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ABSTRACT 

Near - idea l   op t ica l   he terodyne  per fo rmance has  been o b t a i n e d   a t  GHz I F   f r e -  
quencies i n   t h e   1 0 - D m - w a v e l e n g t h   r e g i o n   w i t h   l i q u i d - n i t r o g e n - c o o l e d  HgCdTe 
photodiodes.  Heterodyne NEP's as low as 2.7 x W/Hz a t  100 MHz, 
5.4 x 10-20 W/Hz a t  1.5 GHz, and 9.4 x 19-20 W/Hz a t  3 GHz have  been  achieved. 
V a r i o u s   p h y s i c a l  phenomena wh ich   occu r   w i th in  a photodiode and a f f e c t   h e t e r o d y n e  
operation  have  been  examined i n   o r d e r   t o  a s s e s s   t h e   f e a s i b i l i t y   o f   e x t e n d i n g   t h e  
opera t i ng   t empera tu re ,  wave1 ength, and f requency   response  o f   these HgCdTe photo- 
m i x e r s .   H o l e   t r a n s i t   t i m e   i s  seen t o  limit the  fundamental   bandwidth  of  10-pm 
HgCdTe photod iodes   to   about  5 GHz. Long o p t i c a l   a b s o r p t i o n   l e n g t h s  and smal l  
d e p l e t i o n   w i d t h s   o f  30-pm pho tod iodes   l ead   t o  a r e s p o n s e   l i m i t e d   b y   m i n o r i t y  
e l e c t r o n   d i f f u s i o n .   H i g h   d a r k   c u r r e n t ,   v e r y   s m a l l   d e p l e t i o n   w i d t h s ,  and slow 
a m b i p o l a r   d i f f u s i o n   a f f e c t   t h e   s e n s i t i v i t y  and  speed o f   h igh - tempera tu re  10-um 
HgCdTe photodiodes.  For T 200 K, p- type HgCdTe photoconductors  should  outper-  
form  photodiodes  as  moderately-wide-bandwidth  photomixers.  

INTRODUCTION 

I n   r e c e n t   y e a r s   t h e  1 i q u i d - n i t r o g e n - c o o l e d  HgCdTe photodiode has  emerged  as 
the   super io r   w ide -bandw id th   i n f ra red   he te rodyne   de tec to r   i n   t he   10 -pmwave leng th  
r e g i o n   ( r e f s .  1 and 2 ) .  High dc  quantum e f f i c i e n c i e s   ( 7 5 %   t o  90%) and R C  r o l l -  
o f f   f r e q u e n c i e s   i n   e x c e s s   o f  2 GHz have  been r o u t i n e l y   a c h i e v e d   ( r e f .  3 ) .  These 
devices  have  been  used  as  photomixers  at  IF f requenc ies   as   h igh  as 60 GHz 
( r e f .  2 ) .  Q u a d r a n t a l   a r r a y s   ( r e f .   4 )  have  been  used i n  a monopul  se CO2 r a d a r  
s y s t e m   ( r e f .   5 )   f o r   t h e   p a s t   f i v e   y e a r s ,   t r a c k i n g   a t  I F  f requenc ies   over  
1.25 GHz a t   d i s t a n c e s   o f   o v e r  1000 krn. The f i e 1  d o f   l a s e r   h e t e r o d y n e   r a d i o m e t r y  
has made e x t e n s i v e   u s e   o f   t h e s e   h i g h - s e n s i t i v i t y  HgCdTe photomixers  for   such 
a p p l i c a t i o n s  as p r o f i l i n g  gas d i s t r i b u t i o n s  and w i n d   v e l o c i t i e s  on p l a n e t s  
( r e f s .  6 and 7 )  , rneasuri ng  ozone ( r e f .  8 )  and c h l o r i n e   m o n o x i d e   ( r e f .   9 )  con- 
c e n t r a t i o n s   i n   t h e   e a r t h ' s   s t r a t o s p h e r e ,  and s t e l l a r   h e t e r o d y n e   i n t e r f e r o m e t r y  
( r e f .  l o ) .  

I n   t h i s  paper, t h e   s t a t e - o f - t h e - a r t   p e r f o r m a n c e   o f  HgCdTe photodiode  hetero-  
dyne  rece ivers  and t h e   p h y s i c s   a s s o c i a t e d   w i t h   t h e i r   o p e r a t i o n  will be 
d i s c u s s e d .   O p t i c a l   a b s o r p t i o n   c o e f f i c i e n t ,   i n t r i n s i c   c a r r i e r   c o n c e n t r a t i o n ,  
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i n t e r b a n d   t u n n e l i n g ,   m i n o r i t y - c a r r i e r   d i f f u s i o n ,  and h o l e   t r a n s i t   t i m e  will be 
shown t o   p r e s e n t   l i m i t a t i o n s  and per formance  t rade-of fs   for  a HgCdTe photodiode 
h e t e r o d y n e   r e c e i v e r   o p e r a t i n g   a t  a f r e q u e n c y   o f  10 GHz, a wave length   o f  30 pm,or 
a temperature  near  200K. A d iscuss ion   o f   p - type  HgCdTe photoconductors   for   use 
as  e levated-temperature  C02- laser  photomixers i s   a l s o   p r e s e n t e d .  

