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SUMMARY 

HgCdTe pho tod iodes   r ep resen t   an   impor t an t   componen t   fo r  
h e t e r o d y n e   d e t e c t i o n   s y s t e m s   o p e r a t i n g   i n   t h e  9 t o  l l p m  CO, l a s e r  
w a v e l e n g t h   r e g i o n .   T h e i r   s u c c e s s f u l   f a b r i c a t i o n   r e q u i r e s   t h o r o u g h  
u n d e r s t a n d i n g   o f   t h e   p h y s i c a l   p r o p e r t i e s  of t h e   b a s i c   m a t e r i a l s .  
T h e   i m p l e m e n t a t i o n   o f   c o n t r o l l e d   i n d u s t r i a l   p r o c e s s e s   e n s u r e s   t h e  
y i e l d  of p r e d i c t a b l e   a n d   r e p e a t a b l e   d e t e c t o r   c h a r a c t e r i s t i c s  t o  
s a t i s f y   t o d a y ' s   d i s c r i m i n a t i n g   s y s t e m s '  demands f o r   h i g h   c u t o f f  
f r e q u e n c i e s ,   q u a n t u m   e f f i c i e n c y ,   a n d   r e l i a b i l i t y .  The most s a l i e n t  
p r o d u c t i o n   s t e p s   a n d   d i o d e   c h a r a c t e r i s t i c s  w i l l  be d e s c r i b e d .  
M e a s u r e d   r e s u l t s   f r o m   p r e s e n t   p r o d u c t i o n   u n i t s  w i l l  be p r e s e n t e d .  

INTRODUCTION 

Numerous CO, l a s e r   a p p l i c a t i o n s ,   i n   p a r t i c u l a r   t h o s e  
d e a l i n g   w i t h   h e t e r o d y n e   d e t e c t i o n   a t  10.6pm, a r e   l a r g e l y   r e s p o n -  
s i b l e  f o r   t h e   g e n e r a l l y   i n c r e a s e d   i n t e r e s t  i n  f a s t   p h o t o d i o d e s  
f o r   t h i s   w a v e l e n g t h   r e g i o n .  

A s  p r e v i o u s l y   r e p o r t e d  (l), ( 2 ) ,  ( 3 ) ,  HgCdTe pho tod iodes  
h a v e   i n h e r e n t   c u t o f f   f r e q u e n c y   c a p a b i l i t i e s   b e y o n d   o n e  GHz.  This 
i s  r e n d e r e d   p o s s i b l e   b y   t h e   n o r m a l   v a l u e   o f   t h e   m a t e r i a l s  
p e r m i t t i v i t y   a n d   t h e   a b i l i t y  t o  c r e a t e  a j u n c t i o n  of v e r y  low 
c a p a c i t a n c e .  I n  f a c t ,   b e c a u s e   o f   t h e   v e r y   h i g h   e l e c t r o n   m o b i l i t y  
i n  na r row-bandgap   s emiconduc to r s ,   t he   dynamic   cha rac t e r i s t i c s  of 
t h e   m i n o r i t y   c a r r i e r s   a r e   n o t   e x p e c t e d  t o  become s i g n i f i c a n t  
l imi t ing   mechanisms of t h e   d i o d e .   F u r t h e r m o r e ,   t h e   h i g h   v a l u e  
of t h e   a b s o r p t i o n   c o e f f i c i e n t   p e r m i t s   e x c e l l e n t   o p t i m i z a t i o n  of 
q u a n t u m   e f f i c i e n c y   a n d   c u t o f f   f r e q u e n c y .  
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The extent   of   s tudies   conducted  during  the  past   decade on 
the   me ta l lu rgy   o f   t he   ma te r i a l s  and on the  diode  technology  have 
enabled  us t o  ga in  a bet ter   understanding  of  t h e  f a c t o r s   a f f e c t i n g  
the   d iode   cha rac t e r i s t i c s ,   pe r fo rmance , and   r e l i ab i l i t y .  Thanks t o  
the  knowledge  gained on the  diodes  and on the i r   i n t e rdependen t  
parameters,  it i s  now p o s s i b l e  t o  optimize  the  development  of a 
d iode   for  a g iven   appl ica t ion .  

