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SUMMARY 

St ra ined   germanium  c rys ta l s ,   doped   wi th   ga l l ium,  are used as he terodyne  
mixers  a t  THz f r e q u e n c i e s ,   w i t h  I F  bandwidths   approaching a GHz. The mixer  
per formance   (convers ion   loss   and   mixer   no ise)  i s  a n a l y z e d   i n  terms of non- 
l i n e a r i t i e s   a s s o c i a t e d   w i t h   a c c e p t o r  l eve ls  a n d   w i t h   r e l a x a t i o n  rates of f r e e  
holes .   Comparison i s  made w i t h  similar mixers  employing  low-lying  donor 
levels i n   h i g h - p u r i t y  G a A s  and   wi th   ho t -e lec t ron   InSb  mixers .  

INTRODUCTION 

Stress  h a s   b e e n   u s e d   t o   t u n e   t h e   p h o t o c o n d u c t i v e   r e s p o n s e   o f   l i g h t l y  Ga- 
doped G e  b o l o m e t e r s   i n   t h e   f a r   i n f r a r e d   o v e r   t h e   r a n g e  50 t o   1 0 0  cm-l (100 
t o  200 vm) ( r e f .  1). 

The   degeneracy   of   the   va lence   band   edge   ( f ig .  1) and   o f   t he   accep to r  
g r o u n d   l e v e l s  i s  l i f t e d  by t h e   s t r a i n   ( r e f .   2 ) .  The a c c e p t o r   b i n d i n g   e n e r g y  
d e c r e a s e s   w i t h   c o m p r e s s i v e   s t r a i n   ( r e f .  3 ) .  The s p l i t - o f f  component of  t h e  
band  edge  that  i s  h i g h e r   i n   t h e   g a p   d o m i n a t e s   t h e   c h a r a c t e r   o f   t h e   h o l e   m o t i o n .  
That i s ,  f o r   l a r g e   s t r a i n s   t h e   a c c e p t o r   g r o u n d   l e v e l  wave f u n c t i o n  i s  a super- 
p o s i t i o n  o f  wave f u n c t i o n s   f o r   t h e   e n e r g y - r a i s e d   p a r t   o f   t h e   v a l e n c e   b a n d .  
The e f f e c t  of t h e  wave f u n c t i o n s  of t he   ene rgy- lowered   pa r t  i s  small f o r  
stresses approaching l o 4  kg/cm2.  For  somewhat  weaker stress, t h e   b i n d i n g   e n e r g y  
i s  given  by E (S)  = c0 + E 1 / S  , where E = 4.9 meV,  E = 8.64 eV-kg/cm2 and S i s  
t h e  stress i n  kg/cm2. 

The  mechanism fo r   mix ing   i n   n - InSb  i s  t h e  power  dependence  of  the  mobili ty 
( r e f .   4 ) .  The m o b i l i t y  i s  t empera tu re   dependen t ,   ma in ly   due   t o  momentum- 
c h a n g i n g   c o l l i s i o n s   o f   e l e c t r o n s   w i t h   i o n i z e d   i m p u r i t i e s .  The tempera ture  
inc reases   w i th   t he   abso rbed   power .   Th i s  power c o n t a i n s   t h e   u s u a l   c o n t r i b u t i o n  
t h a t   o s c i l l a t e s  a t  t h e   b e a t   f r e q u e n c y   b e t w e e n   t h e   s i g n a l   a n d   l o c a l - o s c i i l a t o r  
f r equenc ie s .   The   r e sponse  t i m e  is  t h e   e n e r g y   r e l a x a t i o n  t i m e  o f   h o t   e l e c t r o n  
e n e r g y   t o   t h e  l a t t i c e ,  which time i s  10-75.  This  corresponds  to  an  IF  band- 
wid th   o f  -3  MHz (FWHM). 