STATE OF THE ART 

Dur ing   the   pas t   ten   years ,   h igh-per fo rmance HgCdTe photodiodes and photo- 
d iode  a r rays   have been  deve loped  a t   L inco ln   Labora tory   ( re f .  3 )  f o r  use  as  wide- 
bandwidth  heterodyne  receivers.  Numerous t e s t  measurements  were a1 so developed 
t o   e v a l u a t e   t h e s e   p h o t o d i o d e s  and c h a r a c t e r i z e   t h e i r   s e n s i t i v i t y  and bandwidth 
i n   t h e   h e t e r o d y n e  mode o f   o p e r a t i o n .  The blackbody  heterodyne  measurement has 
p r o v e n   t o  be t h e   m o s t   d i r e c t  and r e 1   i a b l e  method fo r   de te rm in ing   t he   he te rodyne  
NEP a t   h igh   f requenc ies .   Here   t he  measured s i g n a l   - t o - n o i s e   r a t i o   i s  compared 
w i t h   t h a t   c a l c u l a t e d   f o r  an i d e a l   p h o t o m i x e r   i n   o r d e r   t o   o b t a i n  an e f f e c t i v e  
heterodyne  quantum  ef f ic iency V E H  ( r e f s .  11 and 12) f rom  which  the NEP can be 
de termined  us ing   the   express ion  NEP = hVB/'IEH, where B ( n o i s e   b a n d w i d t h )   i s  
u s u a l l y   n o r m a l i z e d   t o  1 Hz. I n   f i g u r e  1 a r e  shown t h e   b e s t   v a l u e s   o f  NEP 
o b t a i n e d   t o   d a t e   ( r e f .  3 )  as a f u n c t i o n   o f  IF f requency  f rom 10 MHz t o  4 GHz. 
A t  1 GHz t h e  NEP i s   o n l y   a b o u t  a f a c t o r   o f  2 above t h e  quantum 1 imit o f  an i d e a l  
photod iode- rece iver   sys tem.  A s e n s i t i v i t y   o f  6.2 x 10-20 W/Hz has a l s o  been 
r e p o r t e d   ( r e f .  13) a t  2 GHz. As t he   IF   f requency   i nc reases ,  RC r o l l - o f f  , d i f -  
f u s i o n   e f f e c t s ,  and h i g h e r   p r e a m p l i f i e r   n o i s e   f i g u r e s  a l l  c o n t r i b u t e  t o  a degra- 
d a t i o n   i n  NEP o f   p r e s e n t  HgCdTe photomixers .   (The  no ise   f igures   o f   the  
d e c a d e - b a n d w i d t h   p r e a m p l i f i e r s   u s e d   t o   o b t a i n   t h e   d a t a   i n   f i g u r e  1 ranged  from 
about 1.1 dB a t  10 MHz t o  4.5 dB a t  4 GHz.) The b e s t   r e s u l t s   c u r r e n t l y   a r e  
below 1.5  GHz where  most o f   t h e   e f f o r t  has  been  concentrated.  Twelve-el ement 
a r r a y s   w i t h   a v e r a g e   s e n s i t i v i t i e s   o f  7.1 x 10-20 W/Hz a t  1.5 GHz and 
4.3 x 10-2O W/Hz a t  0176 GHz have  been  demonstrated  (refs. 3 and 14 ) .  

The values  of  NEP i n   f i g u r e  1 were obta ined  under   opt imum  condi t ions  o f  
b i a s  Va ( t y p i c a l l y  0.3 t o  0.7 v o l t s )  and LO power PLO ( t y p i c a l l y  0.2 t o  0.5 mW) . 
I n   f i g u r e  2 i s  shown t h e  NEP o f  a t yp i ca l   h igh -pe r fo rmance   d iode  as a f u n c t i o n  
o f   p h o t o c u r r e n t   ( I p c  = v ( o ) q  P Q/hw,  where T ( o )  i s  t h e  dc quantum e f f i c i e n c y )   a t  
0.76 GHz and 1.5 GHz. The so t i d  curves  were  ca lcu lated  f rom  the  s imple asymp- 
t o t i c   e x p r e s s i o n   ( r e f .  1 5 )  f o r  NEP shown i n   f i g u r e  2, c o n t a i n i n g   t h e   r a t i o s   o f  
preamp1 i f i e r   n o i s e   t o   s h o t   n o i s e  and dark   -cur ren t   no ise   to   sho t   no ise .  Ta i s  
t h e   e f f e c t i v e   n o i s e   t e m p e r a t u r e   o f   t h e   p h o t o d i o d e  and preampl i f ie r ,  and RL i s   t h e  
e f f e c t i v e   l o a d   r e s i s t a n c e .   F o r  a 10.6-pm pho tod iode   a t  7 7 K ,  t he   da rk   - cu r ren t  
te rm i s  a lmos t   a lways   neg l i g ib le   a t   w ide   bandw id ths .   (No t   a l l   sou rces   o f   da rk  
c u r r e n t   a r e   n o i s y  a t  h igh  f requencies. )  These ca l cu la ted   cu rves   p rov ide  a good 
f i t  t o   t h e   d a t a  up t o   I p c  = 1 mA. Beyond tha t ,   t he  NEP s a t u r a t e s   a t  a va lue 
h i g h e r   t h a n   g i v e n   b y   t h e   s i m p l e   e x p r e s s i o n .   I n  some photodiodes  , the NEP 
i n c r e a s e s   w i t h   i n c r e a s i n g   p h o t o c u r r e n t .   T h i s   s a t u r a t i o n   i s  a r e s u l t   o f   p h y s i c a l  
changes w i t h i n   t h e   p h o t o d i o d e  caused   by   t he   i n tense   op t i ca l   f l ux  += 1 x 1020 
photons/cm*-sec.  These  processes  are  complicated,  are  not we1 1 understood,and  vary 
c o n s i d e r a b l y   w i t h   d e t e c t o r   g e o m e t r y ,   i m p u r i t y   d o p i n g   l e v e l s ,  and energy gap Fg. 
Band f i l l i ng ,   i nc reased   recomb ina t ion ,   amb ipo la r   e f fec ts ,   i nc reased   tunne l i ng  
cur ren t ,  and  simp1 e heat ing  can a1 1 c o n t r i b u t e .  These w i  11  be  described i n  more 
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de ta i l   be low.  The e f f e c t s   a r e  more   impor tan t   a t   h igh   f requenc ies   where   l a rge r  
v a l u e s   o f   p h o t o c u r r e n t   a r e   r e q u i r e d   t o  overcome h i g h e r   a m p l i f i e r   n o i s e .  By 
simple  narrow-band  impedance  matching, we have  been a b l e   t o   r e d u c e   t h e  LO power 
r e q u i r e m e n t   a t  0.76 GHz from  150 pW (1 mA) as shown i n   f i g u r e  2 t o  about 50 pW 
(0.3 m A ) .  T h i s   i s   v e r y   d i f f i c u l t   t o  do fo r   mu l t i oc tave   bandw id ths ,   however .  