PHOTODIODE  OPTIMIZATION (77K) FOR A 10.6pm HETERODYNE RECEIVER 

The he terodyne   rece iver   s igna l - to-noise   ra t io   can   be  
expressed u s i n g  the   pass ive   e lements   o f   the   d iode   equiva len t  
c i rcu i t   (F ig . l ) ,   inc luding   shunt   conductance  ( G o ) ,  j unc t ion  
capaci tance ( C , ) ,  series r e s i s t a n c e  ( R , )  a s  well  a s   t h e   s i g n a l  
and noise   genera tors  and the   p reampl i f i e r  ( 4 ) ,  ( 5 )  , a s  shown i n  Eq.1: 

where 7 = t h e  quantum efficiency  which  must  be maxi- 
mized for   the  wavelength  region of i n t e r e s t  

PslG = s i g n a l  power 

I, = dark  current  

ILo = l oca l   o sc i l l a to r   i nduced   cu r ren t  

T, = diode  temperature 

Ti,., = preamplif ier   noise   temperature  

Quantum e f f i c i e n c y  

Quantum e f f i c i e n y  (7) i s  d e f i n e d   a s   t h e   r a t i o   o f   c a r r i e r s  
c ros s ing   t he   j unc t ion  t o  t h e   t o t a l  number of  incident  photons.  It 
i s  l imited  by:  
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- r e f l e c t i o n  losses on the  semiconductor  surface.  
These  losses  can be reduced  through  ant i ref lect ion 
coa t ing  

- electron-hole   recombinat ion  in   the  bulk  before  
r each ing   t he   j unc t ion .  To minimize t h i s   e f f e c t ,   t h e  
c a r r i e r s  mus t  be generated  as  close a s   p o s s i b l e   t o  
t he   j unc t ion   e i the r   t h rough   t he   c r ea t ion   o f   supe r -  
f i c i a l   j u n c t i o n s  or by u t i l i z i n g   t h e   t r a n s p a r e n c y  
e f f e c t   r e s u l t i n g  from  the  doping of the  n-surface 
of   the p-n junc t ion .  The t r anspa rency   e f f ec t  (1) i s  
pa r t i cu la r ly   p rominen t   i n  narrow-bandgap  semicon- 
duc to r s  

- surface  recombination  which  can  be  reduced  through 
su r face   pas s iva t ion  or by  avoiding  carr ier   gener-  
a t ion   i n   t he   bu lk   t h rough   u t i l i za t ion   o f   t he   t r ans -  
parency   e f fec t  

Cutoff  Frequency 

The HgCdTe de tec tor   response   var ies   as  a funct ion  of  
f requency.   Three  factors   contr ibute  t o  t h e   l i m i t a t i o n  of t h e  
usable  cutoff  frequency ( 6 ) ,  (F ig .2)  : 

a .  D i f fus ion   e f f ec t s .  
When the   dep le t ion   r eg ion  i s  narrow  with  respect 

t o   t he   abso rp t ion   l eng th  (case of the  very  mildly 
b i a s e d   j u n c t i o n ) ,   o n l y   t h o s e   c a r r i e r s   c r e a t e d  
wi th in  less than  one  diffusion  length w i l l  reach 
t h e   j u n c t i o n  and t h e  t i m e  r e q u i r e d   f o r   t h i s   a c t i o n  
t o   t a k e   p l a c e  l i m i t s  the   speed.  The corresponding 
cutoff   f requency i s  

f 2.4 D u 2  
C DIFF 2 n  

- - 

where D = d i f fus ion   coe f f i c i en t   o f   minor i ty  
c a r r i e r s  

a = photon   absorp t ion   coef f ic ien t  

For  example:  for a = 3 x 10 c m  and D near 
un i ty ,   the   cu tof f   f requency  is  l imi t ed  t o  
about 10 MHz. 