E x t e n s i v e   f a r - i n f r a r e d   s p e c t r o s c o p y   ( r e f .  5) and  mixing  experiments  
( r e f .   6 )   h a v e   b e e n   d o n e   i n   h i g h - p u r i t y  n-GaAs. The  main  mechanism fo r   mix ing  
has   been  v ia  the   modu la t ion   o f   t he   dens i ty   o f   conduc t ing   e l ec t rons   upon  
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pho to ion iza t ion   o f   t he   l ow- ly ing   donor  levels. T h i s   p h o t o i o n i z a t i o n   m i g h t  arise 
from a two-s t ep   p rocess   o f   pho toexc i t a t ion   t o   an   exc i t ed ,   bound  level  of t h e  
donor ,   fo l lowed   by   r ap id   t he rma l   (o r   nea r   t he rma l )   i on iza t ion   by   acous t i c  
phonons a t  4 K ,  w i t h  l i t t l e  carr ier  h e a t i n g .  The time r e s p o n s e  i s  t h e   c a p t u r e  
r e l a x a t i o n  time o f   t h e   c o n d u c t i o n   e l e c t r o n s   b y   t h e   i o n i z e d   d o n o r s ,   w h i c h  time 
i s  ( a b o u t   t e n  times s h o r t e r   t h a n   f o r   I n S b ) .   T h i s   c o r r e s p o n d s   t o   a n  
IF  bandwidth  of  30 MHz  (FWHM). T h i s  time .and  bandwidth  depend  upon  the 
d e n s i t y   o f   c a p t u r e   c e n t e r s ,  a s  d e t e r m i n e d   b y   t h e   d o p i n g ,   t h e   d e g r e e   o f  compen- 
s a t i o n ,   t h e   t e m p e r a t u r e , a n d   t h e   a m o u n t   o f   p h o t o i o n i z a t i o n .  

H e t e r o d y n e   m i x i n g   b e t w e e n   t h e   s i g n a l   a n d   l o c a l   o s c i l l a t o r  (LO) a t  THz 
(1012 Hz) f r e q u e n c i e s  i s  d e t e c t e d   i n   t h e   p h o t o c u r r e n t   c o l l e c t e d   w i t h   a n   a p p l i e d  
b i a s   v o l t a g e .  The  mixing i s  accompl ished   main ly   th rough  modula t ion   of   the  
free-carrier d e n s i t y .  The f r e e   c a r r i e r s   a p p e a r   f r o m   t h e   p h o t o i o n i z a t i o n  of t h e  
impuri ty   ground level .  F o r   a c c e p t o r s   ( G a ) ,   t h e   b o u n d   h o l e s   a r e   e x c i t e d   t o  
t he   va l ence   band   by   abso rp t ion   o f   t he   combined   s igna l   t o   be   measu red   and   t he  
LO. S e e  f i g .  2 .  The  modulat ion  has  a f r e q u e n c y   ( I F )   e q u a l   t o   t h e   d i f f e r e n c e  
o f   f r e q u e n c i e s   o f   t h e s e  two s o u r c e s .  

The dep th   o f   modu la t ion   r ap id ly   dec reases  when t h e   I F   ( i n  s-') exceeds   t he  
inverse- response  time o f   t h e   c a r r i e r   d e n s i t y .   T h i s   r e s p o n s e  time i s  ma in ly   t he  
ho le   cap tu re   ( r ecombina t ion )  time owing t o   i o n i z e d   a c c e p t o r s .  The  Coulomb-like 
c a p t u r e   c r o s s   s e c t i o n s   a r e   v e r y   l a r g e   a t  low  temperatures.   Compensation  by 
d o n o r s   a s s u r e s   t h e   p r e s e n c e  o f  i o n i z e d   a c c e p t o r s   d e s p i t e   t h e   t e n d e n c y   f o r  
carr ier  f reezeout .   Higher   degrees   o f   compensa t ion   and   h igher  LO power 
l n c r e a s e   t h e  number o f   c a p t u r e   c e n t e r s   a n d ,   t h u s , t h e   i n v e r s e - r e s p o n s e  t ime, 
which i s  t h e  FWHM IF   bandwid th   (d iv ided   by  n). 