PHOTODIODE PHYSICS 

Bas ic   Dev ice   Opera t ion  

S e v e r a l   e f f e c t s   c a n   c o n t r i b u t e   t o   t h e   r e s p o n s e   o f  a p -n   j unc t i on   pho tod iode :  
R C  r o l   l - o f f  , t h e   t r a n s i t   t i m e   o f   e l e c t r o n s  and h o l e s   a c r o s s   t h e   d e p l e t i o n  
r e g i o n ,   t h e   d i f f u s i o n   o f   h o l e s   f r o m   t h e   n - t y p e   r e g i o n   t o   t h e   s p a c e - c h a r g e   r e g i o n ,  
a n d   t h e   d i f f u s i o n   o f   e l e c t r o n s   f r o m   t h e   p - t y p e   r e g i o n   t o   t h e   s p a c e - c h a r g e  
r e g i o n .  The d i f f u s i o n   t i m e   c a n   b e  a s   l o n g   a s   t h e   l i f e t i m e   o f   t h e   m i n o r i t y  
c a r r i e r s ,   w h i c h   f o r  0 .l-eV HgCdTe can  be  severa l   microseconds  ( re f .   16) .  
Obv ious l y ,   such   s low   d i f f us ion   e f fec ts   mus t   be   m in im ized   f o r   h igh -pe r fo rmance  
wide-bandwidth  operat ion.  The most  successful   wide-bandwidth HgCdTe d e t e c t o r  
s t r u c t u r e   t o   d a t e  has  been t h e   s h a l   l o w - j u n c t i o n  n'n-p geometry ( r e f .  4 )  , a c ross  
s e c t i o n   o f   w h i c h   i s  shown i n   f i g u r e   3 .  Here t h e   j u n c t i o n   d e p t h   i s   a b o u t  3 pm, 
and  under   reverse   b ias   the   dep le t ion   w id th   i s   about  2 pm, l e a v i n g  a 1-pm r e g i o n  
o f   u n d e p l e t e d   n - t y p e   m a t e r i a l   a t   t h e   s u r f a c e .   A l s o  shown i n   f i g u r e  3 i s   t h e  
e x p e c t e d   a b s o r p t i o n   p r o f i l e   f o r  10.6-pm r a d i a t i o n ,  where t h e   a b s o r p t i o n   c o e f -  
f i c i e n t  CL i s  about 3000 cm-1 ( r e f .   1 7 ) .  

E l  e c t r o n - h o l e   p a i r s   a r e   c r e a t e d   i n  a1 1 t h r e e   r e g i o n s ,   g i v i n g   r i s e   t o  
several   d i f ferent  response  mechanisms.  Holes  produced i n   t h e   n - t y p e   r e g i o n  must 
d i f f u s e   t o   t h e  edge o f   t he   space -charge   reg ion  and d r i f t   a c r o s s   i n   o r d e r   t o  
g e n e r a t e   c u r r e n t .   T h i s   d i f f u s i o n   t i m e   i s   a p p r o x i m a t e l y   e q u a l   t o   ( ~ x ) ~ / D ,  where 
6x i s   t h e   d i s t a n c e   f r o m   t h e   s p a c e - c h a r g e   l a y e r  where t h e   e l e c t r o n - h o l e   p a i r   i s  
produced  and D = pkT/q i s   t h e   m i n o r i t y - c a r r i e r   d i f f u s i o n   c o e f f i c i e n t   ( r e f .   1 8 ) .  
H o l e   d i f f u s i o n   i s  a s low  process as  Dh-1 z 2 nsec / (pm)z   a t  77K,  and on ly   t hose  
ho les   p roduced   w i th in  a f r a c t i o n   o f  a pm o f   t he   space -charge   reg ion  will respond 
i n  0.3 nsec ( i  .e., 1 GHz bandwidth) .  The d i f f u s i o n   l e n g t h   o f   h o l e s  (i .e., t h e  
ave rage   d i s tance   t hey   can   d i f f use   be fo re   t hey   recomb ine )   can   be  as l o n g  as 
10 p m ,  so y ( 0 )  c o u l d   b e   v e r y   h i g h   f o r  a j u n c t i o n  as  deep  as  10 pm. However, 
such a device  would  have a very  s low  response,   even  though  the  junct ion  capaci -  
t ance  may be smal 1 .   For   e lec t ron   concent ra t ions   g rea ter   than  about   1016 cm-3 
t h e   c o n d u c t i o n  band becomes degenerate and t h i s  band f i  11 ing   reduces   the   absorp-  
t i o n   n e a r   t h e   c u t o f f   w a v e l e n g t h   i n   t h e  n+ l a y e r  and improves   the   h igh   f requency  
per fo rmance  ( re fs .  1 and 1 7 ) .  

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

tt = J WD v( x '  )-I d x '  
wD-x' 

wherewD i s   t h e d e p l e t i o n w i d t h , x '  i s t h e p o s i t i o n w i t h i n t h e d e p l e t i o n r e g i o n , a n d v ( x ' )  
i s   t h e   l o c a l   c a r r i e r   d r i f t   v e l o c i t y   i n   t h e   d e p l e t i o n   r e g i o n .  A t  v e r y   l o w  
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f i e l d s ,   e l e c t r o n s   i n  HgCdTe reach a s c a t t e r i n g - l i m i t e d   s a t u r a t i o n   v e l o c i t y  due 
t o   t h e i r   h i g h   m o b i l  i ty  ( re f .   16 )  and, consequen t l y ,   t r ave l   ac ross   t he  space- 
c h a r g e   r e g i o n   w i t h   c o n s t a n t   v e l o c i t y   o f   a b o u t  2 x 107  cm/sec o r  Ye-1 = 
0.005 nsec/pm. I f  e l e c t r o n   t r a n s i t  were the   on l y   l im i ta t i on ,  a 10-GHz bandwidth 
c o u l d  be o b t a i n e d   w i t h   d e p l e t i o n   w i d t h s  as 1 arge  as 6 pm. However , holes  must 
a l s o   t r a n s i t   t h e   s p a c e - c h a r g e   r e g i o n  and they  have a r e l a t i v e l y   s m a l l   m o b i l i t y  
(ph  = 600  cm2/V-sec a t  77K)  and t h e i r   d r i f t   v e l o c i t y  Vh i s  a func t ion   o f  
p o s i t i o n .   F o r  a 0 . l-eV  photodiode , vh-1 i s  expec ted   to   vary   f rom 0.02 nsec/pm 
t o  2 nsec/pm. 