3 - 1  
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b. T r a n s i t  t i m e  in   the   d .ep le t ion   reg ion .  
The wid.ening  of   the  deplet ion  region  causes   an 

increase i n  t h e  number o f   ca r r i e r s   gene ra t ed .  The 
speed of t h e s e   c a r r i e r s  is  increased  by  the e lectr ic  
f i e l d  and  the  corresponding  cutoff  frequency is 
given  by 

f 
2.4 vs 

2 n w  
CDRIFT - 

- 

where w = width  of   the  deplet ion  region 
vs = car r ie r   speed ,   reaching  i t s  l i m i t  

near 107cm s- ‘ 
Thus, for w = 3pm,  the   cutoff   f requency i s  i n  
excess  of 10 GHz.  

c. Junct ion  capaci tance.  
The photodiode  equivalent c i r c u i t  (Fig.1) shows 

the  presence  of  a cu to f f   f r equency   l imi t a t ion  
through  the  R L C D  t ime  constant,   wherein R L  i s  t h e  
diode  load  res is tance  and C D  the   junc t ion   capac i -  
t ance .  For a load of 50 ohms and 1 pF capaci tance,  
the  cutoff   f requency i s  approximately 3 . 2  GHz.  

The improvement of the   cu tof f   f requency  of a photodiode 
t h e r e f o r e   r e q u i r e s   t h e   f o l l o w i n g   e f f o r t s :  

1. Reduction  of  the  junction  capacitance by reducing 
t h e   s u r f a c e  a r e a  and the   doping   leve l  on e i t h e r  
s ide   o f   t he   j unc t ion .  

2 .  Widening of the   dep le t ion   r eg ion  and  bringing it 
closer t o  the   su r f ace .   Th i s   a l so   r equ i r e s  low 
doping  level ,  a junction  depth  adapted t o  t h e  
ex tens ion   of   the   deple t ion   reg ion   and   to   the  
absorp t ion   length ,   and   e leva ted  breakdown f i e l d  
s t r e n g t h .  

These  conditions  can  be  simultaneously  met,  as shown i n  
Fig.3. A doping  level   of  2 x 10’4c63 and b i a s  of  about -1V 
l e a d   t o  a depletion  region  width  of  about l/a, t h a t  i s ,  3pm. 
T h i s ,  i n  t u r n ,  r e su l t s  in   the  fol lowing  advantages:  

- high   quantum  e f f ic iency ,   i f  t h e  junct ion  depth is 
of t h e  same order  of magnitude ( 3 t o  5pm) 
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- high  cutoff   f requency  resul t ing  f rom  the  short  
t r a n s i t  t i m e  i n   t h e   d e p l e t i o n   r e g i o n  ( 3  x 10"'s) 
and t h e  l o w  junct ion  capaci tance ( 1 pF for   an  
area  of 2 x 1 0 - 4 ~ m ~ )  

Planar  Technology 

The planar  technology  developed  and  implemented  for  the 
fabr ica t ion   of  HgCdTe photodiode  arrays and mat r ices  ( 7 )  p re sen t s  
numerous  advantages  for  the  manufacture  of  fast   photodiodes,  
such  as:  

- protect ion  of   the  edges  around  the  junct ion,   thus 
reducing  leakage  currents  and p e r m i t t i n g   t h e  use  
of h igh   b i a s   vo l t ages  

- pass iva t ion   o f   t he   s ens i t i ve   a r ea ,   wh ich   r educes  
i n t e r n a l   r e f l e c t i o n   l o s s e s  and surface  recombination. 
I t  a l s o   i n c r e a s e s   t h e   r e l i a b i l i t y  by diminishing 
t h e   e f f e c t   o f   e x t e r n a l   f a c t o r s  

The p-type HgCdTe m a t e r i a l  i s  prepared   th rough  recrys ta l -  
l i z a t i o n  a t  t h e   s o l i d   s t a t e   o r   t h r o u g h   e p i t a x i a l   d e p o s i t i o n  and 
i so thermal   d i f fus ion .  The p u r i t y   o f   t h e   b a s i c   m a t e r i a l  m u s t  be 

. very   h igh   i n   o rde r   t o   a t t a in   t he   des i r ed  low doping  levels .  