M I X I N G  MECHANISM 

T h e   p h o t o c u r r e n t   w a v e f o r m   i n   t h e   c r y s t a l  i s  t h e   c u r r e n t   d e n s i t y ,   j ( t ) ,  
i n t e g r a t e d   o v e r   t h e   c r o s s - s e c t i o n a l  area. Assuming carr iers  o f  on ly   one   t ype  
f o r   s i m p l i c i t y ,  j ( t )  = e n ( t )   v ( t ) ,   w h e r e  n and v_ a r e   t h e  number d e n s i t y   a n d  
v e l o c i t y  o f  t h e   c a r r i e r s .   T h e n ,   i n   t h e   s m a l l - s i g n a l  limit, t h e   c u r r e n t   c a n  
be  modulated a t  t h e   I F   u n d e r   t h r e e   c i r c u m s t a n c e s ,  i . e . ,  t h e   d e n s i t y   c a n   b e  
m o d u l a t e d   a t   t h e   I F ,   t h e   v e l o c i t y   c a n   b e   m o d u l a t e d  a t  t h e   I F ,   o r   o n e  i s  modu- 
l a t e d  a t  t h e  LO f r e q u e n c y   a n d   t h e   o t h e r  a t  t h e   s i g n a l   f r e q u e n c y .  A d c   b i a s  
c u r r e n t  i s  a l s o   p r e s e n t .   M o d u l a t i o n   o f   t h e   d e n s i t y ,   t h e   f i r s t  case, i s  mainly 
caused  by  the  square- law  dependence on t o t a l   i n c i d e n t   e l e c t r i c   f i e l d   E ( t ) ,  i . e . ,  
LO p l u s   s i g n a l ,   E ( t )  = 1 / 2  [a exp(-iwLt) + E1 e x p ( - i w l t ) ]  + complex   conjugate ,  
t h r o u g h   t h e   r a t e o f   p h o t o i o n i z a t i o n   i n  p-Ge (Ga) ,   o r  photo-excitation/ioniza- 
t i o n   i n  n-GaAs, o r   f r e e - c a r r i e r   a b s o r p t i o n   i n   n - I n S b .   M o d u l a t i o n   o f   t h e  
v e l o c i t y ,   t h e   s e c o n d  case, can   occur   th rough  tempera ture   dependence   of   the  
m o b i l i t y   o r   t h r o u g h   n o n p a r a b o l i c - b a n d   e f f e c t s .  The t h i r d   c a s e ,   m o d u l a t i n g  
d e n s i t y   a n d   v e l o c i t y   e a c h  a t  h i g h   f r e q u e n c y , r e a l l y   c o r e s p o n d s  t o  a d i s p l a c e -  
ment c u r r e n t   d e n s i t y .  Only t h e   f i r s t   c a s e ,   m o d u l a t i o n   o f   t h e  car r ie r  densi ty ,  
appears   capable   o f   bo th  good s e n s i t i v i t y  and   la rge   bandwidth .   Modula t ion   of  
t h e   v e l o c i t y   t h r o u g h   t h e   m o b i l i t y  i s  the   ho t   e lec t ron   mechanism  of   n - InSb,  
whi le   the   o ther   mechanisms  appear   too  weak ( r e f .  7 ) .  

354 



T h e   e q u a t i o n   f o r   t h e  carrier d e n s i t y  n i n   e x c e s s   o v e r   d a r k   c o n d i t i o n s  
is 

an - + I . n y = n - -  
- n  

a t  T 

where i~ is the   vo lume r a t e  f o r  carrier pho togene ra t ion   and  r is t h e  carrier 
recombinat ion t i m e .  The  dominant  component a t  t h e   I F   f o r   t h e   c u r r e n t   d e n s i t y  
is given  by 

w h e r e   k d e n o t e s   t h e   m o b i l i t y   t e n s o r   i n   t h e   p r e s e n c e   o f   u n i a x i a l   s t r a i n ,  Edc is 
t h e   b i a s   f i e l d   a n d  a is t h e   a b s o r p t i o n   c o e f f i c i e n t  (cm-1) a t   t h e  LO o r   s i g n a l  
f r e q u e n c y ,   t h e   d i s t i n c t i o n   b e i n g   n e g l e c t e d .   Q u a n t i t i e s   a s s o c i a t e d   w i t h   t h e   I F ,  
L 0 , a n d   s i g n a l   f r e q u e n c i e s   a r e   d e n o t e d   b y   s u b s c r i p t  0 ,  L,and 1, r e s p e c t i v e l y .  

Conversion Loss 

The i n t r i n s i c   c o n v e r s i o n  loss L ’  i s  t h e   r a t i o   o f   t h e   a b s o r b e d   s i g n a l  power 
t o   t h e   I F  power a s s o c i a t e d   w i t h   t h e   a b o v e   c u r r e n t   d e n s i t y ,  i . e . ,  

where oo i s  t h e   I F   c o n d u c t i v i t y   a n d   t h e   i n t e g r a l s   a r e   o v e r   t h e   c r y s t a l   v o l u m e .  
See f i g .  3 for   the   geometry   be ing   used .   Thus ,  

w h e r e   t h e   r e s p o n s i v i t y Z =  G e R o / h  l q w l  I (vo l t s /wa t t )   and   t he   pho toconduc t ive  
g a i n  G = T/Td,  where Td = R/pEdc, i s  t h e   d r i f t  time a l o n g   t h e   c r y s t a l   l e n g t h  2. 
The  power PL = EL* cRw/8n,  where w is  t h e   w i d t h   ( s e e   f i g .   3 ) .  The e f f i c i e n c y  
f a c t o r  17 accounts   for   absorp t ion   and   sur face   impedance-mismatch .  The conver- 
s i o n  l o s s  L based  on power d e l i v e r e d   t o   a n   I F   l o a d   r e s i s t a n c e  R0,,  i s  o b t a i n e d  
b y   m u l t i p l y i n g  L ’  by (Ro + Ro,e)2/RoRo,e  (ref.  4 ) .  

