l u e  b '  i s  t h e  r a d i u s  of c u r v a t u r e  and f i x e d  a t  1 m. The advan- 
t a g e s  of t h e  use  of a  near  s e n i c o n f o c a l  c o n f i g u r a t i o n  a r e  mani fo ld .  Such a  
c o n f i g u r a t i o n  p r o v i d e s  a convenient samp1.a mounting s u r f a c e .  I t  h a s  been 
shown t h a t  a l ignment  of t h e  m i r r o r s  i s  no t  a s  c r i t i c a l  a s  i t  i s  f o r  p lane-  
m i r r n r ~ r l  s i ~ r f a c e s .  The r e d u c t i ~ n  i n  s p o t  s i z e ,  a s  compared t o  t h a t  of t h e  
p lane  r e f l e c t o r  c o n f i g u r a t i o n ,  l i m i t s  t h e  l o s s e s  due t o  d i f f r a c t i o n ,  t h e r e b y  
a l l o w i n g  h i g h e r  Q f o r  t h e  r e s o n a t o r  ( a l t h o u g h  i t  l i m i t s  t h e  l o s s e s  on ly  h a l f  
a s  much a s  does  t h e  f u l l y  c o n f o c a l  r e s o n a t o r ) .  Indeed ,  Boyd and Gordon showed 
t h a t  a s  long a s  d  << b '  t h e  problems of d i f f r a c t i o n  of t h e  f i e l d  o u t  of t h e  
r e s o n a t o r  a r e  minimal [ 6 1 ] .  A l l  a s sumpt ions  a r e  based on t h e  requ i rement  
which is  e a s i l y  s a t i s f i e d  i n  t h i s  c a s e  of a  wavelength of abou t  3 . 2  mm. The 
l o s s e s  w i t h i n  t h e  r e s o n a t o r  a r e  t h e r e f o r e  l i m i t e d  t o  l o s s e s  w i t h i n  t h e  m e t a l  
r e f l e c t o r s  and t h e  l o s s e s  of t h e  f i l m  when i t  i s  i n ~ e ~ r t e d .  
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Figure 3-1. Resonator Design 

Flat Mirror 

Figure 3-2. Effective Resonator 



3-2 SPOT S I Z E  AND EFFECTIVE RESONATOR DIMENSIONS 

An impor tan t  concern  is  t h e  d e t e r m i n a t i o n  of c o n s t a n t  phase s u r f a c e s  and s p o t  
s i z e .  The s p o t  s i z e  i s  d e f i n e d  as t h e  r a d i u s  of t h e  beam when i t s  f i e l d  i n -  
t e n s i t y  r e a c h e s  a  v a l u e  of l / e  of t h e  i n t e n s i t y  a l o n g  t h e  p r o p a g a t i o n  a x i s .  
Boyd and Gordon determined t h a t  a c o n s t a n t  phase s u r f a c e  of r a d i u s  b' and 
s p a c i n g  2d can be approximated a s  a  c o n f o c a l  r e s o n a t o r  of r a d i u s  b, a s  i l l u s -  
t r a t e d  i n  , F i g .  3-2, wi th  t h e  f o l l o w i n g  r e l a t i o n s h i p :  

T h e r e f o r e ,  f o r  a  t y p i c a l  v a l u e  of d  = 6 cm, we f i n d  h = 47.5 cm. It i s  t h e n  
p o s s i b l e  t o  use t h i s  v a l u e  t o  de te rmine  from t h e  Boyd and Gordon c a l c u l a t i o n s  
t h e  s p o t  s i z e  Wo a t  t h e  f l a t  p l a t e  and t h e  e f f e c t i v e  c o n s t a n t  phase s p o t  
s i z e  W '  a t  t h e  curved s u r f a c e :  

S 

and .  

T h i s  y i e l d s  Wg = 1.55 cm and W '  = 1.6 cm. Thus t h e  s p o t  s i z e  v a r i e s  v e r y  
s 

s lowly a l o n g  t h e  r e s o n a t o r  a x i s .  

Another  method p r e s e n t e d  by Boyd and Gordon f o r  t h e  nonconfocal  c o n d i t i o n  
g i v e s  

F i g u r e  3-3 p l o t s  W '  v e r s u s  v a l u e s  of d t h a t  a r e  of i n t e r e s t  i n  t h i s  e x p e r i -  
S 

ment. Once i t  is  v e r i f i e d  t h a t  s p o t  s i z e  i s  small compared t o  r e s o n a t o r  d i -  
mensions,  i t  becomes p o s s i b l e  t o  examine t h e  c o n d i t i o n s  of r e sonance  and f i e l d  
modes p r e s e n t  i n  t h e  c a v i t y .  



Figure 3-3. Effective Constant Phase Spot Size vs. Reflector Spacing 



3.3 RESONANCE CONDITIONS 

Sheppard and Rothamel sugges ted  g u i d e l i n e s  f o r  Fabry-Perot  c a v i t y  d e s i g n  re-  
s u l t i n g  from examinat ion of t h e  c o n f o c a l  r e s o n a t o r  [62] .  They d e f i n e d  f o r  t h e  
mode d e s i g n  t h e  c o n d i t i o n  

t o  a s s u r e  o p e r a t i o n  i n  t h e  TEM mode. For  our  s i t u a t i o n  t h i s  v a l u e  i s  0.78,  
OPq i n d i c a t i n g  p o t e n t i a l  difficulties i n  o p e r a t i o n .  Boyd and Kogelnik  examined 

t h e  semiconfocal  r e s o n a t o r  and found t h e  c o n d i t i o n s  of r e sonance  t o  be 

f o r  r e sonance  i n  t h e  TEM mode [63] .  Making t h e  assumpt ion of o p e r a t i o n  i n  
mnq t h e  TEM mode we o b t a i n  

ooq 

r e s  q + ( 1 1 2 ~ )  cos-'(l  - d/bl  ) 

For  v a l u e s  of d  o b t a i n a b l e  i n  t h e  s e t u p ,  t h i s  e q u a t i o n  y i e l d s  v a l u e s  of q  
r a n g i n g  from 3 a t  d  = 0 .5  cm t o  74 a t  d  = 12 cm. Temple p o i n t e d  o u t  t h e  i m -  
p o r t a n c e  of a  h i g h e r  q  v a l u e  t o  i n s u r e  damping of t h e  d i f f r a c t i v e  e f f e c t s  of 
t h e  h i g h e r  o r d e r  t r a n s v e r s e  modes, i . e . ,  m, n  f O 1591. 

3.4 CAVITY Q 

A t h e o r e t i c a l  maximum QO f o r  t h e  unloaded c a v i t y  h a s  been c a l c u l a t e d  u s i n g  two 
d i f f e r e n t  t echn iques .  The f i r s t ,  i n t r o d u c e d  by Culshaw [ 9 ] ,  y i e l d s  

Th i s  r e s u l t  i s  d e r i v e d  u s i n g  a n  approx imat ion  of p lane  waves w i t h i n  t h e  cav- 
i t y ,  a  s u b j e c t  which i s  f u r t h e r  ana lyzed  l a t e r  i n  t h i s  r e p o r t .  The p l a n a r  
assumpt ion i s  based on t h e  f i e l d s  



and 

ZOHx = 2E0 cos(nTz/2d) . 

The energy  s t o r e d  i s  

and t h e  power l o s t  i s  

w i t h  Q d e f i n e d  as  

Q E  m x energy s t o r e d  
power l o s t  

2  
The power r e f l e c t i o n  c o e f f i c i e n t  of t h e  meta l ,  Irl , i s  d e f i n e d  a s  

l r 1 2 = 1 - ( 8 ~ , . t l / n )  . ,  

S u b s t i t u t i n g  Eq.  3-13 i n t o  Eq. 3-8 g i v e s  

when n  i s  g iven  as t h e ' v a l u e s  of q t h a t  were determined per Eq. 3-7. We then 
can s o l v e  f o r  t h e  expec ted  v a l u e s  of Q f o r  t h e  d e s i g n  r e s o n a t o r  wi th  . g o l d  end 
p l a t e s .  For  t h e  gold  p l a t e s  we f i n d  [64] 

u 
gold 

= 1 1 ~  = (2.44 x Qcm)-' , 
g 
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When t h e s e  v a l u e s  f o r  0, E, and a r e  s u b s t i t u t e d  i n  Eq.  3-14, we f i n d  

-3 
0  

= nnl (1 .001  x 10 ) 

arid t h e r e f o r e  

F i g u r e  3-4 g i v e s  t h e  expec ted  v a l u e s  of Q f o r  i n c r e a s e s  of bo th  q and t h e  
a s s o c i a t e d  v a l u e s  of d. 

Boyd and Gordon a l s o  c o n s i d e r e d  t h e  t h e o r e t i c a l  v a l u e  of Q u ,  bu t  they  were not  
r e s t r i c t i v e  r e g a r d i n g  t h e  f i e l d s  p r e s e n t  i n  t h e  r e s o n a t o r  [ 6 1 ] .  T h e i r  s o l u -  
t i o n  gave a n  unloaded QO o f  

where a i s  t h e  f r a c t i o n a l  power l o s s  p e r  r e f l e c t i o n  and r e p r e s e n t s  a  sum of 
bo th  d i f f r a c t i v e  and r e f l e c t i v e  l o s s e s .  Not ing t h a t  

we  o b t a i n  

I f  d i f f r a c t i v e  l o s s e s  a r e  n e g l e c t e d ,  a may be so lved  as f o l l o w s  f o r  a  p lane  
w a v e .  r e f l e c t i n g  from a  p l a n e  conduc t ing  s u r f a c e  of s u r f a c e  
r c c i c t i v i t y  R R / 0  [ 6 5 ]  : 

S 

where  % i s  t h e  wave impedance of f r e e  space .  The v a l u e  o f  % i s  

The s u r f a c e  r e s i s t i v i t y  i s  d e f i n e d  a s  t h e  r e s i s t a n c e  of m a t e r i a l ,  P ,  d i v i d e d  
by t h e  skin d e p t h  6: 



Figure 3-4. Theoretical Plot of Maximum Quality Factor for Nonperturbed Cavity 
vs. Wave Mode q 



The s k i n  dep th  i s  d e f i n e d  a s  t h e  d e p t h  t o  which a  f i e l d  h a s  p e n e t r a t e d  .a 
m a t e r i a l  when t h e  f i e l d  a m p l i t u d e  h a s  dec reased  t o  l / e  of t h e  e n t r a n c e  ampli-  
tude .  It i s  d e f i n e d  a s  

and i s  a  u s e f u l  q u a n t i t y  i n  t h e  a n a l y s i s  g iven  l a t e r  i n  t h i s  r e p o r t .  

So lv ing  a g a i n  f o r  t h e  vall le o f  QO a t  a wavelength  of = 0.325 cm, where 

lJ g  = uo( l  + X f3 ) H/cm - p e r m e a b i l i t y  , 

and 

-6 
xg 

= -28 X 10 c g s  s u s c e p t i b i l i t y  , 

so  t h a t  

g i v e s  a v a l u e  of  

A s  e x p e c t e d ,  t h e  f i e l d s  p e n e t r a t e  t h e  go ld  t o  a  very  sha l low d e p t h  of 0.258 
Pm, which g i v e s  

-3 
f o r  a  s o l u t i o n  of  a = 1.001 x 10 . 
I n  v e r i f i c a t i o n  of Eq. (3-15) we then  f i n d  

I n  summary, i t  i s  p o s s i b l e  t o  de te rmine  t h e  c o n d i t i o n s  of r e sonance  f o r  t h e  
semiconf o c a l  Fabry-Perot  r e s o n a t o r .  Spot s i z e  i s  c a l c u l a t e d  t o  e n s u r e  t h a t  



t h e  r e s o n a t o r  d imensions  a r e  much g r e a t e r  than  t h e  f i e l d s  and t h e  i n c i d e n t  
wavelength .  I f  t h e s e  c r i t e r i a  a r e  met, t h e  l o s s e s  due t o  d i f f r a c t i o n  can be 
n e g l e c t e d .  Under t h i s  assumption i t  i s  t h e n  p o s s i b l e  t o  c a l c u l a t e  t h e  un- 
loaded  QO . T h i s  c a l c u l a t i o n  i n v o l v e s  r e f  l e c t o r  m a t e r i a l  pa ramete rs  and t h e  
d i s t a n c e  between r e f l e c t o r s .  An impor tan t  q u e s t i o n  i s  t h e  a c c u r a c y  of t h e  
assumpt ion  of plane-wave f i e l d s  w i t h i n  t h e  r e s o n a t o r ,  and t h i s  s u b j e c t  is  d i s -  
cussed  i n  S e c t i o n  4.0. 