C a r r i e r s   g e n e r a t e d   i n   t h e   p - t y p e   r e g i o n   a r e   c o n t r o l   l e d   b y   e l e c t r o n   d i f f u -  
s ion   wh ich   can   be   re la t i ve l y   f as t .  Assuming  pe = 30 000 cm2/V-sec i n   t h e   p - t y p e  
r e g i o n ,  we o b t a i n  De-1 = 0.05 nsec/  (pm)2,  which means t h a t   e l   e c t r o n - h o l e   p a i r s  
c r e a t e d   i n   t h e   p - t y p e   r e g i o n   w i t h i n  a few   m ic romete rs   o f   t he   j unc t i on   can  
respond   a t  1 GHz. However, i f  the   m ino r i t y -e lec t ron   concen t ra t i on   app roaches  1% 
o f   t h e   h o l e   d e n s i t y   ( b y   e i t h e r   t h e r m a l   g e n e r a t i o n   o r   t h e   l o c a l   - 0 s c i l   l a t o r   f l u x )  , 
ambi p o l   a r   e f f e c t s   ( r e f .   1 9 )   e n t e r  and b e g i n   t o   s l o w   t h i s   d i f f u s i o n   p r o c e s s .  

The  response o f  any  given  photodiode will be a compos i te   o f  a1 1 t h e  above 
e f f e c t s  and t h e  R C  r o l l - o f f  due t o   t h e   e x t e r n a l   c i r c u i t  and t h e   j u n c t i o n   c a p a c i -  
tance. The r e 1   a t i v e   i m p o r t a n c e   o f  each o f   these  p rocesses  will depend  on t h e  
p r e c i s e   j u n c t i o n   d e p t h ,   d o p i n g   l e v e l s ,  HgCdTe a l l o y   c o m p o s i t i o n ,  and t h e   l o c a l  - 
o s c i  11 a t o r  f l  ux 1 eve1 . 

Slow d i f f u s i o n ,   w h i c h   c a n   f r e q u e n t l y  be  seen as a t a i l  on the   pu l se  
response   o f  a photodiode, i s   p a r t i c u l a r l y   d e t r i m e n t a l   t o   h e t e r o d y n e   o p e r a t i o n .  
T h i s   d i f f u s i o n   n o t   o n l y   g i v e s   r i s e   t o  a l o s s   i n   s i g n a l   a t   h i g h   f r e q u e n c y ,   b u t  
g i v e s   a d d i t i o n a l   n o i s e ,  as t h e   s l o w l y   d i f f u s i n g   c a r r i e r s  have t h e  same s h o t -  
no i se   spec t ra  as t h e   f a s t  ones ( r e f .  20) .  The shot -no ise-1   im i ted  NEP i n   t h e  
p r e s e n c e   o f   d i f f u s i o n   i s   g i v e n   b y  

where v ( f )  i s   t h e  quantum e f f i c i e n c y   a t   f r e q u e n c y  f. I n  a p lanar   d iode,  
l a t e r i a l   d i f f u s i o n   f r o m   a r o u n d   t h e   p e r i m e t e r   c a n   d e g r a d e   i t s   h i g h   - f r e q u e n c y  
performance. To ge t  maximum s e n s i t i v i t y ,   t h e   l o c a l   o s c i l l a t o r   s h o u l d  be  con- 
f i n e d   t o   w i t h i n   t h e   j u n c t i o n   a r e a .  A steep mesa d iode  does  not   have  th is  
l a t e r a l   d i f f u s i o n   p r o b l e m .  

O p t i c a l - A b s o r p t i o n   C o e f f i c i e n t  

A h igh   va lue  o f  o p t i c a l   a b s o r p t i o n   c o e f f i c i e n t  a i s   d e s i r a b l e   i n  a wide- 
bandwidth  photodiode i n   o r d e r   t o   l o c a l i z e   t h e   p h o t o c a r r i e r   g e n e r a t i o n .  However, 
i n  smal l -energy-gap  mater ia l ,  a i s   n o t   v e r y   l a r g e .   I n   f i g u r e  4 i s  shown t h e  
wavelength  dependence o f  a as g iven  by   the  Kane t h e o r y   ( r e f .   1 7 )   f o r  HgCdTe w i t h  
energy  gaps o f  0.1 eV and  0.035 eV, r e q u i r e d   f o r  10.6-pm and 30-pm photodiodes, 
respect ive ly .   Accurate  exper imenta l   va lues  have  been  repor ted  on ly   for  a < 
1000 cm-1. However, t h e s e   c a l c u l a t e d   c u r v e s   a r e   c o n s i s t e n t   w i t h  a1 1 pub1 ished 
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d a t a  and with transmission measurements made a t  Lincoln  Laboratory on thin 
epitaxial samples. The sol  id  curves do not  take  into account effects  of charge 
carr iers ,   impuri t ies ,   or   la t t ice   vibrat ions,   a l l  of which tend t o  "smear out' ' 
the  absorption edge. Band f i  11 ing  occurs  in narrow-energy-gap HgCdTe with rela- 
t ive ly  low electron  concentrations due to   the smal 1 density of s ta tes  i n  the 
conduction band. This  produces a Burstein-Moss sh i f t  in  the  absorption edge as 
indicated by the dashed curves  in  figure 4 ,  which  show the  effects of 
1 x 1016 el  ectrons/cm3  in 0 .l-eV HgCdTe and 1 x 1015 electrons/cm3  in 0.035-eV 
HgCdTe. These electron  densit ies  are  similar t o  those  optically  generated by a 
100-pm-diameter LO beam producing IPC = 1 mA. Thus if  the background doping 
does not  render  the  n-type  region  transparent near the  absorption  edge,  the L O  
flux most 1 i kely wi 11 . A t  a wavelength of 10 pm, the  absorption  length l / a  i s  
about 3 pm, whereas f o r  X = 30 pm, l / a  i s  about 10 pm. Confi  nement  of the pho- 
tocarrier  generation  is   particularly  difficult  a t  30 pm. 