The  conversion l o s s  fo r   InSb  i s  a similar e x p r e s s i o n  as f o r  L ’ ,  when t h e  
r e s p o n s i v i t y , B ,  i s  set e q u a l   t o   t h e   f o l l o w i n g   ( r e f .  4 ) :  % = [GeRo/(3kTe/2)] 
( d  Rn Ro/d Rn Te)  and  when r i s  rep laced   everywhere   by  rE ,  t h e   h o t   e l e c t r o n -  
t empera tu re   (Te )   r e l axa t ion  time. Wi th   t he  same a b s o r p t i o n   e f f i c i e n c i e s  ?l 
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f o r   t h e  Ge-  and   InSb-cases ,   t he   conve r s ion   l o s ses  w i l l  b e   i n   t h e   i n v e r s e   s q u a r e  
o f   t h e   r a t i o   o f   t h e   r e s p o n s i v i t i e s .   S i n c e   t h i s   r e s p o n s i v i t y   r a t i o  i s  ( T / T ~ )  
( 3 k T e / 2 6 w ~ ) / ( d  RnRo/d RnTe) a n d   s i n c e   t h e   f i r s t  two f a c t o r s  are c o n s i d e r a b l y  
smaller t h a n   u n i t y ,   a n d   t h e   t h i r d   f a c t o r  i s  a p p r o x i m a t e l y   u n i t y ,   t h e   h i g h e r  
c o n v e r s i o n   l o s s   f o r  G e  i s  e v i d e n t .   N o t e   t h a t   t h e   p r o d u c t  GRo i n   t h e   f o r m u l a  
f o r   e i t h e r   r e s p o n s i v i t y  i s  i n d e p e n d e n t   o f   t h e   m o b i l i t y   a n d   t h e   c r y s t a l   l e n g t h .  
However, L '  i s  p r o p o r t i o n a l   t o  Ro,  i n   e q u a t i o n   ( l ) ,   w h i c h  makes L' v a r y  
i n v e r s e l y   w i t h   t h e   m o b i l i t y .  The r e s p o n s i v i t y   f o r  Hg0.8 CdOa2 Te is r e p o r t e d  
( r e f .  8) t o   b e  15 times h ighe r   t han   InSb ,   owing   t o  a l a r g e r   l o g a r i t h m i c   d e r i v a -  
t i v e   o f   t h e   r e s i s t a n c e  when a m a g n e t i c   f i e l d   i n d u c e s  a t r anspor t   anomaly  a t  
low  temperature .  A s  s e e n   i n   e q u a t i o n   ( l ) ,   t h e  I F  r e s p o n s e   h a s  a ha l f -wid th  
a t  half-maximum  equal   to  ~ - 1 ,  where 'I is t h e   e f f e c t i v e   r e c o m b i n a t i o n  time. 
A s  t h e  LO power i s  i n c r e a s e d ,   t h i s   b a n d w i d t h  is  a l s o   i n c r e a s e d ,   o w i n g   t o   t h e  
appearance of a d d i t i o n a l   i o n i z e d   a c c e p t o r s   w h i c h   h a v e   l a r g e   c a p t u r e   c r o s s -  
s e c t i o n s .  

Po la r i za t ion   Dependence  

The  ground  acceptor  level  and the   uppermost   va lence   band   edge   have  J = 312, 
MJ = 2112 f o r   a n g u l a r  momentum quantum  numbers.  The e l e c t r i c  d i p o l e   l i n e -  
s t r e n g t h s   f o r   t h e  two o r t h o g o n a l   s e n s e s   o f   l i n e a r   p o l a r i z a t i o n   ( p a r a l l e l   a n d  
p e r p e n d i c u l a r   t o   t h e   u n i a x i a l   s t r e s s )  are  p r o p o r t i o n a l   t o :  