Substrate   preparat ion  (Fig.4)   includes  mechanical   pol ishing 
and   c leaning   in  a bromine-alcohol  solution,  followed by passiva-  
t i o n   w i t h  a ZnS depos i t ion .  The d i f f u s i o n   a p e r t u r e s  a r e  developed 
through  loca l ized   chemica l   e tch ing   of   th i s   l ayer .  Two methods a r e  
employed t o  form the   junc t ion :   mercury   d i f fus ion  and ion  implan- 
t a t i o n .  A pas s iva t ion   l aye r  of ZnS i s  then   appl ied   which ,   in   tu rn ,  
i s  etched t o  prepare   the   contac ts .  The contac t   a reas  a r e  formed 
through a deposit   of  gold-chromium,and  this i s  fol lowed  by  overal l  
pas s iva t ion .  

This t echnology  permi ts   the   fabr ica t ion   of   a l l   k inds   o f  
geometries  and  photodiode  groupings  (square,  rectangular,  or  round 
sens i t ive   a reas ,   s ing le-e lement   de tec tors ,   a r rays ,   quadrants ,  
and  small   matr ices) .  
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Photodiode   Ins ta l la t ion  i n  c r y o s t a t  

The method  used f o r  mounting t h e  photodiode i n  i t s  cryo- 
s t a t  is  of  primary  importance. On t h e  one  hand,one mus t  reduce 
pa ras i t i c   capac i t ance   and ,  on t h e  other  hand, it i s  e s s e n t i a l   t o :  

- reduce  the  inductance  of  t h e  connections (Ls) 
- feed   the  I F  output  through t h e  c ryos t a t ,   u s ing  

- p r o t e c t  t h e  photodiode  against   e lectro-magnet ic  
a coax ia l   cab le  

i n t e r f e r e n c e  

These  goals  are  reached by i n s t a l l i n g  t h e  photodiode i n  
a housing  which  serves   to   support  and p r o t e c t  it w h i l e ,   a t   t h e  
same time,  providing t h e  l i n k   t o  a coaxial   output   connector  (Fig.5). 
A minia ture   coaxia l   cab le  w i t h  a s t a i n l e s s  s teel  sheath  connects 
t h i s  housing  to  t h e  output  of t h e  c r y o s t a t .  

RESULTS 

High-speed HgCdTe photodiodes  (Class C 4 )  for   heterodyne 
d e t e c t i o n   a t  10.6pm from present   p roduct ion   exhib i t  t h e  following 
c h a r a c t e r i s t i c s :  

Sensit ive  area:   between  10-4and 2 x 10-4cm2 
Quantum e f f i c i ency :  50 t o  60% 
Breakdown f i e l d   s t r e n g t h   ( a t  ImA): i n  excess  of 2 V ,  

reaching  or  exceeding 3V on ce r t a in   d iodes  
Max. r eve r se  dynamic res i s tance :   about  100  kohms 
S e r i e s   r e s i s t a n c e :  1 0  ohms 

Analysis of  t h e  capac i t ance   va r i a t ion  w i t h  i nc reas ing   b i a s  
vo l tage   d i sc loses   the   p resence   o f  a s t e e p   j u n c t i o n   ( v a r i e s   a s  
1/c2 a s  a func t ion   of   reverse   b ias   vo l tage)   (F ig .6)  and of a 
doping  level  of  about 1 t o  2 x 10 c m  . T h i s  confirms  the  high 
p u r i t y   l e v e l  of t h e  s t a r t i n g   m a t e r i a l .  