Tunneling Breakdown 

The fundamental breakdown  mechani sm in a reverse-bi  ased, narrow-energy-gap 
photodiode i s  the  tunneling of electrons from the  valence band t o  the conduction 
band due t o  the high fie1 d i n  the  space-charge  region. In  a one-sided a b r u p t  
junction  this  field  varies  linearly  across  the  depletion  layer with a peak value 
of  ~ V / W D ,  where V i s   t h e  sum of the  external  bias and the  built-in  junction 
potential ( - E g / 2 q ) .  The depletion width i s  given by 

where K i s  the  dielectric  constant (-18.6 for  Hgo 8Cdo  .;ZTe) and N i s  the  carrier 
concentration on the  lightly-doped  side of the  junction. The value of WD a t  
breakdown sets  a l i m i t  t o  the RC; r o l l - o f f  frequency of the  device. In figure 5 
i s shown the  calculated  depletion w i d t h  a t  a tunnel -current  density of 
1 A/cm* as a function of N for energy gaps of 0.1 eV and 0.035 eV, according t o  
equation 16 of reference 21. The  peak f ie ld  a t  breakdown Emax i s  a strong func- 
t ion of energy g a p  (Emax a ~ ~ 5 1 3 )  b u t  i s   re la t ive ly  independent of N .  Emax a t  
J T  = 1 A/cm2 i s  about  1 V / u m  f o r  E g  = 0.1 eV and 0.17 V/pm for E g  = 0.035 eV. 
As can be seen i n  figure 5 ,  WD a t  breakdown i s  a s t r o n g  function of N and E g ,  

varying  approximately a s  E 1=43/No-9. For E g  = 0.1 eV, depletion  widths i n  
excess of 6 pm should be o h a i  nab1 e w i t h  present HgCdTe material  technology 
( N - 1  x 1014 ~ m - ~ ) .  I n  high-performance wide-bandwidth photodiodes, WD has 
been typically  in  the range of 2 t o  3 pm a t  breakdown. A 1-GHz RC roll-off  fre- 
quency into 50 Ohms for a 100-pm-diameter photodiode requires > 0.4 pm, which 
i s  achieveable with N = 2 x 1015 c r 3  in 0.1-eV material.  Clearly very high RC 
roll-off  frequencies  are  possible with carrier  concentrations  in  the low 
1014 cm-3 range. A device  sensitive a t  a wavelength of 30 pm, however, 
requires N t o  be less  t h a n  3 x 1014 c r 3  for a 1 %Hz RC rol l -off .  



I n t r i n s i c   C a r r i e r   C o n c e n t r a t i o n  

A h i g h   d e n s i t y   o f   c a r r i e r s  can  be  generated  thermal l y  i n  smal 1-energy-gap 
semiconductors. I n   f i g u r e  6 i s  shown t h i s   i n t r i n s i c   c a r r i e r   c o n c e n t r a t i o n  n i  as  
a f u n c t i o n   o f   t e m p e r a t u r e   f o r  E ~ =  0.1 eV and E = 0.035 eV ( r e f .  22). For good 
d i o d e   c h a r a c t e r i s t i c ,   n i   s h o u l d   b e  much l e s s   & a n   t h e   d o p i n g   l e v e l s  on e i t h e r  
s i d e   o f   t h e   j u n c t i o n .   F o r  a wide-bandwidth 30-pm p h o t o d i o d e ,   t h i s   r e q u i r e s  
o p e r a t i o n   b e l  ow about 50K t o   a c h i e v e   n i  1 ess  than  1014 cm-3, as seen  from 
f i g u r e   6 .  S i m i  1 a r l y  a 10-GHz 10.6-pm diode  must  be  operated  below  about l O O K .  
Note as t h e  0.1-eV mater ia l   approaches 200K, n i  becomes g rea te r   t han  1016 cm-3. 
Thus f r o m   f i g u r e  5 we see t h a t   t h e   d e p l e t i o n   w i d t h   a t  breakdown i n  a high- 
temperature 10.6-pm photodiode will be much l e s s   t h a n  1 pm and , s ince  l / a  > 
3 pm, i t s  response will be d i f f u s i o n   l i m i t e d .  

Photogenera ted   Car r ie rs  

The LO f l ux   can   cause  enormous  changes i n   t h e   m i n o r i t y   ( a n d   m a j o r i t y )  
e l e c t r o n  and h o l e   c o n c e n t r a t i o n s   i n  a photodiode. I n   t h e  absencQ o f   d r i f t  and 
d i f f u s i o n   e f f e c t s ,   t h e   s t e a d y - s t a t e   e x c e s s   p h o t o c a r r i e r   c o n c e n t r a t i o n   i s   g i v e n  
s imply   by a +  T, where T i s   t h e   m i n o r i t y - c a r r i e r   l i f e t i m e .   I n   l i g h t l y  doped 
0 . l-eV  n-type HgCdTe, i s   o f   t h e   o r d e r   o f  10-6  sec ( r e f .   1 6 ) ,  so a + Th ;=: 
3 x 1017  c~n-3 f o r  + =';h020 photons /cd-sec .   Th is   e lec t ron   concent ra t ion   wou ld  
c l e a r l y   g i v e   s t r o n g  band f i l l i n g  ( s e e   f i g u r e  4 )  and r e n d e r   t h e   m a t e r i a l  
t ransparen t   nea r   t he   abso rp t i on  edge.  Near a p-n j u n c t i o n ,   d i f f u s i o n  and d r i f t  
e f f e c t s  must  be  considered,  however  (see  reference  19). The excess m i n o r i t y -  
e l e c t r o n   c o n c e n t r a t i o n  6n in  t h e   p - t y p e   s i d e   o f  an n - p   j u n c t i o n   i l l u m i n a t e d   f r o m  
t h e   n - t y p e   s i d e   i s   g i v e n   b y  