S K =  (25  + (-M J 1 J 
K M -K ) 'K 

2 

J J 

where ,   in   the   Wigner  3-5  symbol ( r e f .  9 )  K = 0 f o r   p a r a l l e l   p o l a r i z a t i o n ,  K = 1 
f o r   p e r p e n d i c u l a r   l i n e a r   p o l a r i z a t i o n ,  = 1 and &1 = 1 1 2 .  Then S o  = 4 / 1 5  
and S 1  = 16 /15  = 4 S 0 .  T h u s ,   p o l a r i z a t i o n   p e r p e n d i c u l a r   t o   t h e  stress i s  
p r e f e r r e d   b y   t h e   r e l a t i v e   l i n e   s t r e n g t h s   b y  a f a c t o r  of   four .  The e l e c t r i c  
d i p o l e  moment s q u a r e d   f o r   a b s o r p t i o n   a l o n g   e i t h e r   d i r e c t i o n  is  a l so   p ropor -  
t i o n a l   t o   t h e   s q u a r e   o f   t h e   i n v e r s e - m a s s   c o m p o n e n t   f o r   t h a t   d i r e c t i o n .   S i n c e  
t h e   r a t i o  of p e r p e n d i c u l a r - t o - p a r a l l e l   m a s s   ( r e f .  3 )  i s  2 . 5  f o r  stress i n   t h e  
[ l o o ]   d i r e c t i o n   ( a n d  3 . 2  f o r  a [111] stress d i r e c t i o n ) ,   t h e  mass dependence 
m o r e   t h a n   o f f s e t s   t h e   a b o v e   l i n e - s t r e n g t h   p r e f e r e n c e .  

N o i s e   C h a r a c t e r i s t i c s  

Mixer I F  n o i s e   c o n s i s t s   m a i n l y   o f   t h e r m a l   n o i s e   a s s o c i a t e d   w i t h   d i s s i p a -  
t ive  p r o c e s s e s ,   s h o t   n o i s e   a s s o c i a t e d   w i t h   t h e   c u r r e n t   p r o d u c e d   b y   t h e  LO, and 
g e n e r a t i o n - r e c o m b i n a t i o n   n o i s e   a s s o c i a t e d   w i t h   i o n i z a t i o n  of i m p u r i t i e s   a n d  
cap tu re   o f  carriers.  
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I 

The  thermal   no ise  i s  m a i n l y   c a u s e d   b y   c a r r i e r - v e l o c i t y   f l u c t u a t i o n s  
<6v2> = .kT/m, so t h a t   t h e   s p e c t r a l   d e n s i t y   o f  cu r ren t  f l u c t u a t i o n s  i n  a band- 
wid th  Av is  g i v e n   b y   ( r e f .  10) 

where Ynn is  t h e   t o t a l   a d m i t t a n c e   f o r  mixer a n d   e x t e r n a l   l o a d   o r   t e r m i n a t i o n s .  
The c o t h   f a c t o r   i n c l u d e s   t h e   z e r o - p o i n t   q u a n t u m   f l u c t u a t i o n s .  The frequency 
(s-1) w, = wo + n q ,  i s  f o r   t h e   n - t h   s i d e b a n d   f o r   a n  LO frequency WL and  an 
I F ,  wo. 

I n   g e n e r a l ,  Ymn is  t h e   m a t r i x   e l e m e n t   o f   a d m i t t a n c e   t h a t   m u l t i p l i e s   t h e  
s m a l l - s i g n a l   v o l t a g e  a t  f requency  W, t o   g i v e   t h e   s m a l l - s i g n a l   c u r r e n t  a t  
f requency %. Thus, 

'mn  m-n = G  - i (w0 + maL> Cm-n 

where Gk and  ck are  the   t ime-Four i e r   componen t s   o f   t o t a l   conduc tance   and  
c a p a c i t a n c e   i n   t h e   p r e s e n c e   o f   t h e   l a r g e - s i g n a l ,   p e r i o d i c ,  LO e l ec t r i c  f i e l d  
( r e f .  11) a t  t h e   f r e q u e n c y  w L '  

S h o t   n o i s e   c o n s i s t s   o f   c h a r g e - d e n s i t y   f l u c t u a t i o n s  owing t o   t h e   d i s c r e t e  
p a r t i c l e   n a t u r e   o f   t h e  carr iers .  The   co r re spond ing   no i se -Four i e r   co r re l a t ion  
ma t r ix   e l emen t s  are g iven   by  

<61, 61 *> /Av = 2e 1 n m-n 

where Im-v i s  t h e  (m-n)- th   Four ie r   component   o f   the   l a rge-ampl i tude   cur ren t  
waveform l ( t >   i n   t h e   p r e s e n c e   a l o n e   o f   t h e  LO e l e c t r i c   f i e l d   a t  wL, i . e . ,  

03 
-ikw t 

i ( t )  = I k e  
L 

k = a  

The o f f - d i a g o n a l   e l e m e n t s   r e p r e s e n t   a n o m a l o u s   n o i s e   o w i n g   t o   c o r r e l a t i o n s  among 
t h e  up- and  down-converted  components   of   the   modulated  shot   noise ,   which i s  
p r o p o r t i o n a l   t o   t h e   i n s t a n t a n e o u s   c u r r e n t   i ( t > .  