SECTION 4-0 

SAMPLE PERTURBATION 

The primary problem invo lved  w i t h  a n  a n a l y s i s  of sample e f f e c t  i n  t h e  resona-  
t o r  i s  t h e  d e t e r m i n a t i o n  of t h e  p r o p a g a t i o n  of t h e  f i e l d s  i n  t h e  i n t e r f e r o m e -  
t e r .  I n  t h e  e a r l y  work by Culshaw [ 9 ]  and a l s o  t h e  r e p o r t  from Culshaw and 
Anderson [ 8 ] ,  t h e  f i e l d s  were assumed t o  be p l a n a r .  I n  a l a t e r  paper  by 
Culshaw, t h e  f i e l d s  f o r  s e v e r a l  r e f l e c t o r  c o n f i g u r a t i o n s  were e x p r e s s e d  a s  in-  
t e g r a l  e q u a t i o n s  [ 6 6 ] .  Fox and L i  [ 6 0 ]  a l s o  cons ide red  d i f f e r e n t  r e s o n a t o r  
s t r u c t u r e s ,  and,  u s i n g  Huygens-Kirchhoff d i f f r a c t i o n  t h e o r y ,  they  were a b l e  t o  
deve lop  i n t e g r a l  e q u a t i o n s  f o r  t h e  f i e l d s .  They expressed  t h e  f i e l d  d i s t r i -  
b u t i o n  a s  a  f u n c t i o n  of t h e  number of bounces between r e f l e c t o r s  and found 
t h a t  f o r  t y p i c a l  c a v i t y  g e o m e t r i e s  t h e  f i e l d s  reached a  s t e a d y - s t a t e  condi-  
t i o n .  They performed numer ica l  s o l u t i o n s  f o r  t h e  e i g e n v a l u e s  and e igenfunc-  
t i o n s  ( t h e  f i e l d  d i s t r i b u t i o n ) .  Boyd and Gordon [61]  conf ined  t h e i r  a n a l y s i s  
t o  t h e  c o n f o c a l  r e s o n a t o r  and found t h a t  t h e  i n t e g r a l  e q u a t i o n  could  be so lved  
i n  c l o s e d  form by e x p r e s s i n g  t h e  e i g e n f u n c t i o n s  and e i g e n v a l u e s  i n  t e rms  of 
t h e  a n g u l a r  and r a d i a l  wave f u n c t i o n s  i n  p r o l a t e  s p h e r o i d a l  c o o r d i n a t e s .  So- 
l u t i o n s  f o r  t h i s  approx imat ion  i n v o l v e  a  complex e x p r e s s i o n  of  a  IIermite 
Polynominal  s e r i e s .  Lo t sch  [67]  l i k e w i s e  used p r o l a t e  s p h e r o i d a l  c o o r d i n a t e s  
and obta-lned a  s o l u t i o n  f o r  r e c t a n g u l a r  f l a t  r e f l e c t o r s  s i m i l a r  t o  t h e  so lu -  
t i o n  found by Boyd and Gordon. He a l s o  used t h e  p r i n c i p l e  of a  IIuygen enve- 
lope  c o n s t r u c t i o n  wi th  Young's p r i n c i p l e  of i n t e r f e r e n c e .  I n  l a t e r  work by 
Kogelnik  and Li, '  t h e  f i e l d s  were assumed t o  t a k e  on a Gauss ian  d i s t r i b u t i o n  
around t h e  a x i s  of p ropaga t ion  [ 6 8 ] .  I n  t h i s  a n a l y s i s  t h e  e i g e n f u n c t i o n s  o r  
f i e l d  d i s t r i b u t i o n s  were approximated a s  e i t h e r  Hermite-Gaussian o r  Laguerre-  
Gauss ian f u n c t i o n s .  

We dec ided  t o  approach t h e  problem u s i n g  two t h e o r e t i c a l  a n a l y s e s .  The f i r s t  
invo lved  a  s o l u t i o n  i n  which a  Hermite-Gaussian f i e l d  d i s t r i b u t i o n  was a s -  
sumed. The second a n a l y s i s  invo lved  approx imat ions  of  t h e  f i e l d s  a s  p lane  
waves expressed  by t h e  s i n e  and c o s i n e  f u n c t i o n s .  We expec ted  t h a t  t h e  l a t t e r  
approx imat ion  would y i e l d  a  more s i m p l i f i e d  r e s u l t ,  and we hoped . t h a t  exper i -  
menta l  d a t a  would v e r i f y  t h i s  approach  a s  a  v i a b l e  t echn ique .  The a n a l y s i s  of  
t h e  f i r s t  approx imat ion  f o l l o w s  t h e  t e c h n i q u e s  of Anderson [ 5 5 ] ,  w h i l e  t h e  
l a t t e r  f o l l o w s  t h e  approach of Culshaw and Anderson. 

1 NONPLANAR , CAVITY FIELDS 

Boyd and Gordon d e r i v e d  t h e  i n t e g r a l  e q u a t i o n  f o r  t h e  f i e l d s ,  o b t a i n i n g  t h e  
f o l l o w i n g  e x p r e s s i o n  f o r  t h e  f i e l d s  i n  a n  unloaded c a v i t y  [61] :  



F i g u r e  4-1 shows t h e  r e s o n a t o r  s t r u c t u r e ,  where t h e  terms used i n  Eq. (4-1) 
a r e  d e f i n e d  a s :  

2 2 < = -  
b '  a  normal ized f a c t o r  of l e n g t h ;  

- 
z = d i r e c t i o n  a l o n g  t h e  p r o p a g a t i o n  a x i s ;  

b - r a d i u s  of c u r v a t u r e ;  

a r a d i u s  of m i r r o r ;  
2  

C = -  a a  c o n s t a n t ;  
b '  

k = 2m/A, t h e  p r o p a g a t i o n  c o n s t a n t ;  

2 2 2 
w  = x + y  , r a d i u s  of beam; 

X = x w ,  a  nonna1:irrd l e n g t h ;  

Y = y d c / a ,  a normal ized l e n g t h ;  

+ = t a n - l ( l -  5/1+5). 

I n  t h e  c a s e  we c;onsidered, we had a  = 5  cm, b  = 100 cm, k = 2 ~ 1 0 . 3 2 5  = 1 9 - 3 3  
a L k  and c  = -- = 4.8. Boyd and Gordon demonstra ted  g r a p h i c a l l y  t h a t  t h i s  cm , b 

v a l u e  of c  e n s u r e s  t h a t  t h e  c a v i t y  f i e l d s  may be approximated a s  a n g u l a r  pro- 
l a t e  s p h e r o i d a l  f u n c t i o n s .  Th i s  p a r t i c u l a r  v a l u e  of c  a l s o  g u a r a n t e e s  t h a t  
t h e  a x i a l  f i e l d s  o f f  a x i s  a r e  very  small, and i f  we c o n s i d e r  t h e  TEM modes, 

mnq 
t h e  v a l u e  of m = n = 0  i s  a good assumpt ion .  Thus Eq. (4-1) can be s i m p l i f i e d  
t o  

I 
Boyd and Gordon showed t h a t  Eq .  (4-8) r e p r e s e n t s  s p h e r i c a l  s u r f a c e s  t h a t  a r e  
o f  c o n s t a n t  phase a t  t h e  rounded r e f l e c t o r  and change g r a d u a l l y  t o  p l a n a r  con- 
s t a n t  pha,se . s u r f a c e s  a t  t h e  f l a t  r e f l e c t o r .  



Figure 4-1. Resonator Structure 

Substrate 
Film 

Figure 4-2. Resonator With Mounted Sample 



A f u r t h e r  s i m p l i f i c a t i o n  o c c u r s  i n  Eq.  (4-8) i f  we c o n s i d e r  t h a t  t h e  f i e l d  i s  
n e a r l y  p l a n a r  a t  t h e  f l a t  r e f l e c t o r ,  and ,  t h e r e f o r e ,  t h a t  l e t t i n g  w = 0 i s  
a p p r o p r i a t e .  ( L a t e r  i n  t h e  a n a l y s i s ,  when a  f i l m  sample i s  i n s e r t e d ,  t h e  
sample  must be t h i n  and of  g e n e r a l l y  even c h a r a c t e r i s t i c s  such t h a t  t h e  phase  
change through t h e  sample i s  uniform o v e r  t h e  e n t i r e  sample . )  The approxima- 
t i o n  of w = 0 y i e l d s  

where  

T h i s  r e p r e s e n t s  a  wave t r a v e l i n g  t o  t h e  l e f t  w i t h  a form expressed  by 

and  a wave t r a v e l i n g  t o  t h e  r i g h t  i s  expressed  by 

The s u p e r i m p o s i t i o n  of  t h e  two waves a s  t h e  f i e l d  i n  t h e  r e s o n a t o r  y i e l d s  

where A and A i  a r e  complex c o n s t a r i t s  t o  be determined l a t e r  i n  t h i s  a n a l y s i s .  

F i g u r e  4-2 r e p r e s e n t s  t h e  r e s o n a t o r  w i t h  t h e  sample mounted. D e s i g n a t i n g  t h e  
f i e l d s  i n  t h e  f r e e  space  a s  El and t h o s e  i n  t h e  sample a s  8, makes i t  p o s s i b l e  
t o  w r i t e  

+ A ;  e x p  [j(F s + 0 1 1  e x p ( j a c t )  



s i ? ~  Q . TR-2 2  7 
- 

and 

where lcs i s  t h e  p r o p a g a t i o n  c o n s t a n t  i n  t h e  m a t e r i a l .  S o l u t i o n s  can be ob- 
t a i n e d  by imposing t h e  f o l l o w i n g  boundary c o n d i t i o n s  on t h e  f i e l d s  and tan-  
g e n t i a l  components: 

The s o l u t i o n s  a r e  q u i t e  i n v o l v e d ,  and a n  a n a l y s i s  s i m i l a r  t o  t h a t  found i n  
Ref. 56 w i l l  y i e l d  t h e  f o l l o w i n g  c o n d i t i o n  f o r  resonance:  

k  
t a n  (T d  - $1, = - L  n  c o t ( >  - $0, , 

where t h e  sample t h i c k n e s s  i s  assumed' t o  be much l e s s  than  d.  Note t h a t  n  i s  
t h e  index  of r e f r a c t i o n ;  i . e . ,  

where 

s o  t h a t  

4-2  DETERMINATION OF CAVITY Q FOR NONPLANAR FIELDS 

The c a l c u l a t i o n  of Q can be made by a g a i n  d e f i n i n g  Qs a s  t h e  Q of t h e  c a v i t y  
w i t h  sample: 

a v e r a g e  energy s t o r e d  
Qs a v e r a g e  power l o s t  

The power l o s s e s  may be d i v i d e d  i n t o  t h e  f o l l o w i n g  c a t e g o r i e s :  



Ohmic l o s s e s  i n  r e f l e c t o r s  r LM , 
D i f f r a c t i o n  l o s s e s  r LD , 

The l o s s  i n  sample may a l s o  be d e f i n e d  a s  

L 

since the l o s s  t a n g e n t  i s  d e f i n e d  a s  

t a n  6 = U / W E  (4-22) 

f o r  n o n d i e l e c t t i c  m a t e r i a l s .  The average  energy s t o r e d  may be expressed  a s  

a 
Energy S t o r e d  = & J 1 El0 E t  dw d6 + E 1 52 p 

0 
Es*E: dw d5. (4-23) 

O O 

Combining the  above e q u a t i o n s ,  we o b t a i n  

5  
la El* Er dw d ~  + (2 la Ese IT; dw d t  

Q, = 
51 0 1 . (4-24) 

W E  t a n  6 fi l a E  E* dw dS + + LD 
O 

S s 

When we d i v i d e  by EO, Eq. (4-24)  becomes 

52 / El . Et dw d i  + K t  I / E E* du d i  
S S 

E0 O el 0 
Qs = 

I . (4-25) 

u r '  tnn 6 fi la E~ B* dw d S  + LM + Lg 
O 

S 

D e f i n i n g  t h e  t o p  term a s  W and i n v e r t i n g  Eq. (4-25) g i v e s  

t a n  6 l ' E l E; dw dS 
S 

O 1 L + LD 
- = + M 

lJJ w fJJ w 
s. 

We d e f i n e  the  f o l l o w i n g  terms:  



and . 

I f  t h e  r e s o n a t o r  wi thou t  a  sample i s  examined, QO may be expressed  a s  

It i s  assumed i n  t h e  above e x p r e s s i o n  t h a t  i n s e r t i o n  of a sample does  n o t  a f -  
f e c t  t h e  d i f f r a c t i o n  o r  r e f l e c t o r  l o s s e s  and t h a t  t h e  sample i s  t h i n  compared 
t o  t h e  r e s o n a t o r  r e f l e c t o r  spac ing .  The combinat ion of Eqs. (4-30), (4-29), 
and (4-28) y i e l d s :  

I n  a s i m i l a r  manner i t  i s  p o s s i b l e  t o  e x p r e s s  

-1 - t a n  6 -- 
Q s f  + + 1  

Rewr i t ing  Eq. (4-26) g i v e s  

1 - t a n  6 + - - -  1 

s + +  1 1 Qo(' + 

1 - t a n  6 + - - -  1 

s + +  1 1 
Q o ( l  + 7)  

from Eqs. (4-31) and (4-32). 

S o l v i n g  ~q . (4-34 ) f o r  t a n  6 '  % i v e s  . 



which y i e l d s  f o r  P from Eq. (4-22) : 

I n  a n  e x p e r i m e n t a l  s e t u p ,  QO and Qs a r e  measured, a  v a l u e  o f  I determined from 
Eq. (4-29), and t h e  v a l u e  of P determined.  The problem i n  t h i s  t e c h n i q u e  i s  
t h a t  t h e  d e t e r m i n a t i o n  o f  I i n v o l v e s  numer ica l  i n t e g r a t i o n  t e c h n i q u e s  and i s  
t roub lesome.  Also ,  i t  i s  n e c e s s a r y  t o  perform t h i s  c a l c u l a t i o n  f o r  e v e r y  sam- 
p l e  of d i f f e r i n g  t h i c k n e s s  o r  v a r y i n g  d i e l e c t r i c  c o n s t a n t .  T h i s  i s  a  burden- 
some but f e a s i b l e  method wi th  computer ized i n s t r u m e n t a t i o n .  

4-3 PLANE WBm CAVITY FIELUS 

The a n a l y s i s  of the f i e l d s  f o r ,  t h e  r e s o n a t o r  under p lane wave assumpt ions  m y  
n e x t  be de te rmined .  F i g u r e s  4-3 and 4-4 show t h e  r e s o n a t o r  w i t h  p e r t i n e n t  i n -  
formation.;  t h e  sample i s  mounted i n  F i g .  4-4. From R e f .  48 i t  i s  p o s s i b l e  t o  
d e s c r i b e  t h e  f i e l d s  i n  r e g i o n  0, from z  = 0  t o  z  = 21, as  

E = 2A s i n  Bz , 
0  0  

(4-37 ) 

and 

ZOHO =. - j2A0 c o s  f3z , (4-38) 

where a g a i n  6 i s  t h e  p r o p a g a t i o n  c o n s t a n t  e q u a l  t o  2n/A. 

I n  r e g i o n  1, from z = zl to z = z2 ,  t h e  f i e l d s  a r e  given by . 