aLe # I 

where x i s   t h e   d i s t a n c e   f r o m   t h e   s p a c e - c h a r g e   r e g i o n ,  and  Le = (DeTe)1/2 i s   t h e  
m i n o r i t y   - e l e c t r o n   d i f f u s i o n   l e n g t h .   F i g u r e  7 shows s n ( x )   c a l c u l a t e d   u s i n g  
p a r a m e t e r s   a p p r o p r i a t e   f o r  a t y p i c a l  10.6-pm HgCdTe photodiode  at   moderate LO 
f l u x .  The m i n o r i t y   - e l e c t r o n  1 i f e t i m e  'e i s  a s t r o n g   f u n c t i o n   o f   h o l e   c o n c e n t r a -  
t i o n  and 10  nsec i s   b e l i e v e d   a p p r o p r i a t e   f o r  a h o l e   c o n c e n t r a t i o n  p i n   t h e  
r e g i o n  of 3 x 1016 cm-3 a t  77K ( r e f .  23 . Note ,   t he   ca l cu la ted   pho toe lec t ron  
d e n s i t y  peaks a t  a va lue   o f   abou t  1 x 10 1 4 cm-3 a t  a d i s t a n c e   f r o m   t h e   j u n c t i o n  
abou t   equa l   t o   t he   abso rp t i on   l eng th .  A t  t h i s   c o n c e n t r a t i o n , t h e s e   m i n o r i t y  
e l e c t r o n s   c o n t r i b u t e   s i g n i f i c a n t l y   t o   t h e   c o n d u c t i v i t y  due t o   t h e   h i g h   e l e c t r o n -  
t o - h o l e   m o b i l i t y   r a t i o  b (-100 i n  HgCdTe) . I n   t h i s   a m b i p o l a r   r e g i m e   ( r e f .   1 9 ) ,  
t h e   d i f f u s i o n   c o e f f i c i e n t   i s   g i v e n  by 

where n = 6n + no. As n approaches P/b , Da decreases , slowing down t h e  d i f -  
f u s i o n   p r o c e s s ,   w h i c h   i n  tu rn   reduces   t he  f requency response and  quantum 
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e f f i c i e n c y .   F o r   l o w   v a l u e s   o f  p, a m b i p o l a r   e f f e c t s   e n t e r   i n   a t   l o w e r   v a l u e s   o f  
o p t i c a l   f l u x .   I n   t h e   v e r y - s t r o n g   - f l u x  limit, t h e   l i f e t i m e ,   t h e   m o b i l i t y ,  and 
t h e   a b s o r p t i o n   c o e f f i c i e n t   a r e   a l l   e x p e c t e d   t o  be f u n c t i o n s   o f  LO power, and a 
s e l f - c o n s i s t e n t   c a l c u l a t i o n   o f   s n ( x )   i s   v e r y   d i f f i c u l t .  

ULTRAWIDE-BANDWIDTH  PHOTODIODES 

W i t h   i n c r e a s i n g   b a n d w i d t h ,   h o l e   t r a n s i t   t i m e   b e g i n s   t o   a f f e c t   t h e   r e s p o n s e  
o f  a 10-pm HgCdTe photodiode, as t h e   h o l e   v e l o c i t y  Vh w i th in   the   space-charge 
r e g i o n   i s   l o w  and a f u n c t i o n   o f   p o s i t i o n ,  Vh(X) = ph   E (x ) .  I n  t h e   c a s e   o f  a 
one-s ided  abrup t   junc t ion ,   E(x )   var ies   l inear ly   ac ross   the   space-charge  reg ion ' .  
I f  we assume vh(  x)  = (X/WD) Vm + vo, t h e n   i n t e g r a t i n g   e q u a t i o n  1 we o b t a i n   t h e  
t r a n s i t   t i m e ,  

f o r  a ho le  generated  wi th in   the  space-charge  reg ion a d i s t a n c e  x f rom  the  n- type 
s ide .   Us ing   t h i s   exp ress ion  we have made numerous n u m e r i c a l   c a l c u l a t i o n s   o f   t h e  
step  response  of   photodiodes  assuming:  1)   the  photogenerat ion  var ies  exponen- 
t i a l l y   i n t o   t h e   d e v i c e  as e-ax  and 2)  t h e   d e l a y   i n   t h e   r e s p o n s e   o f  each o f   t h e s e  
pho togenera ted   ca r r i e rs   i s   g i ven   by   t he  sum o f   t h e i r   d i f f u s i o n   t i m e   ( s x ) Z / D  and 
t r a n s i t   t i m e ,  i .e. t h e   t i m e   r e q u i r e d   f o r   h o l e s   t o   r e a c h   t h e   p - t y p e   r e g i o n  and 
e l e c t r o n s   t o   r e a c h   t h e   n - t y p e   r e g i o n .   F o r  1/a << WD (which i s   t h e  common s i t u a -  
t j o n   f o r  wide-energy-gap,  high-speed  photodiodes), a sb.a l low- junct ion 
p - n - d e v i c e   i s   t h e   b e s t   s t r u c t u r e   f o r   m i n i m i z i n g   h o l e - t r a n s i t   e f f e c t s  as t h e  
e l e c t r o n - h o l  e pa i rs   a re   genera ted   near   the  p+ s i d e   o f   t h e   d e p l e t i o n   l a y e r  and 
o n l y   e l e c t r o n   t r a n s i t   i s   i n v o l v e d .  However, f o r   s m a l l   a b s o r p t i o n   c o e f f i c i e n t s ,  
such as here a t  x Z l O p m ,  t h e   d i f f e r e n c e  between  ann-p and p-n   d iode  s t ruc tu re  i s  
smal l .  The s tep   response   ca l cu la ted   f o r   two  n'n-p photod iodes   w i th   dep le t ion  
w i d t h s   o f  4 pm a r e  shown i n   f i g u r e  8. Here t h e  R C  t i m e   c o n s t a n t   i s  assumed 
zero  and the  undepleted  n+-region i s  assumed t ransparent ,   i .e .  no h o l e d i f f u s i o n  
e f f e c t s .  The curve  on t h e   r i g h t   i s   f o r  a s i m p l e   t r i a n g u l a r   f i e l d   p r o f i l e  
(Emax = 1 V/pm). E lec t rons   genera ted   near   the  p s ide   o f   t he   space -charge   reg ion  
g i v e   t h e   i n i t i a l   r e s p o n s e   a f t e r  a 15-psec t r a n s i t   t i m e   d e l a y .  The s l o w e r   r i s e  
c o n t i n u i n g   t o   a b o u t  120  psec i s   t he   de layed   response   o f   ho les   p roduced  
throughout  the  space-charge  region. If t h e   t h i c k n e s s   o f   t h e  n- r e g i o n   i s   o n l y  
4 pm and v e r y   l i g h t l y  doped ( i  .e. p in- type  device),   ' 'punch  through"  can  occur 
w e l l   b e f o r e  breakdown, g i v i n g  a more u n i f o r m   f i e l d   p r o f i l e  as shown i n   t h e  
diagram  on  the l e f t   i n   f i g u r e  8. I f  t h e   a v e r a g e   f i e l d   i s  75% o f   t h e  breakdown 
f i e l d   ( i  .e. 0.75 V/pm) , the  s tep  response on t h e   l e f t   i s   c a l c u l a t e d .  The very  
s l o w   r i s e   a t   t h e   t o p   i s  due t o   t h e   c o m p a r a t i v e l y   s l o w   d i f f u s i o n   o f   p h o t o e l e c -  
t rons  produced i n   t h e   p - t y p e   r e g i o n .   T r a n s i t   t i m e   c o u l d  be  reduced  by 
dec reas ing   t he   w id th  o f  the  space-charge  layer ;   however ,   th is   would  resul t  i n  a 
1 oss i n  quantum e f f i c i e n c y  and  increased  junct ion  capaci tance.  We chose 
WD = 4 pm here  because it i s   g r e a t e r   t h a n  l / a  and g ives  a IO-GHz RC r o l   1 - o f f  
f r e q u e n c y   f o r  a 100-pm-diameter  photodiode.  Judging  from  the  step  response 
shown i n   f i g u r e  8, a 10-GHz bandwid th   (wh ich   requ i res  a 30-psec r i s e   t i m e )  does 
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not  appear possible  in a 10.6-pm HgCdTe photodiode. The fundamental bandwidth 
limit  will be about 5 GHz. However, since  the  shot  noise  spectra i s   a l so  
i nfl uenced by t r ans i t  time ( re f .  24)  (both  the  signal and the shot  noise wi 11 
roll  off between 5 and 10 G H z )  , reasonably good sens i t iv i ty  (1 x 10-19 W/Hz) may 
be possible a t  10 GHz in an optimized  device. 