The   no ise   t empera ture  TM of t h e  mixer i s  d e t e r m i n e d   b y   t h e   a p p a r e n t   n o i s e  
c u r r e n t ,   a c t i n g   i n   t h e   s i g n a l   s i d e b a n d   a l o n e  a t  t h e  mixer i n p u t ,   t h a t   w o u l d  
r e s u l t   i n   t h e   o b s e r v e d   I F   n o i s e   v o l t a g e .   T h i s   I F   n o i s e   v o l t a g e  is ma in ly   t he  
r e s u l t   o f   t h e r m a l   n o i s e ,  LO sho t -no i se , and   gene ra t ion - recombina t ion   (g - r )   no i se  
a t  - a l l  s idebands .  
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I f  the  impedance Z i j  is t h e   i j - t h  matrix e l emen t   o f   t he  inverse of the 
a d m i t t a n c e  matrix, t h e n   t h e   a p p a r e n t   s i g n a l   n o i s e   c u r r e n t   i n   t h e   b a n d w i d t h  Av 
is  given  by 

61: > /  Av = hul c o t h  (""I-) R e  Yll 
1 2kTM 

* *w 
where Re <&Ii 61 .> /Av = 6i j  hwi c o t h  (&) R e  Yii + 2eIi-j  + ( g - r )   n o i s e  

J 

and 

T h e   s u b s c r i p t s  0, 1 and L r e f e r   t o   t h e  I F ,  t h e   s i g n a l   a n d   t h e  LO, r e s p e c t i v e l y .  
The a d m i t t a n c e s   w i t h   s u b s c r i p t  e r e f e r   t o   e x t e r n a l   l o a d s   o r   t e r m i n a t i o n s ,  
which may b e   s u i t a b l y   m a t c h i n g .   A d m i t t a n c e s   a r e   i n   G a u s s i a n   u n i t s .   F o r   p r a c -  
t i c a l  u n i t s ,   r e p l a c e  c / 4 ~  by l / Z o ,  where Zo i s  t h e  wave impedance  of   f ree   space.  
The f a c t o r  rl i s  t h e   o v e r a l l   e f f i c i e n c y   f a c t o r   f o r   a b s o r p t i o n   o f   t h e   i n c i d e n t  
r a d i a t i o n ,   i n c l u d i n g   t h e   f a c t o r   c o r r e c t i n g   f o r   s u r f a c e   r e f l e c t a n c e .  

For  n o   s u r f a c e   r e f l e c t i o n   a n d  a t h i n   c r y s t a l   w i d t h ,  a w ,  where i s  t h e  
a b s o r p t i o n   c o e f f i c i e n t   f o r   a c c e p t o r   p h o t o i o n i z a t i o n   a n d  w is  t h e   w i d t h .  Equa- 
t i o n  (2) may b e   s o l v e d   t h e n   f o r  TM. 

With t h i s   a d m i t t a n c e   f o r m a l i s m ,   t h e   c o n v e r s i o n   l o s s  L c a n   b e   r e w r i t t e n  
m o r e   g e n e r a l l y   ( r e f .   1 1 )  as 



where  the  impedance matrix e lements  are  o b t a i n e d   f r o m   t h e   i n v e r s e   a d m i t t a n c e  
ma t r ix ,   wh ich   i nc ludes  a l l  s i d e b a n d s   t o g e t h e r .  The  image  s ideband,   for  
example, a t  w - ~  can   be   expec ted   t o   have  some i n f l u e n c e .  

The p h o t o c o n d u c t o r   d e n s i t y   f l u c t u a t i o n s   d u e   t o   g e n e r a t i o n - r e c o m b i n a t i o n  
(g - r )   o f   t he  carriers i s  g iven   by  <6n{> = q PL ~ / ( v o l .  . t r w ~ ) ,  where   vo l .  
is  t h e   c r y s t a l  vo lume  be ing   i l lumina ted .  The  g-r n o i s e   c u r r e n t  i s  t h e n  