El = 2A 1 ~ l n ( f 3 ~ s '  + I) , 

and 

where  

s 1 = 2 - 2 1  . 
The fo l lowing  boundary c o n d i t i o n s  a r e  imposed: 

Eo(0) ' 0 ;  E (z  ) = O  . 
1 2  

The t a n g e n t i a l  components a t  t h e  i n t e r f a c e  a r e  con t inuous :  

These  boundary c o n d i t i o n s  imply t h a t  t h e  s u b s t r a t e  m a t e r i a l  i s  s e v e r a l  s k i n  
d e p t h s  t h i c k ,  and t h u s  t h e  s u b s t r a t e  e f f e c t i v e l y  t e r m i n a t e s  t h e  f i e l d  a t  t h e  
i n t e r f a c e  of t h e  f i l m  and s u b s t r a t e ,  i . e . ,  El(z2)  = 0 .  With t h e  boundary con- 



Figure 4-3. Cavity for Plane Wave Calculations 

Figure 4-4. Cavity with Sample for Plane Wave Calculations 



d i t i o n s  i t  i s  p o s s i b l e  t o  s o l v e  f o r  t he  v a r i a b l e s  A1 and P i n  terms of Ao. 
T h i s  i s  done by f i r s t  combining Eqs. (4-37) and (4 -39 )  with the  a p p r o p r i a t e  
boundary cond i t i on  t o  y i e l d  

A, 
U 

s i n  'P = - s i n  132 1 - '  
(4-42 ) 

A, 

Next, combining Eqs. (4-38)  and (4-40) with t he  boundary cond i t i ons  g i v e s  

c o s  Bzl 

A0 - c o S  

The s u b s t i t u t i o n  n  = - . = (%y i s  made t o  o b t a i n  z 1 
cos  Bz -1 A = n  A 1 

1 , 0 c o s  P , 

A. -1 
cos P = - n  cos Bzl . 

A, 

Divid ing  Eq. (4-45) i n t o  Eq. (4-42) y i e l d s  

.sin Bz 
sin - t a n  4 = n  - -  1 

= n  tan  Bz 
cos  P c o s  Bzl 1 ' 

- 1 P = t an  (n tan  Bzl ) , (4-46 ) 

which i s  one v a r i a b l e .  So lu t ion  of A1 comes from squar ing  Eq. (4 -42 ) :  

Using Eq. (4-45) f o r  c o s  P g i v e s  

A: 1 = -  2 A; - 
2  

s i n  L + - n  2cos2 Bz , 2 
A, A, 

s o  t h a t  

= ( s i n  



The c o n d i t i o n  of El = 0 a t  z = z2  ( s t  = s )  may he  i n s e r t e d  i n t o  Eq. (4-39') t o .  
y i e l d  

s i n ( &  + $) = 0 . 
, Expanding Eq. (4-49) y i e l d s  

o i n  6s cos + rns Bs s i n  $ = 0 , 

s o  t h a t  
t a n  Bs = - t a n  $ 

and,  by Eq. (4-46),  

t a n  Bs = - n t a n  Bzl . (4-5 1 ) 

Toge the r  w i t h  t h e  r e l a t i o n s h i p  g i v e n  i n  Eq. (4-52),  t h i s  r e p r e s e n t s  a cond i -  
t i o n  of r e sonance .  For  r e sonance  a node o c c u r s  a t  z = z2 ,  o r  

o r  

s i n  Bs cos  $ + s i n  $ c o s  Bs = 0 . 
Using Eqs. (4-42) and (4-45) g i v e s  

-1 
n c o s  Bzl s i n  Bs + cos  Bs s i n  Bzl = 0 , 

Thus w e  f i n d  

, . .  

-1 
n cos Bzl + s i n  Bzl c o t  Bs = 0 . 

- 1 n + t a n  Bzl c o t  Bs = 0 , 

which i s  a n o t h e r  c o n d i t i o n  f o r  r e s o n a n c e .  



4-4 DETERMINATION OF CAVITY Q FOR PLANAR FIELDS 

The c a l c u l a t i o n  of Q proceeds i n  t he  same manner a s  the previous de te rmina t ion  
of Q.. Q i s  redef ined  

energy s tored  
Q = -power l o s t  

o r ,  f o r  t he  unloaded c a v i t y ,  
W W  

where 

Z 
- I I E o * E g f d z  e n e r g y  s to red  , 

W, - z €0 
0 

1 
PL = $ Hoe H* dA power. l o s t  i n  r e f l e c t i o n  , 

0 

- 
PD = power l o s t  due t o  d i f f r a c t i o n  . 

By use of Eqs. (4-37) and (4-38) t he  i n t e g r a l s  may be eva lua ted :  

2 
Z 
1 1  

Ws 
= 2A E I - (1. - cos 2Pz) dz . 

O 0 0  2 

Cofitinuing t h e  i n t e g r a l  e v a l u a t i o n  y i e l d s  

2 
W s  = EOAO 

1 
(z l  - -  s i n  2 8 ~ ~ )  . 

2B 

For resonance,  we a l s o  have a  node a t  z l ;  i . e . ,  

mX = z 
1 ' 

B e q u a l s  2n/X, so  



where m i s  a n  i n t e g e r .  Under t h i s  c o n d i t i o n ,  Eq.  (4-59) i s  w r i t t e n  a s  

where zl = .d, t h e  d i s t a n c e  between r e f l e c t o r s ;  i . e . ,  

By a  s i m i l a r  a n a l y s i s ,  t h e  power l o s t  i s  

S o l u t i o n  of t h e  i n t e g r a l  y i e l d s  

2  
Power Los t  = 4MA0 + PD , 

where 

Combining Eqs. (4-61) and (4-62), we f i n d  

where 

The a d d i t i o n  of t h e  f i l m  i n t r o d u c e s  t h e  f o l l o w i n g  components t o  the e x p r e s s i o n .  
of Q: 

I f  we a g a i n  assume t h a t  when t h e  f i l m  i s  added t h e  l o s s e s  due t o  d i f f r a c t i o n  
a r e  no t  d i f f e r e n t  from t h e  l o s s e s  invo lved  i n  t h e  unloaded c a s e ,  we f i n d  



Under t h e  assumption of a t h i n  f i l m ,  and t h u s  a f i e l d  t h a t  i s  no t  subs tan-  
t i a l l y  changed w h i l e  p a s s i n g  through t h e  sample,  Eq. (4-65) can be so lved  t o  
y i e l d :  

2 - 2 2 
w [ E ~ ~ ~  + ~ l s ( s i n  B Z ~  + n cos  B i z , ) ]  

. - 
Qs = 

- 
2 

WE"S ( s i n  Bzl + nq2 cos2 Bzl ) + 4M + Ps ' 

Rut a g a i n  f o r  a t h i n  f i l m  and resonance,we may say f o r  resonance t h a t  

T h e r e f o r e  Eq. (4-66) becomes 

W ( E ~ Z , ,  + ~ * s n - ~ )  
9, = 

uc"on-2 + AM + P 
s 

E 
0 

S u b s t i t u t i n g  f o r  n 2 ,  from Eq. (4-19), g i v e s  

The term (z l  + s )  can be s e t  e q u a l  t o  d f o r  s t h a t  i s  small i n  comparison t o  
t h e  r e s o n a t o r  s p a c i n g ,  and by d i v i d i n g  Eq. (4-68) by w and  EO we o b t a i n  

d 
's = E " s / E 1  -+ (4M + Ps)  /WE 

(4-69) 
0 

4-5 DERIVATION OF THE EXPRESSION FOR RESISTIVITY 

The l o s s  t angen t  may a l s o  be d e f i n e d  [65] a s  

E" 
t a n  6 = - 

E '  

Equa t ion  (4-69) i s  r e w r i t t e n :  

Q = '  d 
s s t a n  6 + (4M + P o ) / ~ ~ o  . 

By i n v e r t i n g  Eq. ( 4 - f l ) ,  t h e  f o l l o w i n g  r e l a t i o n  is  ob ta ined :  
, . 

n 

or, '  >by .Eq. (4-64), we f i n d  



Solv ing  f o r  t a n  6 y i e l d s  

from 

It i s  t h e  express ion .  f o r  P i n  Eq.  (4-75) t h a t  p r e s e n t s  t h e  most a p p e a l i n g  so- 
l u t i o n  i n  terms of a n  easy  measurement; Measurements can be made f o r  QO when 
t h e  sample i s  no t  p r e s e n t  and f o r  Qs when t h e  f i l m  i s  mounted. With knowledge 
of t h e  f i l m  t h i c k n e s s  and t h e  d i s t a n c e  between r e f l e c t o r s ,  c a l c u l a t i o n  of t h e  
f i l m  r e s i s t i v i t y  i s  a s imple  p rocedure .  IJe hoped t h a t  e x p e r i m e n t a l  measure- 
ments would v e r i f y  t h e  above e q u a t i o n  a s  a  v i a b l e  s o l u t i o n .  





SECTION 5-0 

EXPERIMENTAL SETUP 

We assembled t h e  e x p e r i m e n t a l  a p p a r a t u s  w i t h  the' g o a l  of keep ing  i t  a s  s imple  
a s  p o s s i b l e .  From t h e  d i s c u s s i o n  of t h e  t h e o r y ,  i t  i s  e v i d e n t  t h a t  a l l  t h a t  
was needed was a  method t o  measure t h e  Q of t h e  r e s o n a t o r .  By use  of w e l l -  
documented t e c h n i q u e s ,  t h e  measurement was made u s i n g  on ly  a  s t a n d i n g  wave 
probe and f requency meter .  The s i g n a l  s o u r c e  was a r e f l e x  k l y s t r o n .  F i g u r e  
5-1 shows a block diagram of t h e  e x p e r i m e n t a l  a p p a r a t u s  t h a t  w a s  assembled.  

The k l y s t r o n  was a V a r i a n  VC-710, which demonstra ted  a f requency  range from 90 
t o  94 GHz. It was powered by a  PRD TYPE 815 k l y s t r o n  power supp ly .  The power 
s u p p l y  was t y p i c a l l y  run a t  a beam v o l t a g e  of 2400 V a t  12 mA. The r e f l e c t o r  
v o l t a g e ,  modulated by a  40-V s q u a r e  wave s i g n a l  a t  1000 IIz, i n d i c a t e d  a n  o p t i -  
mum o s c i l l a t i o n  when s e t  a t  abou t  180 V. The modula t ion w a s  performed s o  t h a t  
t h e  d e t e c t o r  meter could  be used ,  and i t  was op t imized  by d e l i v e r i n g  t h e  maxi- 
mum d e t e c t o r  c u r r e n t  a t  matched f requency .  The k l y s t r o n ,  a 75-mW d e v i c e ,  re-  
q u i r e d  wa te r  c o o l i n g ,  which was accomplished u s i n g  a  small r e c i r c u l a t i n g  w a t e r  
pump and a  two-quart me ta l  pan f o r  wa te r  h o l d i n g  and c o o l i n g .  

The i s o l a t o r  was a  TRG I n c .  model # ~ 1 1 2 - 3 6 ,  which u t i l i z e d  a  f e r r i t e  m a t e r i a l ,  
reduced unwanted modes w i t h i n  t h e  waveguide,  and added t o  t h e  f requency  s t a -  
b i l i t y  of t h e  k l y s t r o n  by e l i m i n a t i n g  l o a d i n g  e f f e c t s  seen by t h e  g e n e r a t o r .  . 

The wavemeter, des igned and assembled a t  t h e  U n i v e r s i t y  of Colorado,  was a  re-  
s o n a t o r - s t y l e d  i n d i c a t o r .  U n f o r t u n a t e l y ,  no d a t a  e x i s t e d  a s  t o  i t s  o p e r a t i o n ,  
s o  we spen t  a  s u b s t a n t i a l  amount of t ime on i t s  c a l i b r a t i o n  and d e s i g n  param- 
e t e r s .  T h i s  i n f o r m a t i o n ,  due t o  i t s  l e n g t h ,  i s  summarized i n  Appendix A.  It' 
was p o s s i b l e  t o  de te rmine  f requency  w i t h  t h e  metcr  wi th  a n  a c c u r a c y  good t o  
t h e  f o u r t h  d i g i t .  

The s t a n d i n g  wave i n d i c a t o r ,  b u i l t  by t h e  N.B.S. Boulder Labs . ,  was a  u n i t  
w i t h  a  1-cm range of t r a v e l .  The probe dep th  i n t o  t h e  f i e l d s  was a d j u s t e d  s o  
a s  t o  produce a n e a r l y  i d e a l  s i n e  s q u a r e  response  when t h e  probe t r a v e r s e d  
o v e r  t h e  1-cm l e n g t h  of t r a v e l .  Tunable s l u g s  were a d j u s t e d  t o  maximize t h e  
s i g n a l  d e t e c t e d  by p roper  a t t e n u a t i o n  of t h e  E and H components i n  t h e  d e t e c -  
t o r  waveguide. The d e t e c t o r  used was a  1N53 c r y s t a l  d i o d e  d e t e c t o r  which pro- 
duced good square  law behav io r .  The d e t e c t e d  c u r r e n t  from t h e  d i o d e  was mon- 
i t o r e d  w i t h  e i t h e r  a n  o s c i l l o s c o p e  o r  a n  HP-415R d e t e c t o r  me te r .  The mete r  
was i n t e r n a l l y  locked t o  d e t e c t  a  1000-Hz modula t ion f requency ;  f o r  t h i s  rea-  
son t h e  k l y s t r o n  power supply  was a d j u s t e d  f o r  maximum d e t e c t i o n .  