14 -3 

The pa r t i cu la r ly   h igh  breakdown f i e l d  s t r e n g t h  which we 
measured ( F i g . 7 ) ,   r e v e a l s   t h a t  t h e  leakage  currents   around  the 
edges  of t h e  junction  are  minimized by t h e  pas s iva t ion   l aye r .  A s  
predicted by mathematical   models,   cutoff  frequencies i n  excess  of 
1 G H z  have  been  achieved w i t h  a reverse   bias   value  of  - l V  ( P r i v a t e  
communication  from  Lemaine,  Laboratoire  de  Spectroscopic 
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Hertzienne, L.A.C.N.R.S. 249 U.S.T.L.)  (Fig. 81, while heterodyne 
detection operation with these detectors was reported at frequen- 
cies of 8.7 GHz (8)  (Unpublished report by J. P. Sattler et al., 
U.S. Army, Harry Diamond Laboratories). 

Reliability 

Reliability tests to military specifications, including 
cycling up to temperatures of 80°C,*which were conducted for 
periods  of several thousand hours without degradation of  the diode 
characteristics, testify to the  high degree of reliability of 
these  components. This is further confirmed by the fact that detec- 
tors, which have seen operation in the  field for over 10  years, 
are still operating  (Private  communication  from B. J. Peyton of 
A I L ) .  The use of a  passivation  layer  is  primarily responsible for 
the immunity to external disturbing factors and, in particular, to 
short wavelength  radiation. 

Operation at Temperatures in Excess of  77K 

The proper operation of a IigCdTe photodiode at temperatures 
in excess of 77K requires the  following  conditions: 

1. High quantum efficiency at this temperature at 
10.6pm. This can be  achieved  by selecting the 
composite material so that  the  absorption coef- 
ficient will always be 1000 or  higher. 

2. Saturation current below  the  level  of  the  local 
oscillator current, the  latter  being generally 
on the order of 1  to 3 mA. 

3 .  A reverse dynamic resistance ( R D )  selected so that: 

2kT 
q R ~ * ~ ~  >>  - 

Numerous studies conducted in our laboratories (DRET con- 
tract no.  76/422) on detectors operating at temperatures in excess 
of 77K enabled us to reach R A products  at 10-2Qcm-2 at 140K for  a 
spectral  peak wavelength of P O .  5pm. These detectors can operate in 
a  heterodyne  mixer without noticeable degradation of their perfor- 
mance characteristics, when compared  to  those normally experienced 
at 77K. "Long wavelength" detectors (Xpz14pm at 77K) were measured 
at temperatures within the operating range of thermoelectric 
coolers (S.A.T. internal report). In accordance with our predic- 
tions regarding the variation  of  the  intrinsic concentration as a 
function of temperature and  based on the characteristics measured 
at 77K, these detectors exhibit saturation current levels of about 
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20mA a t  200K and r eve r se  dynamic res i s tance   o f   about  40  ohms. 
Calcu la t ions   d i sc lose  a degradation  of t h e  he t e rodyne   s ens i t i v i ty  
on the   o rder   o f  1 0  dB under   these  condi t ions.  

Figure  of Merit (Heterodyne Quantum Ef f i c i ency)  

I n  o rde r   t o   cha rac t e r i ze   t he   pe r fo rmance   o f  a heterodyne 
de tec tor ,   one   can   inc lude   a l l   degrada t ion   fac tors   in to  a s i n g l e  
parameter:   the  heterodyne quantum e f f i c i e n c y  ( 7 ' ) .  Referr ing 
back t o  Eq.1, we obta in :  