T h i s   s p e c t r a l   s h a p e   ( w i t h   r e s p e c t   t o  W o )  arises f r o m   t h e   e x p o n e n t i a l   d e c a y   i n  
time, w i t h   c o r r e l a t i o n  t i m e  T ,  o f   t h e   d e n s i t y   f l u c t u a t i o n s .   T h i s   n o i s e   s o u r c e  
is t o   b e   i n c o r p o r a t e d   i n t o   t h e   r i g h t - h a n d   s i d e   o f   t h e   e q u a t i o n   f o r   t h e   m i x e r  
t e m p e r a t u r e ,   e q u a t i o n   ( 2 ) .   S p a c e - c h a r g e   e f f e c t s   c a n   i n f l u e n c e   t h i s   s p e c t r a l  
s h a p e   ( r e f .  lo). A p a r t i c u l a r   c o n c e r n  i s  t h e   p l a s m a   r e s o n a n c e   n e a r   t h e   h o l e  
plasma  f requency,  wp = (4.rrnh e 2 / m , ) 1 / 2 .   S p a t i a l   f l u c t u a t i o n s   c a u s e   c h a r g e  
s e p a r a t i o n   f i e l d s   b e t w e e n   h o l e s   a n d   i o n i z e d   a c c e p t o r s .   T h e   d i v e r g e n c e   o f  
t h i s   f i e l d   c a u s e s  a V v - c o n t r i b u t i o n   i n   t h e   e q u a t i o n   f o r   t h e  carr ier  
d e n s i t y ,   r e s u l t i n g   i n   a n   e n h a n c e m e n t   o f   t h e   a b o v e   f l u c t u a t i o n s   b y  a f a c t o r  I &(wO) where 

” 

and T~ i s  t h e   m o b i l i t y   r e l a x a t i o n  t i m e .  T h e s e   e x p r e s s i o n s   i g n o r e   t h e   s h i e l d i n g  
e f f e c t s   b y   e l e c t r o n s   a n d   t h e   w a v e v e c t o r   d e p e n d e n c e ,   i n v o l v i n g   t h e  Debye l e n g t h s .  
The t h e r m a l   n o i s e  w i l l  be   enhanced   t h rough   mod i f i ca t ion   o f   t he  I F  a d m i t t a n c e s .  
No te   t ha t   t he   p l a sma   f r equency  i s  - 1 GHz f o r  % = 10l1 holes/cm3.  

HETEROJUNCTION - SUPERLATTICES 

S p a t i a l l y   p e r i o d i c   h e t e r o j u n c t i o n s   ( e . g . ,  Ge/GaAs) e s t a b l i s h  w a l l s  of 
a d j a c e n t   o n e - d i m e n s i o n a l   p o t e n t i a l  wells and b a r r i e r s .   T h e s e   c a n   f a v o r a b l y  
a f f e c t   t h e   h o l e   d e n s i t y   o f  s tates a n d   c o l l i s i o n / c a p t u r e  times i n   t h e   v a l e n c e  
band  ( re fs .   12   and   13) .   Improved  mixer p e r f o r m a n c e   r e s u l t s   f r o m   a n   i n c r e a s e d  
p h o t o a b s o r p t i o n   w i t h  a g r e a t e r   d e n s i t y   o f   f i n a l  states and  f rom  decreased 
t h e r m a l   n o i s e   w i t h   d e c r e a s e d   d i s s i p a t i o n   i n   t h e   I F   s i d e b a n d .  

Major   improvement   would  occur   with  an  increased  s teepness   of   photocurrent  
dependence   on   modula ted   power .   Tunnel ing   th rough  the   po ten t ia l   bar r ie rs   a l lows  
an   exponent ia l   dependence .  One means   o f   in t roducing   th i s   dependence  i s  t o  
c o n s i d e r   t h a t   t h e  power  modulat ion  causes  a carr ier  d e n s i t y   m o d u l a t i o n   A n ( t )   i n  
t h e  G e  doped  with a. N o t e   t h a t   t h e   s u p e r l a t t i c e  ac t s  t o   l i f t   t h e   d e g e n e r a c y  
o f   t he   va l ence   band   edge  much as s t r a i n  would .   The   dens i ty   modula t ion   causes  
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Ill1 Ill lI1111111l I l l  I I I 

a n   e l e c t r o s t a t i c   p o t e n t i a l   e n e r g y  e@ = 4 ~ r  e2a2 An(t)/E,  where E is t h e  G e  
d i e l e c t r i c   c o n s t a n t ,   a n d  a i s  t h e   r a d i u s   o f   c u r v a t u r e   o f   t h e   b a n d   b e n d i n g  
( i n   t h e  G e  p o t e n t i a l   w e l l s )   o w i n g   t o   e x c e s s   h o l e s   n e a r   t h e  wal ls  t o   t h e   a d j a -  
c e n t   b a r r i e r s .  S e e  f i g u r e  4 .  T h i s   p o t e n t i a l   e n e r g y   o s c i l l a t e s  a t  t h e  I F ,  