The r e s o n a t o r  was des igned  by.' E'. Barnes and f a b r i c a t e d  a t  t h e  U n i v e r s i t y  of 
Colorado.  F i g u r e  5-2 i s  a  d e t a i l e d  drawing of t h e  r e s o n a t o r  wi th  p e r t i n e n t  
d imensions .  The r e f l e c t o r s  were machined o u t  of s t e e l  and then  c o a t e d  w i t h  
g o l d .  The gold  f i l m  provided h igh  conduc . t iv i ty  and hence low power l o s s  r e -  
f l e c t i o n  c o e f f i c i e n t .  The r e f l e c t o r s  were mounted. on a n  o p t i c a l  bench. The 
f r o n t  curved r e f l e c t o r  had a  g r o s s  p o s i t i o n  ad jus tment  t h a t  provided movement 
a l o n g  t h e  bench. .  The r e a r  r e f l e c t o r  was f i x e d  t o  t h e  o p t i c a l  bench bu t  was 
c a p a b l e  of a  mic romete r -con t ro l l ed  movement of 1 cm. A s t e e l  r u l e  w a s  p l a c e d  
between t h e  two r e f l e c t o r s ,  s o  t h a t  a  r e f l e c t o r  spac ing  of 0 t o  12 cm cou ld  be 
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e a s i l y  de te rmined .  T h i s  d e s i g n  was ve ry  u s e f u l  f o r  measurements. The meas- 
urement of t h e  r e f  l e c t o r  movement was not  s u f f i c i e n t l y  a c c u r a t e ,  however, t o  
a l l o w  t e c h n i q u e s  used by o t h e r  r e s e a r c h e r s ,  e . g . ,  l e n g t h  r e t u n i n g .  Other  d i -  
mensions  a l s o  might have been op t imized  by a  review of t h e  work of Sheppard 
and Rothamal,  which d e t a i l e d  o p t i m i z a t i o n  of o b t a i n a b l e  Q wi th  r e g a r d  t o  para-  
m e t e r s  such a s  i r i s  s i z e  1621. The r e s t  of t h e  equipment was a l s o  mounted on 
a n  o p t i c a l  bench t o  a c h i e v e  a  h e i g h t  match. F i g u r e  5-3 shows a  photograph o f  
t h e  s e t u p .  



Figure 5-3. Photograph of Experimental Setup 





SECTION 6-0 

EXPERIMENTAL RESULTS 

The measurement of i n t e r e s t  described i n  Section 4.0 i s  the  value of resonator  
Q. The Fabry-Perot resonator  was i n i t i a l l y  s e t  up with both r e f l e c t o r s  gold 
p la ted  so tha t  base l ine  QO s t u d i e s  could be made. I n i t i a l  e f f o r t s  a t  detect-  
ing Q proved discouraging: no resonance could be detected.  Af ter  a thorough 
ana lys i s ,  i n  which an E-H tuner was used t o  attempt a maximum coupling, it was 
discovered tha t  so lder  had run around the  waveguide wal ls  when it was joined 
t o  the  curved r e f l e c t o r .  This e f f e c t i v e l y  changed the  wall  th ickness  from 
0.010 in. ,  a s  shown i n  Fig. 5-2, t o  almost 0.050 in.,  so t h a t  the  f i e l d  t rans-  
mission through the i r is  was blocked. Af ter  correc t ion  of the  problem, a 
d e f i n i t e  resonance was detected a s  the  back r e f l e c t o r  was moved. 

6-1 TECl3MIQUE FOR MEASUREMWT-OF Q 

Measurements of Q were made by the  standing wave r a t i o  method of Ginzton 
[12]. I n  summary, the method i s  a s  follows: 

Detune resonator  completely. 

Using the Standing Wave Ind ica to r  (SWI), l o c a t e  a minimum i n  the  
standing wave pat tern .  This ind ica tes  a detuned shor t  pos i t ion .  
Note posi t ion.  

Tune resonator  t o  resonance, a s  indica ted  by e i t h e r  an  inc rease  i n  
s igna l  l e v e l  a t  the detuned shor t ,  o r  a decrease i n  s i g n a l  a t  the  SWR 
maximum. 

Explore the SWR t o  a s c e r t a i n  t h a t  the  previously located minimum now 
represents  e i t h e r  a maximum o r  a minimum reading while i n  resonance. 

I f  the previous minimum is  s t i l l  a minimum, the  resonator  is under- 
coupled. I f  i t  i s  now a maximum, the  resonator  i s  overcoupled. 

With cavi ty  i n  resonance, measure the  VSWR; VSWR value 5 ro. 

Calcula te  8, the  coupling c o e f f i c i e n t  , from: 

a )  B = l/ro, i f  resonator is  undercoupled; 

b)  B = ro, i f  resonator  i s  overcoupled. 

Using the frequency meter, read fo ,  the  frequency of resonance. 

Using e i t h e r  a Smith char t  technique, o r  the  following a n a l y t i c  ex- 
pressions,  c a l c u l a t e  the  values of half-power VSWRs r e l a t e d  t o  the  
respect ive  values of Q f o r  the  load and resonator ,  and a quan t i ty  QO, 
where 



and 

3 

28 
m 1 + 282 + 1 + 48 

for 'EXT' ( '112)~ 

(10) Knowing these  values of VSWR, detune the k lys t ron u n t i l  the  desired 
VSWR is obtained, preferably detuning on both s ides  of fo  to  f ind  t h e  
f requencies  f l  and f 2  t h a t  correspond t o  the p a r t i c u l a r  r112 under 
mea surement . 

(11) Measure the values of f l  and f2 using the frequency meter. 

(12) Calcula te  t h e  p a r t i  cu la r  Q under measurement a s  

It should be noted t h a t  QO is  the Q of i n t e r e s t ,  s ince i t  represents  the re- 
sonator i t s e l f .  The Q's a r e  r e l a t e d  such t h a t  

and a l s o  

The r e f l e c t i o n  c o e f f i c i e n t  I' can a l s o  be determined from the value of ro from 

In a l l  cases of measurement, the  cav i ty  was found t o  be overcoupled. For coa- 
venience, s ince  Q vs. f i s  symmetric about f g  [12], the k lys t ron was only de- 
tuned i n  one d i rec t ion .  Using t h i s  frequency, we ca lcula ted  Q as 

f o  
= 2(f,-fo) (6-9) 

The value chosen f o r  r112 was genera l ly  ca lcula ted  from Eq- (6-3); however, 
the  Smith char t  method was used a l s o  t o  ve r i fy  r e s u l t s .  The Smith char t  met- 
hod, shown i n  Fig. 6-1, c o n s i s t s  of drawing the constant 8 or  ro curve on the 
c h a r t ,  with a passage through 0 + 30, then constructing l i n e s  of constant  
c h a r a c t e r i s t i c s  a s  described by Ginzton. The i n t e r s e c t i o n s  of these  l i n e s  
with the  c i r c l e  represent  the  half-power VSWR points  t o  be a t t a i n e d .  

W e  f u r t h e r  modified the  a c t u a l  Q measurement technique. S t a r t i n g  with Eq. 
(6-9) and s u b s t i t u t i n g  wavelength f o r  frequency gives 
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Figure 6-1. Smith Chart Calculation of Half-Power Point 



The frequency meter (see Appendix A) had the following micrometer-dial-read- 
ing-to-wavelength conversion: 

where 

d = [(1.5 + x)2]2.54 in. 

and x is the micrometer dial reading. 

The value of q was ascertained to be 27. The factor of (112*)cos-~(l-d/b) was 
typically 0.1 to 0.2--much less than 27--so it was ignored. Equation (6-12) 
then becomes 

This leaves the value of Q as 

Thus, a convenient measurement of Q was made simply by reading the micrometer 
dial on the wavemeter. 

6.2 m A D E D  CdCTY&- 1 5  . 
- - -- - ;'fc 8 .;-I_- 4.. -- - 

With the gold-p~~-&icck refz6ctor maunred, a 111ulLitude of Q mcaourcmento 
were made. These measurements deviated greatly from the expected Q, as seen 
in Fig. 6-2. The values represented in Fig. 6-2 were derived from the aver- 
ages given in Table 6-1. 

Table 6-1- Q vs- d 

distance d 
( cm) 



0 1 2 3 4 5 6 7 8 9 10 11 12 

d lcml 

Figure 6-2. Measured Q, vs. d 



The e x p l a n a t i o n  f o r  t h e  d e v i a t i o n s  of t h e  r e a d i n g s  from t h e  l i n e a r  i d e a l  con- 
d i t i o n  i s  twofold .  The problem a t  t h e  c l o s e  s p a c i n g s  i s  expec ted ,  a s  pe r  an  
e x p l a n a t i o n  by Culshaw; a  minimum d i s t a n c e  of 

i s  r e q u i r e d  f o r  p roper  resonance [ 9 ] .  Culshaw showed . t h a t  f o r  spac ings  c l o s e r  
t h a n  t h a t  va lue ,  m u l t i p l e  modes e x i s t  i n  ' the r e s o n a t o r .  These m u l t i p l e  modes 
t h e n  add t o  t h e  a p p a r e n t  v a l u e  of Q i n  t h a t  t h e  r e s o n a t o r  i s  not  r e s t r i c t e d  t o  
t h e  TEMooq mode. D i f f r a c t i o n  e f f e c t s ,  observed p r e v i o u s l y  [ 9 , 5 9 ] ,  e x p l a i n  t h e  
anomalous behav ior  a t  d i s t a n c e s  g r e a t e r  t h a n  8  cm. 

We dec ided  t o  l i m i t  c a l c u l a t i o n s  t o  t h e  a r e a  around 6  cm. Th is  v a l u e  was 
chosen due t o  t h e  e x c e l l e n t  r e p r o d u c i b i l i t y  of measurements made a t  t h a t  d i s -  
t a n c e .  Also,  i t  avo ided  t h e  problem of c l o s e  s p a c i n g s  i n  t h a t  i t  w a s  c l o s e  t o  
t h e  d  = (0.2512) (a2/A) requ i rement .  I n  a d d i t i o n ,  a t  t h a t  d i s t a n c e  t h e  sepa- 
r a t i o n  between resonance  p o i n t s  was t h e  expected v a l u e  of t h e  TEM f o r  t h e  
v a r i a t i o n  i n  q.  ooq 

6.3 LOADED CAVITY Q MEASUREMENTS 

Over a  p e r i o d  of t h r e e  months, t h r e e  samples of d i f f e r e n t  CdS f i l m  r e s i s t i v i t y  
on b r a s s  s u b s t r a t e s  were r e c e i v e d  from t h e  I n s t i t u t e  of Energy Conversion a t  
t h e  U n i v e r s i t y  of Delaware.  The f i l m s ,  d e p o s i t e d  on a  37-Pm b r a s s  s u b s t r a t e ,  
measured 7.6 c m  by 7.6 cm. AE a  r e s u l t  of t h e  s p o t  s i z e  c a l c u l a t i o n ,  t h e  sub- 
s t r a t e s  were d i v i d e d  i n t o  3.8-cm s q u a r e  samples.  Three  go ld-p la ted  back 
p l a t e s  were a v a i l a b l e ;  one w a s  k e p t  a s  a  f l a t  gold  s u r f a c e  t o  s e r v e  a s  a con- 
t r o l  sample. A p i e c e  of 51-Pm b r a s s  shim s t o c k  was c u t  i n t o  a 3.8 cm square  
and mounted i n  t h e  c e n t e r  of a  second back p l a t e .  Th i s .  se rved  a s  t h e  p l a t e  
f o r  measuring QO i n  t h a t  i t  was most l i k e  t h e  f i l m  sample i n  reso i l a to r  per- 
t u r b a t i o n  and a l s o  was t h e  same f i e l d - t e r m i n a t i n g  m a t e r i a l  a s  was behind t h e  
f i l m s .  The s k i n  dep th  i n  the  b r a s s  was found t o  be around 0 .4  Ilm and thus  
o r d e r s  of magnitude less t h a n  t h e  t h i c k n e s s .  The b r a s s  samples,  a s  w e l l  a s  
t h e  f i l m  on b r a s s  samples ,  were mounted t o  t h e  back p l a t e  wi th  a  low-melting- 
p o i n t  wax. The. mounted samples were h e l d  t o  t h e  back p l a t e  a f t e r  the  wax 
reached  i t s  m e l t i n g  t empera tu re  and recoo led ,  t h u s  e n s u r i n g  a s u r f a c e  a s  f l a t  
as t h e  f i l m .  

The t h r e e  CdS f i l m s  ranged i n  t h i c k n e s s  from 30 Pm t o  38 Pm and had s k i n  
d e p t h s  rang ing  from 300 l4n t o  5 mm; t h e r e f o r e ,  i n  a l l  c a s e s  t h e  s k i n  dep th  was 
s u b s t a n t i a l l y  g r e a t e r  t h a n  t h e  sample t h i c k n e s s .  The method of measurement 
f o r  a l l  samples w a s  f i r s t  t o  measure t h e  Q of t h e  back p l a t e  w i t h  t h e  b r a s s ,  
i . e . ,  QO, t h e n  i n s t a l l  t h e  back p l a t e  of CdS-mounted f i l m ,  m a i n t a i n i n g  t h c  
same d. Th is  ensured t h e  same mode of q .  Table  6-2 shows t y p i c a l  v a l u e s  of 
t e s t  runs  f o r  t h e  t h r e e  samples,  which 'were  numbered 715, 740A, and 763A.. 



Table 6-2. MEASURED Q VALUES 

Sample 715 Sample 740A Sample 763A 

Brass  QO Sample Qs Brass  QO Sample Qs Brass  QO Sample Qs 

Average Values  
6915 2613 1437 423 

The d a t a  g iven  i n  Tab le  6-2 should  no t  be c o n s t r u e d  t o  i n d i c a t e  a one-to-one 
c o r r e l a t i o n  on each l i n e .  Each column r e p r e s e n t s  measurements made a t  one 
t ime;  t h e  v a r i a t i o n s  a r e  due t o  e x p e r i m e n t a l  t e c h n i q u e  and a r e  d i s c u s s e d  i n  
S e c t i o n  7.0.  We a l s o  s u s p e c t  t h a t  t h e  d i f f e r e n c e s  i n  t h e  QO v a l u e s  a r e  due t o  
back p l a t e  t i l t s .  

6 -4  MEASURED SAMPLE RESISTIVITY 

The v a l u e  of P was c a l c u l a t e d  a s  pe r  E q .  (4-75): 

The v a l u e s  of t h e  pa ramete r s  a r e  g iven  i n  Tab le  6-3. 