LONG -WAVELENGTH PHOTODIODES 

I n  figure 9 i s  shown the  reverse-bias I-V characteristic  calculated fo r  2 
100-pm-diameter, 0.035-eV n--p  photodiode a t  40K with n- = 2 x 1014 cm-3. For 
the  case of  Auger-1  imi ted 1 ifetimes  (refs.  16 and 23) used here,  the dominant 
diffusion component i s  from the p-type side and given by 

where A i s  the photodiode area. As seen from figure 9 ,  this current  is  small 
(-0.1 A/cm2) a t  40K. The tunnel  current I T  shows a character is t ic   sof t  break- 
down. The  magni tude of I T   i s  not a problem for V < 100 m V ;  however, for  the 
impedance dV/dI t o  be greater t h a n  50 Ohms, the  bias must  be  below about  60 m V ,  
where WD = 0.7 pm. Since l/a 9 1 0  pm, essent ia l ly   a l l  of the  photocarrier gen- 
eration  takes  place  in  the p-type region. I n  a thick  photodiode,the  frequency 
response  limited by electron  diffusion  is  approximately a2De ( r e f .  24),  which 
for  T = 40K, pe = 50 000 cm*/V-sec and a = 1000  cm-l , i s  about  250 MHz. A d i f -  
fusion-limited bandwidth o f  1 GHz could be obtained by thinning  the p-type 
region to  about  3 pm. With a reflecting  contact t o  increase  the  absorption, a 
q u a n t u m  efficiency of 40% should be possible. However, a very important 
question  remains. The minority  electron mobi 1 i t y  pe i s  expected t o  be a func- 
t ion of hole  concentration. Can pe = 50 000 cmZ/V-sec  be obtained with p = 
1 x 1016 cm-3 in 0.035-eV HgCdTe ? A concentration much less t h a n  this  will be 
susceptible t o  strong arnbipolar effects.  If  these  parameters  are  consistent, 
then an NEP of a b o u t  5 x W/Hz a t  1 GHz should be possible a t  30 pm. 

ELEVATED-TEMPERATURE PHOTODIODES 

There has been great  interest  in developing CO2 laser  photomixers operating 
a t  temperatures  in  the  region of 200K where thermoelectric  coolers  are 
convenient,  reliable and reasonably  efficient. A t  elevated  temperatures, 
narrow-energy-gap  photodiodes are  subject  to very  high  dark current in reverse 
bias due t o  d i f fus ion ,   d r i f t  and/or  tunneling.  If  the  minority-carrier recom- 
bination  times  in a 0 .l-eV photodiode are Auger-1 imited ( r e f s .  16 and 23) ,  then 
electron-diffusion  current from the  p-side of the  junction i s  the dominant dif-  
fusion component and re la t ively independent of p. In the Auger limit,Te  varies 
as l / p 2  (see  reference 2 3 ) .  I n  figure 10 i s  shown this  diffusion  current 
(calculated from equation 7 )  as a function of temperature  for energy gaps of 
0 .I1 eV and 0.14 eV, corresponding t o  a = 1000 cm-1 a t  11 pm and 9 pm ( r e f .  2 5 ) ,  
respectively. Also shown are d a t a  taken on a photodiode  with a cutoff wave- 
length of abou t  9 pm a t  185K, which are  in  reasonable agreement with these 
calculations.  Diffusion  current can be reduced by thinning  the p-type region 
in  order  to  limit  the  diffusion volume ( r e f .  19 ) .  However, diffusion-current 