T h i s  time d e p e n d e n c e   a f f e c t s   t h e   h o l e   q u a n t u m  wave f u n c t i o n s   f o r   t h e  
p o t e n t i a l  wells. The r e s u l t i n g   t u n n e l i n g   c u r r e n t  AIo a t  t h e  IF i n v o l v e s   t h e  
o v e r l a p   o f  wave f u n c t i o n s   f o r   m o d u l a t e d   e n e r g y  levels  i n   t h e  wells, whose 
e n e r g i e s   c o n s i s t e n t l y   d i f f e r   b y  ho,. Thus, i n  terms g i v e n   ( r e f .  14) b y   t h e  
Bessel f u n c t i o n s  J n '  

co 

where X = e$,/hw0 and  Idc i s  t h e   d c   c u r r e n t  as a f u n c t i o n   o f   b i a s   v o l t a g e .  
T h i s   f u n c t i o n   c a n   b e   a n   a p p r o x i m a t e   e x p o n e n t i a l   f u n c t i o n   o f   b i a s   v o l t a g e ,   w h i c h  
i s  e f f e c t i v e l y   ( v d c  + n hw0/e )   fo r   t he   n -pho ton   con t r ibu t ion .  

By a p p r o p r i a t e   s p a t i a l   m o d u l a t i o n   o f   t h e   d o p i n g   a n d   c o m p e n s a t i o n   i n  
t h e   s u p e r l a t t i c e   t h e  carr ier  l i f e t i m e   c a n   b e   s h o r t e n e d   t o   i n c r e a s e   t h e   b a n d -  
w i d t h ,   y e t   t h e   m o b i l i t y   c a n   b e   i n c r e a s e d   t o   r e d u c e   t h e   n o i s e   a n d   c o n v e r s i o n  
l o s s .   T h i s   r e q u i r e s   t h e   t r a p p i n g   i n   t h e  Ge wells t o   i n c r e a s e   c a p t u r e   b y  
t h e   l o c a l   a c c e p t o r s   b u t   t h e  sca t te r  o f   t h e   t w o - d i m e n s i o n a l   h o l e   g a s ,   e s p e c i a l l y  
b y   i m p u r i t i e s   i n   t h e  GaAs b a r r i e r   r e g i o n s ,   t o   b e   r e d u c e d .  

CONCLUSIONS 

The  mixing  mechanism i n   s t r e s s e d  G e  i s  similar t o   t h a t   i n   h i g h - p u r i t y  
G a A s ,  a n d   l e a d s   t o   l a r g e r   b a n d w i d t h s   t h a n   f o r   h o t - e l e c t r o n   I n S b .  Stress a l l o w s  
t u n a b i l i t y   o f   t h e  Ge (doped  with Ga) i n  a w a v e l e n g t h   r a n g e   i n a c c e s s i b l e   t o  
n-GaAs e v e n   w i t h   m a g n e t i c   f i e l d s .  

S u p e r l a t t i c e s   c a n   p r o v i d e   e x p o n e n t i a l - t y p e  I F  c u r r e n t - v o l t a g e   c h a r a c t e r i s -  
t i c s  f o r   g r e a t e r   s e n s i t i v i t y .   S p a t i a l   m o d u l a t i o n   o f   t h e   d o p i n g   a n d   c o m p e n s a -  
t i o n   c a n   i n c r e a s e   t h e   b a n d w i d t h   a n d   t h e   m o b i l i t y   f o r   b e t t e r   p e r f o r m a n c e ,  i . e . ,  
less conve r s ion   l o s s   and  less n o i s e .  
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Figure 1.- Sp l i t   va l ence  bands of un iax ia l ly  compressed germanium.  Uppermost 
valence band is  heavy  hole (J = 3 / 2 ,  MJ = +1/2) band with  perpendicular  
mass g r e a t e r   t h a n   p a r a l l e l  mass. 
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hole   level   within  valence band (VB) i s  shown as l/T, where T is e f f e c t i v e  
ca r r i e r   l i f e t ime .   Loca l   o sc i l l a to r  (LO) f requency,   s ignal   f requency,  and 
intermediate  frequency ( I F )  a r e  w wl, and W , r e spec t ive ly ,  where 
w = w  "w 
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Figure 3 . -  Crystal  geometry and d i r ec t ions   fo r   i l l umina t ion ,   pho tocur ren t ,  
and un iax ia l  stress. 
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Figure 4.- Energy  band  diagram f o r  p-Ge/GaAs (110) s u p e r l a t t i c e .  
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