Table 6-3- FILM SAMPLE PABBPiETERS ' 

-- 
Sample 

Paramete r  - 715 740A 763A 

S (q 30 38.4 30.1  
f (Hz) 9 1 . 1 6 ~ 1 0 ~  91 .32x109 91.57x109 
E ( F / c ~ )  8 .59x10-l3 8 .59x10-l3 8 .59x10-l3 
d (cm) 6.0 6.23 6.34 

Q s 2613 4 2 3  3678 

QO 6915 1437 4179 

a ~ s  measured by t h e  U n i v e r s i t y  of Delaware 
b ~ s  determined from t h e  wavemeter . 



The v a l u e s  i n  Tab le  6-3 y i e l d  t h e  r e s i s t i v i t i e s  l i s t e d  i n  Table  6 - 4 .  

Table 6-4 .  SBlIBLE RESISTIVITY 

R e s i s t i v i t y  
Sample ( n  cm> 

These r e s i s t i v i t y  v a l u e s  a r e  compared w i t h  t h e  v a l u e s  o b t a i n e d  by anothe'r  
t e c h n i q u e  i n  Sec t ion-  8.0. 

a 



SECTION 7 - 8  

ERROR ANALYSIS AM) LIMITATIONS 

The s u c c e s s f u l  use  of t h i s  t e c h n i q u e  f o r  r e s i s t i v i t y  measurements r e q u i r e s  a n  
awareness  of l i m i t a t i o n s  i n  two a r e a s ,  t h e o r e t i c a l  and p h y s i c a l .  T h e o r e t i c a l  
c o n s i d e r a t i o n s  i n v o l v e  f i l m  t h i c k n e s s ,  phase s h i f t s ,  sample s i z e  and mounting,  
and c a v i t y  d e s i g n .  P h y s i c a l  l i m i t a t i o n s  i n c l u d e  t h e  a c c u r a c y  of t h e  f requency  
r e a d i n g  method, sample s i z e ,  k l y s t r o n  f requency  s t a b i l i t y ,  and sys tem n o i s e .  

7 -1  THEORETICAL CONSIDERATIONS 

C l o s e  a n a l y s i s  of t h e  t h e o r y  shows t h a t  t h e  s i n g l e  most impor tan t  l i m i t a t i o n  
i n v o l v e s  f i l m  t h i c k n e s s .  The f i r s t  l i m i t a t i o n  encoun te red  i s  t h e  assumpt ion  
t h a t  t h e  E f i e l d  i s  z e r o  a t  t h e  s u b s t r a t e  i n t e r f a c e .  A more d e t a i l e d  a n a l y s i s  
can be developed t h a t  s e t s  up a  f i e l d  i n  t h e  s u b s t r a t e .  The s u b s t r a t e  t h i c k -  
n e s s  may be c o n s i d e r e d  i n f i n i t e  i f  i t  i s  much g r e a t e r  than t h e  s k i n  dep th  i n t o  
t h e  s u b s t r a t e ,  so  t h a t  no r e t u r n i n g  t r a v e l i n g  p lane  wave i s  p r e s e n t .  A s  i n  
o u r  a n a l y s i s ,  t a n g e n t i a l  components a r e  assumed c o n t i n u o u s  a c r o s s  t h e  f i lm-  
s u b s t r a t e  i n t e r f a c e  and a  s o l u t i o n  can be found.  The approx imat ion  of t h e  
f i e l d  a s  z e r o  i s  j u s t i f i a b l e  on one c o n d i t i o n ,  however: t h e  f i l m  t h i c k n e s s  
must he much g r e a t e r  than  t h e  s k i n  d e p t h .  The s u b s t r a t e  a l s o  must be sub- 
s t a n t i a l l y  t h i c k e r  than  i t s  s k i n  d e p t h ,  but  t h e r e  i s  no c o n n e c t i o n  between 
f i l m  and s u b s t r a t e  t h i c k n e s s .  R e c a l l i n g  t h e  t e s t  c o n d i t i o n s ,  we f i n d  from Eq. 
(3-21) t h a t  t h e  s k i n  dep th  i n t o  t h e  b r a s s  s u b s t r a t e  i s  0 . 3  Pm. T h i s  i s  two 
o r d e r s  of magnitude l e s s  t h a n  t h e  t y p i c a l  f i l m  t h i c k n e s s  of abou t  30 Pm. I n  
d i s c u s s i o n s  of t h e  t h e o r y  w i t h  E .  F. K u e s t e r ,  i t  was a g r e e d  t h a t  e r r o r s  in -  
t roduced from t h i s  approx imat ion  would d i r e c t l y  c o r r e l a t e  wi th  t h e  magni tudes  
i n v o l v e d .  Thus, a  30-Pm sample t h i c k n e s s .  on a  s u b s t r a t e  wi th  a  s k i n  d e p t h  of 
0 . 3  kn would y i e l d  a n  e r r o r  of 1%. T h i s  e r r o r ,  . a s  d i s c u s s e d  i n  d e t a i l  l a t e r  
i n  t h i s  s e c t i o n ,  i s  c e r t a i n l y  l e s s  than t h e  l i m i t a t i o n s  imposed by t h e  physi -  
c a l  s e t u p .  

A second l i m i t a t i o n  imposed by t h e  t h e o r y  proves  more r e s t r i c t i v e  i n  p r a c t i c a l  
c a s e s .  A f i l m  t h i c k n e s s  much l e s s  t h a n  t h e  s k i n  d e p t h  was assumed s o  t h a t  t h e  
E f i e l d  could  be assumed t o  be t h e  same on both  s i d e s  of t h e  f i l m .  Although 
t h i s  s a t i s f i e s  a m p l i t u d e  c o n s i d e r a t i o n s ,  i t  does  not  c o n s i d e r  phase s h i f t  
w i t h i n  t h e  m a t e r i a l .  T h e r e f o r e ,  i t  i s  n e c e s s a r y  t o  compare t h e  f i l m  t h i c k n e s s  
t o  t h e  wavelength w i t h i n  t h e  sample.  The f i l m  t h i c k n e s s  must be much l e s s  
t h a n  t h e  wavelength i n  o r d e r  t o  p reven t  a  marked phase s h i f t .  Should t h e  
t h i c k n e s s  of t h e  sample be comparable i n  magnitude t o  t h e  wavelength  w i t h i n  
t h e  f i l m ,  a  f u r t h e r  c o m p l i c a t i o n  o c c u r s  i n  t h e  p o s s i b i l i t y  of i n t e r n a l  r e so-  
nance w i t h i n  t h e  sample.  E i t h e r  s i t u a t i o n ,  i n t e r n a l  resonance o r  s u b s t a n t i a l  
phase  s h i f t ,  w i l l  comple te ly  i n v a l i d a t e  t h e  p lane  wave t h e o r y  developed i n  
t h i s  r e p o r t .  Cons ide r ing  a g a i n  t h e  measurements r e p o r t e d  i n  S e c t i o n  6 .0 ,  we 
can  v e r i f y  t h e  a c c e p t a b l e  approx imat ions .  The wavelength  i n  t h e  m a t e r i a l  can 
be determined from t h e  f o l l o w i n g  e q u a t i o n :  

- - Xsource - Xsource AcdS n  - . 



T h i s  y i e l d s  a wave leng th  o f  

which a g a i n  i s  much g r e a t e r  t h a n  t h e  f i l m  t h i c k n e s s  of 30 Vm. I t  does ,  how- 
e v e r ,  p rov ide  a n  upper  l i m i t  t o  t h e  f i l m  t h i c k n e s s .  A m o d i f i c a t i o n  of s o u r c e  
f r e q u e n c y  would h e l p  shou ld  such a  problem o c c u r ,  but  t h e  o t h e r  c o n s i d e r a t i o n s  
mentioned p r e v i o u s l y  would have t o  be reexamined. 

A f u r t h e r  c o n s i d e r a t i o n  i n  phase s h i f t  i s  t h e  e f f e c t  of t h e  U T  f a c t o r  involved 
i n  t h e  t r a n s i t  of t h e  f i e l d  through t h e  m a t e r i a l .  It i s  a  f u n c t i o n  of t h e  
m a t e r i a l  pa ramete rs  and t h e  e x c i t a t i o n  f requency .  For  t he  CdS sal~iples  we can 
s o l v e  f o r  an  approx imate  'c from * 

um ' C = -  
q  

(7-2 1 
2 where,  f o r  CdS, IJ = 1500 cm /V s and m* = (0 .2)(9 .108 X y i e l d i n g  

-Ill 
T 
CdS 

= 2.89 x 1 0  

The f requency a a t  92 GHz i s  5.78 x l o l l ,  which g i v e s  a n  UrCdS f a c t o r  of 
0 .016.  Th is  i s  a n e g l i g i b l e  f a c t o r  when added t o  t h e  t ime f a c t o r  of t h e  
f i e l d .  

A t e s t  conducted on a s i l i c o n  sample whose t h i c k n e s s  v i o l a t e d  one of t h e  above 
t h i c k n e s s  r e q u i r e m e n t s  d i d  y i e l d  f a l l a c i o u s  r e s u l t s .  The sample, a p-type S i  
w a f e r ,  was mounted a f t e r  a n  aluminum back c o a t i n g  w a s  d e p o s i t e d .  I t  y i e l d e d  
measurement.s of a  r e s i s t i v i t y  of 4 $ 2  cm by t h e  microwave t e c h n i q u e .  P r i o r  t o  
A 1  d e p o s i t i o n ,  a  r e s i s t i v i t y  of 1 .88 L-l cm, which agreed  w i t h  t h e  nnnufactur-  
e r ' s  s p e c i f i c a t i o n s ,  was measured by means of t h e  four -po in t  probe tech- 
n i q u e .  The S i  sample,  however, was 12 m i l s  t h i c k ,  o r  0.32 mu. The c a l c u l a t e d  
wave leng th  XSi w i t h i n  t h e  sample i s  0.95 mm. Thus, a  phase s h i f t  of around 
120 d e g r e e s  i s  i n d i c a t e d ,  obv ious ly  enough t o  i n v a l i d a t e  t h e  assumption of no 
phase  s h i f t  through t h e  m a t e r i a l .  F u r t h e r  c o m p l i c a t i o n s  a r i s e  when t h e  UT 

f a c t o r  i s  c a l c u l a t e d  and TSi  i s  found t o  be 1 .7  x 10'13, y i e l d i n g  WTSi = 0.12: 

With a l l  of t h e  above l i m i t a t i o n s  i n  mind, it  i s  then  p o s s i b l e  t o  de te rmine  
l i m i t s  of v a l i d i t y  f o r  CdS samples on b r a s s  s u b s t r a t e s  when measured a t  92 
GHz. Maintenance o f  <lo% e r r o r  r e q u i r e s  a  minimum f i l m  t h i c k n e s s  of 3 Vm. To 
m a i n t a i n  a phase  change l e s s  than 30 d e g r e e s ,  a maximum t h i c k n e s s  of 60 Pm i s  
r e q u i r e d .  A s  s e e n  t h e  f i l m s  ana lyzed  were c o n v e n i e n t l y  w e l l  w i t h i n  t h e s e  
bounds. Most p r e s e n t  manufac tu r ing  t e c h n i q u e s  produce t h i n  f i l m s  t h a t  s a t i s f y  
t h e s e  requ i rements .  However, t h e  t h i c k n e s s  r e s t r i c t i o n s  might l i m i t  s e v e r e l y  
a  p o t e n t i a l  u s e  of t h e  system: a p p l i c a t i o n  of t h e  t echn ique  t o  t h i n  f i l m s  
grown e p i t a x i a l l y  on s u b s t r a t e s .  S i n c e  t h e  s u b s t r a t e s  o f t e n  a r e  not h i g h l y  
c o n d u c t i v e ,  c l o s e  a t t e n t i o n  must be g i v e n  t o  t h e  d i f f e r e n t  t h i c k n e s s  limita- 
t i o n s ,  p a r t i c u l a r l y  t h e  s k i n  dep th  i n t o  t h e  s u b s t r a t e .  For h i g h e r  r e s i s t i v i t y  
m a t e r i a l  the  s k i n  dep th  becomes q u i t e  deep,  such t h a t  t h e  f i l m  t h i c k n e s s  be- 
comes much l e s s  t h a n  t h e  s k i n  d e p t h .  I n  such c a s e s ,  t h e  necessa ry  approach t o  
t h e  problem i s  t o  use  p r o l a t e  s p h e r o i d a l  c o o r d i n a t e s  and s o l v e  t h e  problem ex- 



a c t l y .  T h i s  d e s t r o y s  much of t h e  u s e f u l n e s s  of t h e  t e c h n i q u e  u n l e s s  s o p h i s -  
t i c a t e d  computing power i s  b u i l t  i n t o  t h e  t e s t  system. 

A s  d i s c u s s e d  p r e v i o u s l y  i n  t h i s  r e p o r t ,  t h e  t h e o r e t i c a l  a n a l y s i s  assuming 
p l a n e  waves a l s o  r e s t r i c t s  sample s i z e .  The dimensions  of t h e  f i l m  must be 
g r e a t e r  than  t h e  s p o t  s i z e ,  such . t h a t  a n  approx imat ion  of t h e  f i e l d  i n t e n s i t y  
s lowly  decaying t o  a n  i n f i n i t e  d i s t a n c e  from t h e  c e n t e r  a x i s  i s  a c c e p t a b l e .  
Th i s  should  p r e s e n t  no problems i n  t e s t i n g  because  4-cm s q u a r e  samples a r e  
a d e q u a t e  and samples of much l a r g e r  dim.ensions a r e  e a s i l y  f a b r i c a t e d .  Another  
c o n s i d e r a t i o n  i s  t h a t  i n  t h e  system we a r e  d e s c r i b i n g ,  t h e  f i l m  must be i n t i -  
ina te ly  backed by a  h i g h l y  conduc t ing  s u b s t r a t e .  Mounting a  sample, such as 
S i ,  d i r e c t l y  on to  t h e  back p l a t e  c a u s e s  t h e  problem of i n t e r a c t i o n  of t h e  
f i e l d  wi th  t h e  mounting wax. It i s  t h e r e f o r e  n e c e s s a r y  t o  t e r m i n a t e  t h e  f i e l d  
b e f o r e  t h e  wax mount s u r f a c e .  