31 6 



va lues   be l  ow these  curves i n   f i g u r e  10 a r e   y e t   t o  be repor ted .  A1 so, t h i s  
s i m p l e   t h e o r y   i s   n o t   s t r i c t l y   v a l i d   a t   t h e s e   v e r y   h i g h   c u r r e n t   d e n s i t i e s  
(-100 A/cm2). I f  e i t h e r  n o r  p i s   c l o s e   t o   t h e   v a l u e   o f   n i ,  a l a r g e  component 
o f  d r i f t  c u r r e n t  a1 so f l o w s   a c r o s s   t h e   j u n c t i o n ;  whereas i f  n and p are   bo th  
much g r e a t e r   t h a n   n i ,   t u n n e l i n g   c u r r e n t  becomes excess ive   a t   even  very   low 
b i a s e s .   I n   b o t h   o f   t h e s e  cases, t h e   c a l c u l a t e d  maximum r e v e r s e - b i a s   r e s i s t a n c e  
o f  a 200K 0.12-eV HgCdTe photodiode i s   o n l y  a few ohms. The frequency  response 
a t   h i g h   t e m p e r a t u r e s   o f  an o p t i m a l l y   d e s i g n e d   s h a l l o w - j u n c t i o n n - p   p h o t o d i o d e   i s  
d e t e r m i n e d   b y   m i n o r i t y - e l e c t r o n   d i f f u s i o n ,   w h i c h   i s   i n   t h e   s t r o n g   a m b i p o l a r  
regime.  Here,  as  seen  from  equation 5, Da approaches 2 De/b  and the   absorp t ion-  
l i m i t e d   d i f f u s i o n   t i m e   i n c r e a s e s   i n t o   t h e   r a n g e   o f  10 t o  50 nsec.  Faster 
response  can be ach ieved  by   heav i l y   dop ing   the   p - type   reg ion  and reduc ing   t he  
1 i f e t i m e   o f   t h e   m i n o r i t y   e l e c t r o n s ,   b u t   t h i s   i s   a t   t h e  expense o f  quantum 
e f f i c i e n c y .  

A t  173K, we have  measured an NEP of  4 x 10-19 W/Hz a t  9.3 pm f o r  a 90-MHz 
photodiode, and an NEP o f  8 x 10-19 W/Hz a t  10.6 pm has been r e p o r t e d   ( r e f .   2 6 )  
a l s o   a t  173K f o r  a 23-MHz device.   Wi th   fur ther   development ,  NEPs approaching 
1 x 10-19 W/Hz and bandwidths  approaching  100 MHz should  be  real  i zed i n  180K 
photodiodes.  This  performance will be v e r y   s e n s i t i v e   t o   t e m p e r a t u r e ,  however. 

p-TYPE  HgCdTe PHOTOCONDUCTORS 

As the   pe r fo rmance   o f  HgCdTe photodiodes  degrades  wi th  increasing  temper- 
a tu res ,   t he   p - t ype  HgCdTe photoconductor becomes v e r y   a t t r a c t i v e  as a 
moderately-wide-bandwidth CO2- l a s e r   p h o t o m i x e r .   I n   t h i s   d e v i c e ,   t h e   b a n d w i d t h  
and pho to response   a re   de te rm ined   by   t he   l i f e t ime  Te and  mobil i t y  p e   o f   t h e  m i -  
n o r i t y   e l e c t r o n s .   I n   a d d i t i o n ,   t h e   r e s i s t a n c e   c a n  be reasonab ly   h igh   a t  200K 
due t o   t h e   l o w   m o b i l i t y   o f   h o l e s .   I n   o r d e r   t o   o b t a i n   q u a n t u m - n o i s e - l i m i t e d   p e r -  
formance i n  a p-type  photoconductor (NEP = 2 hllB/v ) ,  t h e  LO power  must be such 
t h a t   ( 1 )   t h e   d e n s i t y   o f   p h o t o e l e c t r o n s   g r e a t l y  exceeds the   background  minor i ty  
e l e c t r o n   d e n s i t y   ( n i z / p )  and ( 2 )  the   assoc ia ted   g - r   no ise   g rea t ly   exceeds  the  
Johnson or   thermal   no ise  4kT/R o f   t h e   d e t e c t o r  and p r e a m p l i f i e r   ( r e f .   2 4 ) .   B o t h  
o f   t h e s e   r e q u i r e m e n t s   a r e   v e r y   s e n s i t i v e   t o   n i  ,pe, and Te. The dashed c u r v e   i n  
f i g u r e  11 shows the  photoconductor  bandwidth ( ~ I I  .e)-' determined  f rom  the  ca lcu-  
1 ated  Auger-1  imi ted 1 i f e t i m e   ( r e f .   2 3 i  as a f u n c t i o n   o f   h o l e   c o n c e n t r a t i o n   a t  
200K f o r  0.12-eV HgCdTe (n = 1 x 101 cm-3).  Using t h i s   t h e o r e t i c a l  1 i f e t i m e  
and assuming  pe = 10 000 ch2/V-sec, we have ca l cu la ted   (unpub l i shed   work   o f  D. L. 
Spears , P. E .  Duffy ,   and C. D. Hoy t )   t he  LO power r e q u i r e d   i n   o r d e r   t o   a c h i e v e  a 
pho toe lec t ron   concen t ra t i on   equa l   t o   t he   backg round   e lec t ron   concen t ra t i on  and 
a g - r   no i se   equa l   t o   t he   t he rma l   no i se .  These  values o f  PLO a r e  a s t rong   f unc -  
t i o n   o f  p as shown b y   t h e   s o l i d   c u r v e s   i n   f i g u r e  11. A minimum i n   t h e   c a l c u l a -  
t e d  LO power  occurs f o r  p = 3 x 1016 ~ m - ~ ,  w i t h  a co r respond ing   bandw id th   o f  
12 MHz. N o t e ,   f o r  a 100 MHz bandw id th ,   t he   ca l cu la ted  CO2  LO power i s  about 
10 mW. The over-100-mW r e q u i r e m e n t   a t  1 GHz i s  unreasonable, as excess ive  heat-  
i n g  (AT > 100K)  would  surely  occur i n  these  smal l -area (100 pm x .IO0 pm) dev ices.  

P - t  pe  photoconductors we have f a b r i c a t e d  have shown a 9.3-pm NEP o f  about 
2 x 10-1 4 W/Hz a t  38 MHz a t  ZOOK, w i t h  a bandwidth o f  over 50 MHz and a LO power 
r e q u i r e m e n t   o f  7 mW. O t h e r   d e v i c e s   w i t h   b a n d w i d t h s   i n   e x c e s s   o f  
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150 MHz have shown NEPs b e t t e r   t h a n  4 x 10-19 W/Hz a t  200K. Wi th   t he  optimum 
geometry,  ener y gap,  and h o l e   c o n c e n t r a t i o n ,  we e x p e c t   t h a t  an NEP of 
about 1 x 10-13 W/Hz a t  100 MHz c o u l d  be  achieved i n  a 200K photoconductor   w i th  
a t o t a l  power d i s s i p a t i o n   o f  10 mW, which i s   c o m p a t i b l e   w i t h  a 1-wat t  TE c o o l e r .  
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