where q '  i s  a function  of t h e  l o c a l   o s c i l l a t o r  ( L . O . )  induced  photo- 
c u r r e n t ,   t h e  I F  frequency and t h e  d e t e c t o r   c h a r a c t e r i s t i c s .  The 
maximum value   for  a given  intermediate  frequency i s  obta ined   for  
optimum l o c a l   o s c i l l a t o r  power and d e t e c t o r   r e v e r s e   b i a s  con- 
d i t i o n s .  I t  m u s t  be  noted  that  it is  n o t   p o s s i b l e   t o   i n d e f i n i t e l y  
i n c r e a s e   t h e   l o c a l   o s c i l l a t o r  power t o  minimize the   i n f luence  of 
t h e   p a r a s i t i c   e f f e c t s  of   the  diode and p r e a m p l i f i e r ,   a s  t h i s  would 
l e a d   t o   s a t u r a t i o n  and t h u s  reduce  the quantum e f f i c i ency .  T h i s  
can  occur a t   l o c a l   o s c i l l a t o r   c u r r e n t   l e v e l s  i n  excess  of a few 
mil l iamperes   (Fig.9) .   Degradat ion  of  quantum e f f i c i e n c y  can a l s o  
be  observed when comparing it t o  t h e  quantum e f f i c i e n c y  measured 
a t  very low frequencies .  T h i s  i s  caused  by t h e  f a c t   t h a t   o n l y  
those   car r ie rs   genera ted  i n  the  depletion  region  can  be  used a t  
very  high  frequencies.  I t  is, the re fo re ,   poss ib l e   t o   no t i ce  a 
va r i a t ion   o f  t h e  heterodyne  quantum  efficiency  as a function  of 
d e t e c t o r   r e v e r s e   b i a s .  The low-frequency  value  of quantum e f f i -  
ciency i s  again  reached when the   deple t ion   reg ion   ex tends   very  
nea r   t o   t he   de t ec to r   su r f ace .  

Values  of  heterodyne  quantum  efficiency on the  order   of  
40% xe re  measured i n  t h e  l a b o r a t o r y   f o r   d e t e c t o r s  whose low- 
frequency  quantum  efficiency was 50 t o  60%. These  f igures  confirm 
t h e   f a c t   t h a t ,  by optimizing  the  operating  point  of  the  photodiode, 
the  degradat ion w i l l  only  be  very  small. 
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CONCLUSION 

HgCdTe photodiodes,   opt imized  for   operat ion a t  h igh   f re -  
quencies,   are  manufactured  through a con t ro l l ed ,   r epea tab le  
process .  They e x h i b i t   e x c e l l e n t  I - V  c h a r a c t e r i s t i c s  which permit 
the   appl ica t ion   of   h igh   reverse   b ias   vo l tages ,  t h u s  y i e l d i n g   a t  
t h e  same t ime  high  cutoff-frequency  capabi l i ty  and high  hetero- 
dyne   sens i t iv i ty .  

These  detectors  can  be used  i n  many d i f fe ren t   sys tems 
opera t ing  i n  t h e  9 t o  l l p m  wavelength  region,  such  as  optical  
radars ,   te lecommunicat ion  l inks,and  interferometers .  A n  important 
f r i n g e   b e n e f i t   l i e s  i n  t h e i r   g r e a t   r e l i a b i l i t y   f o r   t e r r e s t r i a l  
a s  w e l l  a s   fo r   ae rospace   app l i ca t ions .  
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Figure  1.- Pho tod iode   equ iva len t   c i r cu i t .  
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F igure  2.- Photon-induced  current   generat ion  process   in   photodiode  ( junct ion 
depth  = photon   absorp t ion   length) .  
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Figure  3 . -  Junc t ion   capac i t ance  and deple t ion   zone   wid th  vs. bias vo l t age  €or 
d i f f e r e n t   n .   d o p i n g   l e v e l s   i n  HgCdTe photodiode. 
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Figure  4.- P lanar   t echnology.  
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Figure  5.-  Detector   housing.  
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Figure  6.- Doping l e v e l   c a l c u l a t i o n s  from C ( V )  p l o t s .  
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Figure 7.- I ( V )  characteristics of some  wide  bandwidth  detectors. 
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Figure 8.- Frequency  response of some  10-pm  photodiodes. 
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Figure 9.- Quantum e f f i c i ency   v s .   l oca l   o sc i l l a to r  power for   var ious  values  
of  reverse  bias.  
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