The f i n a l  t h e o r e t i c a l  l i m i t a t i o n  t o  be c o n s i d e r e d  i n v o l v e s  t h e  c a v i t y  and re-  
s o n a t o r  t h e o r y .  The r e s o n a t o r  f a b r i c a t e d  and used i n  t h i s  work was l i m i t e d  t o  
c o n s i s t e n t  Q measurements of 7000. M o d i f i c a t i o n s  sugges ted  by Sheppard and 
Rothamel [62]  on semi-confocal  r e s o n a t o r  c o n s t r u c t i o n  could  improve t h i s  Q .  

A s m a l l e r  r a d i u s  of c u r v a t u r e  would g u a r a n t e e  o p e r a t i o n  i n  t h e  TEMoo mode 
o v e r  a broader  range of r e f l e c t o r  s e p a r a t i o n .  T h i s  would g i v e  a  wider  4flexi-  
b i l i t y  i n  sample s i z e  and lower  d i f f r a c t i v e  l o s s e s .  A r e d u c t i o n  i n  i r i s  s i z e  
would a l s o  improve t h e  Q ,  a s  would t h e  use  of copper -p la ted ,  i n s t e a d  of gold-  
p l a t e d ,  r e f l e c t o r s .  Taking a l l  m o d i f i c a t i o n s  i n t o  a c c o u n t ,  i t  should  not  be 
unreasonab le  t o  a t t a i n  c o n s i s t e n t l y  a  Q of 20;000.  The improvement i n  capa- 
b i l i t y  by such a  m o d i f i c a t i o n  can be seen  by a  c a l c u l a t i o n  of t h e  maximum r e -  
s i s t i v i t y  t h a t  can be measured a t  t h e  two d i f f e r e n t  v a l u e s  of Q. Using t y p i -  
c a l  v a l u e s  from our  exper iment ,  we c a l c u l a t e d  

where do was around 8.95 cm. The term (do - d l )  i s  r e p r e s e n t a t i v e  of t h e  re-  
SOlut i6n o b t a i n e d ,  and,  a s  d i s c u s s e d  l a t e r  i n  t h i s  s e c t i o n ,  came t o  a  b e s t  re- 
s o l u t i o n  of abou t  1 .0  Pm. Taking a  QO of  7000 we f i n d  

The next  most a c c u r a t e  measurement ' s  made a t  (do - d l )  = 6.4  x 1 0 - ~ c m  + 1 x 
lo-", g i v i n g  a  Qs = 8 .95 /2 (7 .4  X = 6047. 

When t h i s  v a l u e  of Q i s  i n s e r t e d  i n t o  t h e  r e s i s t i v i t y  e q u a t i o n ,  Eq. (4-75), we 
f i n d  t h e  maximum measurable  r e s i s t i v i t y  f o r  CdS t o  be 

Now, i f  t h e  maximum QO a t t a i n a b l e  i s  20,000,  we f i n d  



The b e s t  Qs a t t a i n a b l e  i s  t h e n  

g i v i n g  a maximum r e s i s t i v i t y  of 

Al though t h e  improvement i s  no t  d r a m a t i c ,  t h e  r e s u l t s  demons t ra te  t h a t  t h e  
l i m i t i n g  f a c t o r  i n  t h e  maximum r e s i s t i v i t y  i s  t h e  r e s o l u t i o n  a t t a i n a b l e  i n  t h e  
f r e q u e n c y  measurement. ' To o b t a i n  h i g h e r  r e s i s t i v i t y  measurements, a reso lu -  
t i a n  bet ter  than 1 Pn i s  necessa ry .  A s u b t l e  advan tage  of h i g h e r  Q,  however, 
i s  t h e  a b i l i t y  t o  d e t e r m i n e  more a c c u r a t e l y  t h e  resonance of a  sample GheA i e  
i s  loaded.  

7-2 PHYSICAL LIMITATIONS 

The p h y s i c a l  a s p e c t s  of t h e  exper iment  impose f u r t h e r  l i m i t a t i o n s  and p o s s i b l e  
e r r o r s .  A s  d i s c u s s e d  above,  t h e  r e s o l u t i o n  of f requency measurements p l a y s  a 
major  r o l e  i n  t h e  l i m i t s  of measurable  r e s i s t i v i t y .  I n  our  exper iment  a  wave- 
mete r  w a s  used f o r  t h e  f requency  measurement. The wavemeter i s  d i s c u s s e d  i n  
S e c t i o n  5.0 of t h i s  r e p o r t  r e g a r d i n g  d e t e r m i n a t i o n  of Q d i r e c t l y  from. t h e  o f f -  
set v a l u e s  r e a d ,  and i t  i s  d i s c u s s e d  i n  d e t a i l  i n  Appendix A.  The l i m i t  o f  
r e s o l u t i o n  i s  determined by t h e  accuracy  of t h e  read ing  of t h e  micrometer d i a l  
cor responding  t o  r e f l e c t o r  s p a c i n g  t r a v e l .  The micrometer d i a l  i s  c a l i b r a t e d .  
i n  3.1 m i l s  w i t h  e x t r a p o l a t i o n  p o s s i b l e  t o  a  f i g u r e  of f i v e  decimal  p l a c e s .  
For t h e  purpose of our c a l c u l a f . i o n s ,  a s e r i e s  of ineasurements were t a k e n  and  
t h e n  averaged i n  a n  a t t e m p t  t o  l i m i t  t h e  random e r r o r  invo lved  i n  v i s u a l  ex- 
t r a p o l a t l o n s .  The f i f r h  digfc was w l t h l n  f107: uE the average  v a l u e  of t h c  
r e a d i n g s .  An e r r o r  a n a l y s i s  i n  which t h e  d i f f e r e n t  v a l u e s  recorded by t h e  
l a s t  d i g i t  were v a r i e d  i n d i c a t e d  t h a t  a n  e r r o r  of abou t  10% is  p o s s i b l e  due t o  
t h e  e x t r a p o l a t i o n  p r o c e s s ;  t h e r e f o r e ,  a l l  v a l u e s  r e p r e s e n t  a  t o l e r a n c e  of 
f5%. This  is  a n  impor tan t  l i m i t a t i o n  and Appendix B d e s c r i b e s  a  method f o r  
overcoming t h i s  problem. 

A second p h y s i c a l  l i m i t a t i o n  r e s u l t s  from background n o i s e .  Noise i n  t h e  
sys tem prevented measurements of a  Q l e s s  than  300. Th is  i s  t h e  l i m i t i n g  
f a c t o r  f o r  t h e  minimum v a l u e  of r e s i s t i v i t y ;  t h a t  is ,  u s i n g  a  QO of 7000 and a  
Qs of 300, we can c a l c u l a t e  pCdS = 0 . 3  S-2 cm. The n o i s e  i n  t h e  sys tem pro- 
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b a b l y  has  s e v e r a l  s o u r c e s .  The k l y s t r o n  i t s e l f  p rov ides  some background ra- 
d i a t i o n ,  a s  does  t h e  power supp ly  and a s s o c i a t e d  e l e c t r o n i c  i n s t r u m e n t a t i o n .  
With t h e  open r e s o n a t o r ,  i n t r o d u c t i o n  of ambient r a d i a t i o n  i s  a l s o  a  poss i -  
b i l i t y .  S o p h i s t i c a t e d  t e c h n i q u e s  e x i s t ,  such a s  t h o s e  d e s c r i b e d  by C u l l e n  and  
Davis  [ 6 9 ] ,  t h a t  minimize t h e  background n o i s e  so  t h a t  lower Q v a l u e s  can be 
measured.  The k l y s t r o n  t u n i n g  range then  becomes a  l i m i t i n g  f a c t o r .  I f  .Q i s  
t o o  low, t h e  k l y s t r o n  i s  unable  t o  supply t h e  f requency  range r e q u i r e d  t o  per- 
form t h e  measurement. The k l y s t r o n  f requency s t a b i l i t y  a l s o  becomes a f a c t o r  
i n  t h e  measurement t echn ique .  The impor tan t  l i m i t a t i o n  i s  t h a t  t h e  f requency 
n o t  s h i f t  between t h e  t ime  a VSWR i s  e s t a b l i s h e d  and t h e  f requency read ing  i s  
made. Such e r r o r s  a r e  minimized by making s e v e r a l  r e a d i n g s .  



The p h y s i c a l  s i z e  of t h e  open r e s o n a t o r  l i m i t s  t h e  maximum s i z e  of t h e  
sample.  With t h e  r e s o n a t o r  we used ,  a  f i l m  s i z e  g r e a t e r  than  4 i n .  t o  a  s i d e  
i s  unuseab le .  I n  most p r a c t i c a l  c a s e s  t h i s  p r e s e n t s  no, problems. It i s  pos- 
s i b l e  t o  improve measurement accuracy  by t a k i n g  advan tage  of t h e  r e s o n a t o r  
c h a r a c t e r i s t i c s  d e s c r i b e d  i n  S e c t i o n  3 . 0 .  T h i s  could  be done by making a  
s e r i e s  of measurements a l o n g  t h e  l i n e a r  p o r t i o n  of t h e  curve  of Q v e r s u s  re -  
f l e c t o r  spac ing .  T h i s  would a l l o w  v e r i f i c a t i o n  both  from examinat ion of  Q a t  
a  p a r t i c u l a r  d i s t a n c e  and from t h e  expec ted  change i n  Q a s  t h e  d i s t a n c e  
changes .  Also ,  t h e  measurements would be used a t  d i f f e r e n t  nodes t o  v e r i f y  
t h a t  t h e  f i e l d  d i s t r i b u t i o n  was indeed t h e  TEMooq d i s t r i b u t i o n .  I f  t h i s  was 
v e r i f i e d ,  i t  would a l s o  be p o s s i b l e  t o  u s e  t h e  r e s o n a t o r  i n s t e a d  of t h e  wave- 
mete r  t o  make t h e  f requency  measurements. However, due t o  t h e  low Q p o s s i b l e  
w i t h  a n  i n s e r t e d  sample,  t h e  wavemeter i s  more a c c u r a t e  over  a  b r o a d e r  r a n g e  
of  samples.  

T h i s  s e c t i o n  shows t h a t  t h e  samples we t e s t e d ' w e r e  c o n s i s t e n t  w i t h  t h e  l i m i -  
t a t i o n s  imposed both  t h e o r e t i c a l l y  and '  p h y s i c a l l y .  Due t o  r e s o l u t i o n s  of t h e  
wavemeter used ,  t h e  accuracy  of t h e  r e a d i n g s  were w i t h i n  f5% of t h e  expec ted  
v a l u e s .  S e c t i o n  8.0 summarizes our  t e c h n i q u e  and r e s u l t s  and compares t h e  r e -  
s u l t s  w i t h  a n o t h e r  method. 





SECTION 8-0 

We have demonstra ted  a  t e c h n i q u e  t h a t  measures t h i n - f i l m  semiconductor  f i l m  
r e s i s t i v i t y  on meta l  s u b s t r a t e s .  The t e c h n i q u e  u t i l i z e s  a  Fabry-Perot  r e s o -  
n a t o r  a t  m i l l i m e t e r  wave leng ths ,  a s  d i s c u s s e d  i n  S e c t i o n  3.0.  The t h e o r e t i c a l  
a n a l y s i s  i n v o l v e s  examinat ion of t h e  f i e l d  d i s t r i b u t i o n  w i t h i n  t h e  r e s o n a t o r  
and mounted f i l m  sample. Two f i e l d  d i s t r i b u t i o n  t h e o r i e s  a r e  p r e s e n t e d .  The 
more t r a c t a b l e  theory  r e l i e s  on a  p lane  wave assumpt ion  of t h e  f i e l d s  w i t h i n  
t h e  r e s o n a t o r  and,  w i t h  t h i s  t h e o r y ,  t h e  power l o s s  w i t h i n  t h e  sample i s  a s -  
c e r t a i n e d  from a n  e a s i l y  measured c a v i t y  Q f a c t o r .  The l o s s  t a n g e n t  i s  a s s o -  
c i a t e d  w i t h  t h e  power l o s s ,  y i e l d i n g  a  s imple  e x p r e s s i o n  f o r  t h e  f i l m  r e s i s -  
t i v i t y  i n  terms of f i l m  paramete r s ,  r e s o n a t o r  pa ramete r s ,  and t h e  d i f f e r e n c e  
i n  r e s o n a t o r  Q w i t h  and w i t h o u t  a  sample loaded.  We used t h i s  t e c h n i q u e ,  a s  
expressed  i n  Eq. (4-75) of  S e c t i o n  4.0,  t o  de te rmine  t h e  r e s i s t i v i t y  of t h r e e  
samples  of CdS f i l m  on b r a s s  s u b s t r a t e .  S e c t i o n  5.0 d i s c u s s e s  t h e  experimen- 
t a l  a p p a r a t u s ,  w h i l e  S e c t i o n  6.0 p r e s e n t s  t h e  r e s u l t s  f o r  t h e  t h r e e  samples  o f  
v a r y i n g  r e s i s t i v i t y .  The samples ,  s u p p l i e d  by. t h e  I n s t i t u t e  of Energy Con- 
v e r s i o n  (IEC) a t  Delaware,  were a l s o  measured a t  IEC u s i n g  a  comple te ly  d i f -  
f e r e n t  t echn ique :  A p i e c e  of indium was p ressed  t o  t h e  t o p  f i l m  s u r f a c e  of  a  
small p i e c e  of sample; then  t h e  t h r o u g h - f i l m - r e s i s t i v i t y  of t h e  t h r e e  samples  
was determined from c u r r e n t - v o l t a g e  measurements. Tab le  8-1 p r e s e n t s  t h e  re -  
s u l t s  of  both  methods. (As e x p l a i n e d  i n  S e c t i o n  7.0, t h e  r e l i a b i l i t y  of mea- 
surement u s i n g  t h e  microwave t e c h n i q u e  i s  approx imate ly  l o % . )  

Table 8-1. FILM RESISTIVITY USING TWO METHODS 

Technique 

Microwave IEC 
Sample ( n  cm) ( f 5 % )  (52 cm) 

740A 0.7 '0.7 
715 4.3 4.2 
763A 29.5 30.4 

The r e s u l t s  from both t e c h n i q u e s  a r e  q u i t e  c l o s e  and t h u s  ve ry  encourag ing ,  as 
they  v e r i f y  t h e  a c c e p t a b i l i t y  of our  approx imat ions .  The g e n e r a l  t h e o r y  i s  
p r e s e n t e d  i n  S e c t i o n  4.0 so  t h a t  numer ica l  i n t e g r a t i o n s  can be used f o r  sam- 
p l e s  t h a t  do not  meet t h e  r e s t r i c t i o n s  o u t l i n e d  i n  S e c t i o n  7.0. Thus, t h e  
r e s o n a t o r  t echn ique  remains  a p p l i c a b l e  t o  a  broad range of u s e s .  

F u t u r e  work on t h e  r e s o n a t o r  t e c h n i q u e  can go i n  many d i r e c t i o n s .  A r e d e s i g n  
of t h e  r e s o n a t o r ,  a s  o u t l i n e d  i n  S e c t i o n  7.0 should  be under taken .  The 
e f f e c t s  on t h e  sample of both  l i g h t  i n t e n s i t y  and t e m p e r a t u r e  can be e a s i l y  
examined because  t h e  r e s o n a t o r  i s  open. Such a n  examina t ion  would a l l o w  f u r -  
t h e r  c h a r a c t e r i z a t i o n  of t h e  pho toconduc t ive  p r o p e r t i e s  of t h e  f i l m s  examined,  



a s  w e l l  as t h e  temperature-dependent  c h a r a c t e r i s t i c s .  A pu l sed  t e c h n i q u e  pro- 
b a b l y  can be deve loped  t o  a l l o w  measurements of c a r r i e r  l i f e t i m e s .  The appa- 
r a t u s  a l s o  might be used t o  perform a u t o m a t i c  measurements; t h i s  p o s s i b i l i t y  
i s  d i s c u s s e d  i n  Appendix B, where t h e  p o t e n t i a l  improvements i n  r e s o l u t i o n ,  
and hence a c c u r a c y ,  by au tomat ion  a r e  p r e s e n t e d .  

The r e s u l t s  of o u r  work a r e  q u i t e  c o n s i s t e n t  w i t h  t h e  r e s u l t s  of t h e  d i f f e r e n t  
method of  measurements used by I E C .  The method of measurement i s  a p p l i c a b l e  
t o  a  t h i n  semiconduc t ing  f i l m  on a  h i g h l y  c o n d u c t i v e  s u b s t r a t e .  The method i s  
n o n d e s t r u c t i v e  t o  t h e  sample and does  no t  e x h i b i t  t h e  problems a s s o c i a t e d  w i t h  
p r e s e n t  r e s i s t i v i t y  measurement t e c h n i q u e s .  We c o n s i d e r  t h i s  t o  be a s i g n i f -  
i c a n t  advance i n  t h e  f i e l d  of  s o l a r  c e l l  m a t e r i a l  c h a r a c t e r i z a t i o n .  
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APPENDIX A 

WAVEMETER 

The wavemeter was u n c a l i b r a t e d ,  s o  i t  was necessa ry  t o  s t u d y  i t s  d e s i g n  i n  
d e t a i l .  By d i s a s s e m b l i n g  t h e  c a v i t y ,  we measured t h e  d imensions  shown i n  F i g .  
A-1. The c a v i t y  was a  semiconfoca l  r e s o n a t o r .  The c o n d i t i o n  of r e sonance ,  a s  
shown by Boyd and Koge ln ik ,  i s  g i v e n  by 

- -  1 
Zd - q  + %  (m + n + 1) cos  

2d 
X 

where q. i s  t h e  l o n g i t u d i n a l  mode number and m and n  a r e  t h e  t r a n s v e r s e  mode 
numbers [ 6 3 ] .  A t  f i r s t  we assumed t h a t  t h e . c a v i t y  was des igned  t o  o p e r a t e  i n  
t h e  TEMl10 mode. C a l c u l a t i o n s  i n d i c a t e d  t h a t  t h e  range of f r equency  measure- 
ment f o r  t h i s  mode f.or d  of 1 . 5  i n .  t o  2.5 i n .  would be 118 GHz t o  95 GIIz. 

. . 

It was then  a s c e r t a i n e d ,  a s  should  have been obv ious  from t h e  l o s s y  m a t e r i a l  
l i n i n g  t h e  i n s i d e  of t h e  c a v i t y  and t h e  l a c k  of e l e c t r i c a l  c o n t a c t  between t h e  
s i d e  w a l l s  and t h e  back r e f l e c t o r ,  t h a t  t h e  c a v i t y  was des igned  f o r  u s e  i n  t h e  
TEM . mode. T h i s  y i e l d s  t h e  f a m i l i a r  e q u a t i o n  f o r  t h e  many d e g e n e r a t e  modes 

ooq 
q: 

2  d  X = 
-1 (A-2 

q + . ( 1 / 2 ~ )  c o s  ( 1  - 2d/b)  

I n  Eq. A-2 t h e  v a l u e  of q  f o r  each p a r t i c u l a r  d  i s  unknown. The v a l u e  of q  
can be determined by measuring d  a t  one wavelength of r e sonance  and t h e n  de- 
t e r m i n i n g  t h e  next  v a l u e  of d  a t  t h e  same wavelength ,  i . e . ,  a t  q  + 1. T h i s  
method i s  r e p r e s e n t e d  i n  t h e  f o l l o w i n g  e q u a t i o n :  . 

The f o l l o w i n g  measurements were made w i t h  t h e  k l y s t r o n  s e t  a t  a  s i n g l e  f r e -  
quenc y  : 

Micrometer S e t t i n g  fo r .Resonance  (x) 
( i n .  ) VSWR 

Two of t h e  micrometer s e t t i n g s  t h a t  gave g r e a t e r  v a l u e s  of VSWR were cons id -  ' 

e r e d  a s  r e p r e s e n t a t i v e  of resonance a t  A ,  and t h e  w e a k e r ' ~ ~ ~ ~  v a l u e s  were con- 
s i d e r e d  a s  r e p r e s e n t a t i v e  of r e sonance  a t  X/2. Thus, t h e  two s t r o n g e r  v a l u e s ,  
0.1944 and 0.2583, o r  
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dl = (1 .5  + 0.1944) i n .  = 8.6076 cm 

and 

d2 = (1 .5  + 0.2583) i n .  = 8.9322 cm , 

were chosen t o  c a l c u l a t e  q .  I n s e r t i n g  t h e s e  v a l u e s  i n t o  Eq. (A-3), we o b t a i n  

which can be solved f o r  

q  = 26 a t  X = 0.1944 

and 

When t h e s e  v a l u e s  f o r  q a r e  r e i n s e r t e d  i n t o  Eq. (A-2), we o b t a i n  

and 

8.9322 
f o r  q  = 27 ,  A = -. 

27 + 0.19128 = 3.28mm , 

We a t tempted  t o  v e r i f y  t h e  above r e s u l t s  by u s i n g  t h e  s t a n d i n g  wave i n d i c a t o r .  
T h i s  was done by i n s e r t i n g  a  s h o r t  i n s t e a d  of t h e  c a v i t y  a t  t h e  end of t h e  
s e t u p .  The d i s t a n c e  between t h e  n u l l  d e t e c t o r  r e a d i n g s  was measured and t h i s  
v a l u e  was used t o  c a l c u l a t e  t h e  f ree - space  wavelength.  S i n c e  t h e  n u l l  read- 
i n g s  were a t  background l e v e l ,  v a l u e s  a t  g i v e n  power l e v e l s  on both  s i d e s  o f  
t h e  n u l l  were read and t h e  n u l l  v a l u e  was t aken  a s  h a l f  t h e  v a l u e  of t h e  d i f -  
f e r e n c e .  Th is  can be done because t h e  SWI d e t e c t o r  i s  a  square  law c r y s t a l ;  
t h a t  is ,  i t  p r e s e n t s  a  s ine-square  r e p r e s e n t a t i o n  as t h e  probe i s  s l i d  through 
t h e  s t a n d i n g  wave p a t t e r n .  A peak and n u l i  a r e  d e t e c t e d  every  hal f -wavelength  
of t h e  s i g n a l  i n  t h e  waveguide and they  can t h e n  be c o r r e l a t e d  t o  t h e  f r e e -  
space  wavelength.  Measurements t aken  w i t h  t h e  a t t a c h e d  s h o r t  r e v e a l e d  a  h a l f -  
wavelength  of 1.77 nun. A s  Ginzton d e s c r i b e s  (p .  348 of Ref.  1 2 ) ,  t h e  v a l u e  
o b t a i n e d  f o r  t h e  wavelength i s  r e l a t e d  t o  t h e  f ree - space  wavelength  A. by 



where L r e p r e s e n t s  t h e  measured half-wavelength (1 .77  mm) and Ac i s  t he  wave- 
gu ide  cu to f f  frequency. The waveguide used i s  an  M s i z e  which, according t o  
NARDA Catalog 1/20, has a c u t o f f  frequency of 

We t h e r e f o r e  found = 3.203 mm, a va lue  t h a t  c o r r e l a t e s  t o  t he  wavelength 
ob ta ined  with t h e  wavemeter. 



APPENDIX B 

TEST SYSTEM AUTOMATION 

The purpose  of t h i s  append ix  i s  t o  o u t l i n e  t h e  p o s s i b l e  development of t h e  
d e s c r i b e d  t e s t  system a s  a  f u l l y  a u t o m a t i c  system. The main advan tage  of such  
a  system i s  t h e  r e d u c t i o n  i n  t h e  t ime r e q u i r e d  f o r  t a k i n g  measurements.  Due 
t o  t h e  many t u n i n g  o p e r a t i o n s  c u r r e n t l y  r e q u i r e d ,  i t  may t a k e  up t o  one day t o  
c o l l e c t  a complete  s e t  of d a t a  f o r  one sample. Pe rhaps  a c c e p t a b l e  on a  re-  
s e a r c h  l e v e l ,  t h i s  i s  e n t i r e l y  t o o  time-consuming f o r  use  i n  a  manufac tu r ing  
environment .  Pe rhaps  e q u a l l y  a s  i m p o r t a n t  a s  t h e  t ime f a c t o r  i s  t h e  improve- 
ment i n  t echn ique  t h a t  would be accomplished by removing t h e  human f a c t o r  i n -  
volved i n  t e s t i n g .  U l t i m a t e l y ,  h i g h e r  r e s o l u t i o n  and hence more p r e c i s e  d a t a  
would r e s u l t .  A s  mentioned i n  S e c t i o n  7 .O,  a  major l i m i t a t i o n  i n  a c c u r a c y  i s  
t h e  micrometer d i a l  r e a d i n g .  T h i s  s e c t i o n  d e s c r i b e s  a  method t h a t  would a l l o w  
t h e  r e a d i n g  t o  be done q u i c k l y  and more a c c u r a t e l y .  

The h e a r t  of t h e  sys tem would be a  mic roprocessor  t h a t  would sequence t h e  
o p e r a t i o n  of t h e  hardware ,  c o l l e c t  and s t o r e  t h e  d a t a ,  and perform n e c e s s a r y  
numer ica l  c a l c u l a t i o n s  on t h e  d a t a .  The s i n g l e  most impor tan t  hardware  in-  
t e r f a c e  u n i t  would be a n  a c c u r a t e  s t e p p i n g  motor. The s t e p p i n g  motor would 
p r o v i d e  t h e  r o t a t i o n a l  movement t o  t h e  micrometer  head.  These micrometer  
heads  would then  supply  t h e  t r a n s l a t i o n  t o  l a t e r a l  movement r e q u i r e d  by t h e  
f requency  mete r ,  s t a n d i n g  wave i n d i c a t o r ,  and r e s o n a t o r  back p l a t e .  A s t e p -  
p ing  motor could  ' a l s o  be used f o r  t h e  mechanical  t u n i n g  ad jus tment  of t h e  
k l y s t r o n .  An e l e c t r o n i c a l l y  programmable k l y s t r o n  power supp ly  a l s o  would be 
of g r e a t  a s s i s t a n c e  i n  t h e  s e t u p .  F i g u r e  3-1 g i v e s  a  block diagram of a sug- 
g e s t e d  mechanical  system. A keyboard i s  s u p p l i e d  f o r  e n t e r i n g  d a t a  such a s  
f i l m  t h i c k n e s s ,  c o n s t a n t s ,  and i n i t i a l  s e t  p o i n t s .  A d i s p l a y  i s  provided t o  
g i v e  v a l u e s  of Q and r e s i s t i v i t y .  F i g u r e  B-2 g i v e s  a  b lock sequence diagram 
of implementa t ion.  

S e t t i n g  i n i t i a l  c o n d i t i o n s  wo111d r e q u i r e  s e v e r a l  s t e p s  and i n p u t s .  The f i r s t  ' 
might bc t o  p rov ide  t h e  r e f e r e n c e  v o l t a g e  l e v e l  t o  t h e  power supp ly  b u f f e r  
c i r c u i t .  The f u n c t i o n  of D e t e c t o r  1 i n  c o n j u n c t i o n  w i t h  t h e  b u f f e r  c i r c u i t  i s  
t o  supp ly  a c o n s t a n t  r e f e r e n c e  o u t p u t  from t h e  k l y s t r o n  over  a  broad range o f  
f r e q u e n c i e s .  T h i s  might r e q u i r e  t h a t  t h e  o u t p u t  l e v e l  be examined, a f t e r  t h e  
k l y s t r o n  was manually b i a s e d  t o  o s c i l l a t e ,  and a  s u i t a b l e  v a l u e  f ,or  t h e  r e f -  
e r e n c e  dec ided  upon t o  g i v e  t h e  n e c e s s a r y  c o n s t a n t  o u t p u t  over  t h e  r e q u i r e d  
f requency  range.  I n  o t h e r  words, by m a i n t a i n i n g  t h e  k l y s t r o n  a t  a  c o n s t a n t  
o u t p u ~  l e v e l  over  a f requency  range ,  t h e  d e t e r m i n a t i o n  of t h e  Q v a l u e  i s  s i m -  
p l i f i e d ,  and t h e  expected v a l u e  of Q d i c t a t e s  t h e  r e q u i r e d  range  of f r equen-  
c i e s  needed. The b u f f e r  c i r c i l i t  would depend on t h e  p a r t i c u l a r  k l y s t r o n  power 
supply  used,  but  i t s  purpose  would be t o  m a i n t a i n  t h e  o u t p u t  a t  a  g i v e n  l e v e l  
de te rmined  a s  a'n ' i n i t i a l  c o n d i t i o n .  (An a l t e r n a t i v e  approach would be t o  use  
y e t  a n o t h e r  s t e p p i n g  motor t o  d r i v e  a  p r e c i s i o n  a t t e n u a t o r  l o c a t e d  n e x t  t o  t h e  
i s o l a t e r ,  a l l o w i n g  t h e  k l y s t r o n  t o  vary ,  i n  power but  compensating f o r  i t . )  
T h i s  t echn ique  s u g g e s t s  t h a t  a  k l y s t r o n  of h i g h e r  power would be u s e f u l  i n  
p r o v i d i n g  the n e c e s s a r y  t u n i n g  range  w h i l e  m a i n t a i n i n g  t h e  o u t p u t  above t h e  
n o i s e  l e v e l .  I f  a  Gunn d i o d e  were used as t h e  s o u r c e ,  i t  would Be p o s s i b l e  t o  
u s e  a  f e r r i t e  modulator t o  m a i n t a i n  a  c o n s t a n t  power o u t p u t  over  a broad tun- 
i n g  range.  
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Figure B-2 .  Block Diagram of the Implementation of an Automatic 
Measurement System. Swl = standlng wave Indicator; 

F.M. = frequency meter. 



O t h e r  i n i t i a l  c o n d i t i o n s  r e q u i r e d  would be i n p u t s  r e g a r d i n g  t h e  f r e q u e n c y  
mete r  (F.M.) and r e s o n a t o r .  The c a l c u l a t i o n  of t h e  f requency  would r e q u i r e  
t h e  i n p u t  of  t h e  v a l u e  of  q  and t h e  v a l u e  of t h e  d i s t a n c e  between t h e  f r e -  
quency meter  r e f l e c t o r s  when t h e  micrometer was s e t  a t  ze ro .  The v a l u e  of q  
would e n a b l e  t h e  c a l c u l a t i o n  and movement by t h e  s t e p p i n g  motor t o  t h e  c o r r e c t  
d i s t a n c e  of r e f l e c t o r  s e p a r a t i o n .  Hence, i f ,  a s  w i t h  our  d a t a ,  a  q of 27 were 
d e t e r m i n e d ,  t h e  s t e p p i n g  motor would advance t h e  back r e f l e c t o r  t o  a  s e p a r a -  
t i o n  d i s t a n c e  of  around 8 .9  cm. T h i s  would be accomplished by knowing t h e  
i n i t i a l  r e f l e c t o r  s e p a r a t i o n  and t h e  change of d i s t a n c e  between r e f l e c t o r s  p e r  
s t e p .  The i n i t i a l  c o n d i t i o n  of t h e  r e s o n a t o r  d i s t a n c e  r e q u i r e d  t o  perform t h e  
c a l c u l a t i o n  i s  a l s o  t h e  i n i t i a l  d i sp lacement  between t h e  two end p l a t e s .  T h i s  
v a l u e ,  when added t o  t h e  movement by t h e  s t e p p i n g  motor,  g i v e s  t h e  v a l u e  of d  
r e q u i r e d  i n  t h e  computa t ion  o f  P. 

The nex t  b lock  i n  F i g .  R-2 i n d i c a t e s  t h e  f i r s t  f u n c t i o n a l  s t e p :  t h e  k l y s t r o n  
would be s e t  t o  a f requency  i n  t h e  middle of t h e  c o n s t a n t  o u t p u t  f r e q u e n c y  
band.  T h i s  cou ld  be done by moni to r ing  t h e  o u t p u t  of D e t e c t o r  2 w h i l e  re-  
v e r s i n g  t h e  f requency  s t e p p i n g  motor.  The z e r o  f requency  o c c u r s  when t h e  
m e t e r  i n d i c a t e s  a  d r o p  i n  power. (Note  t h a t  t o  p reven t  f a l s e  power d r o p s  i t  
would be n e c e s s a r y  t o  v a r y  t h e  c a v i t y  and F.M. s t e p p i n g  motors a l s o  t o  a s s u r e  
t h e  d rop  i s  no t  due t o  r esonance  by e i t h e r  one . )  By coun t ing  t h e  number of 
s t e p s  t aken  i n  t h e  r e v e r s e  d i r e c t i o n  of f r equency  ad jus tment  u n t i l  t h e  power 
dropped a g a i n ,  a  midpo in t  cou ld  be determined and t h e  k l y s t r o n  s t e p p i n g  motor 
would move t o  t h i s  p o s i t i o n .  Should t h e  power supply  be programmable e x t e r -  
n a l l y ,  t h i s  same f u n c t i o n  could  be accomplished by v a r i a t i o n  of t h e  k l y s t r o n  
r e f l e c t o r  v o l t a g e  modula t ion .  

A f t e r  k l y s t r o n  a d j u s t m e n t ,  t h e  SWI would be d r i v e n  t o  y i e l d  a  maximum o u t p u t  
on D e t e c t o r  2 .  The r e s o n a t o r  s t e p p i n g  motor would t h e n  be a c t i v a t e d  t o  t u n e  
t o  a r e s o n a n t  mode, t h e  f i n a l  r e s u l t  y i e l d i n g  t h e  s m a l l e s t  v a l u e  recorded by 
t h e  SWI meter .  The F.M. s t e p p i n g  motor would then  be used t o  tune  t h e  F.M. t o  
i t s  resonance  p o i n t .  The d i s t a n c e  between t h e  F.M. r e f l e c t o r  p l a t e s  would be 
r e c o r d e d  f o r  u s e  i n  subsequen t  c a l c u l a t i o n s .  

P r a c t i c a l  c o n s i d e r a t i o n s  on t h e  c h a r a c t e r i s t i c s  of s t e p p i n g  motors a r e  i n  
o r d e r  a t  t h i s  p o i n t .  A very a c c u r a t e  motor, manufactured by S u p e r i o r  Elec- 
t r i c ,  i s  c a p a b l c  of 500 s t e p s / r e v o l u t i o n  o r  0.72 d e g r e e s l s t e p .  Commercial 
micrometer  movements a r e  des igned  t o  g i v e  a l i n e a r  t r a v e l  of 0.025 i n . / r e v o -  
l u t i o n .  T h i s  c o r r e s p o n d s  t o  a d i r e c t  c o n n e c t i o n  between s t c p p i n g  motor and 
micrometer  of 0.72-degree r e v o l u t i o n ;  t h u s ,  one s t e p  y i e l d s  a  t r a v e l  d i s t a n c e  
o f  5.0 x lov5 i n . ,  o r  1.27-Pm. I n  t h e  v i s u a l  r e a d i n g  measurements made, a  
micrometer  r e a d i n g  w a s  determined t o  t h e  f i f t h  s i g n i f i c a n t  d i g i t ,  which cor -  
responded t o  a  r e a d i n g  of 0.254 Pm. T h e r e f o r e ,  r e s o l u t i o n  i s  worse i n  a  
d i r e c t  c o n v e r s i o n .  The r e s o l u t i o n  becomes much b e t t e r  when a  d i f f e r e n t i a l  
t h r e a d  movement i s  set up. D i s t a n c e s  of 0.0025 i n . / r e v o l u t i o n  are  e a s i l y  ob- 
t a i n e d  wi th  t h i s  method, s o  t h a t  t h e  s t e p p i n g  motor would have a r e s o l u t i o n  o f  
0.127 . m / s t e p ,  which i s  a  much b e t t e r  r e s o l u t i o n  t h a n  we o b t a i n e d .  Also ,  t h e  
a c c u r a c y  i s  improved because  t h e  r e a d i n g  i s  not  a n  e x t r a p o l a t i o n .  

It i s  i n s t r u c t i v e  t o  c o n s i d e r  what k ind  of  measurements could  be made w i t h  t h e  
improved r e s o l u t i o n .  P can be c a l c u l a t e d  u s i n g  some of t h e  recorded  d a t a .  
With a  t y p i c a l  QO o f  7000 and a do of 8.95 m, i t  can be c a l c u l a t e d  from QO = E d0/2(d0 - d l )  t l la t  (do - d l )  = 6.3929 x 10- . (Notc t h a t  MAX Qo = 352,360 a t  



(do - d l )  = 1.27 I f  now t h e  sample i s  i n s e r t e d  and t h e  v a r i a t i o n  i n  
t h e  f requency  meter  r e sonance  i s  only  one s t e p ,  i . e . ,  . 

then  we f i n d  

For t h e s e  v a l u e s  of  Qn and Q, and a  30-urn-thick. sample of CdS a t  6 cm we c a n  
c a l c u l a t e  t h e  r e s i s t i v i t y  t o  be 

D = 356 Q cm. 

Th i s  i s  t h e  maximum va lue  o f  P t h a t  can  be o b t a i n e d  w i t h  t h i s  r e s o l u t i o n .  

A f t e r  t h e  l o c a t i o n  of t h e  f requency  meter  resonance p o i n t  was s e t ,  t h e  f r e -  
quency meter  would be detuned by some s p e c i f i c  amount. The SWI m e t e r ,  e l e c -  
t r o n i c a l l y  c o n t r o l l e d ,  would be s e t  t o  g i v e  a  u n i t y  r e a d i n g  a t  t h e  SWI maximum 
and t h e  s t a n d i n g  wave i n d i c a t o r  s t e p p i n g  motor would be a c t i v a t e d  t o  l o c a t e  
t h e  minimum i n  t h e  s t a n d i n g  wave p a t t e r n .  The VSWR would be measured d i r e c t l y  
from t h e  mete r ,  and t h i s  v a l u e  would be used i n  a  c a l c u l a t i o n  of t h e  h a l f -  
power VSWR v a l u e s  wi th  Eq. 6-3. Then t h e  k l y s t r o n  f requency  would be changed 
i n  one d i r e c t i o n  u n t i l  t h e  a c t u a l  VSWR v a l u e  matched t h e  half-power v a l u e .  A t  
t h i s  p o i n t  t h e  f requency  would be r e a d .  The k l y s t r o n  f requency  t h e n  would be 
changed i n  t h e  o p p o s i t e  d i r e c t i o n  t o  r e c o r d  t h e  v a l u e  on t h e  o t h e r  s i d e  of f o  
a t  which t h e  half-power VSWR was reached.  Once t h e  f requency  was r e a d ,  a  c a l -  
c u l a t i o n  of QO could  be made wi th  t h e  f o l l o w i n g  e q u a t i o n :  

The v a l u e  would be d i s p l a y e d  and s t o r e d ;  a  command t o  load  t h e  sample would 
then  f o l l o w .  The sample pa ramete r s ,  t h i c k n e s s  a n d  c, would be e n t e r e d  i n t o  
t h e  mic roprocessor  and t h e  above p r o c e s s  r e p e a t e d  t o  c a l c u l a t e  Q,. An impor- 
t a n t  a d d i t i o n  would be a  command l i m i t i n g  t h e  a v a i l a b l e  t r a v e l  of t h e  resona-  
t o r  back p l a t e  t o  a s s u r e  measurement a t  t h e  same q  number. From t h e  d e t e r -  
mined v a l u e  of QO and  t h e  v a l u e  of  Q,, a l o n g  wi th  t h e  pa ramete r  i n p u t s  and t h e  
d i s t a n c e  d ,  t h e  va lue  of r e s i s t i v i t y  would be determined and d i s p l a y e d .  

T h i s  method is  not  t h e  on ly  way of au tomat ing  t h e  s e t u p ,  nor  i s  i t  n e c e s s a r i l y  
t h e  b e s t  way. It  does ,  however, demons t ra te  a  v i a b l e  means of e x p e d i t i n g  t h e  
manual t e c h n i q u e .  Another method i s  t o  sweep t h e  k l y s t r o n  f requency  o v e r  a 
broad range.  A n a l y s i s  of t h e  r e s u l t a n t  r e sponse  t o  t h e  c a v i t y  a l l o w s  d e t e r -  
mina t ion  of t h e  half-power f r e q e n c i e s  w i t h  a  l o c a l  b e a t  o s c i l l a t o r .  T h i s  
method i s  d e s c r i b e d  i n  Ref.  55 .and would l e n d  i t s e l f  t o  a n  automated pro- 
c e s s .  ( I t  a l s o  would be p o s s i b l e  t o  perform t h e  measurements a u t o m a t i c a l l y  a t  
a  v a r i e t y  of q  numbers and t o  a v e r a g e  t h e  f i n a l  v a l u e s  over  t h e  d i f f e r e n t  
r anges . )  

The numbers t o  t h e  r i .ght  of t h e  f low diagram i n  F ig .  B.-2 i n d i c a t e  c o n s e r v a t i v e  
e s t i m a t e s  of t h e  t ime r e q u i r e d  t o  accomplish  each t a s k .  The f i n a l  v a l u e  o f  



24 .5  minutes i s  a s u b s t a n t i a l  improvement over t he  4 t o  5 hours r equ i r ed  t o  
perform the  measurement manually. 
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