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Section 1
I N T R O D U C T I O N

This p rogram was under taken  to hel p sat isf y a need fo r  l aser  t rack ing

sys tems  operat ing  in the “ ey e saf e” reg ions  of the in f ra red  (IR ) spectrum.

The specif ic  object ive was to develop the technology fo r  produc ing large area ,

fast response photovoltaic (PV) HgCdTe detectors for laser receivers opera-

ting at 2. 06 pm (Ho :YLF l a se r )  and 3. 85 pm (DF laser ) .  Hg CdTe is an ideal

semiconductor  mate r ia l to use f or th ese ph otod iodes bec aus e its ba nd gap may

be adjusted to f i t  the des i red  wavelength by var iat ion of the H g T e / Cd T e  rat io

in the alloy.

The technica l  approach was to optimize HgCdTe mate r ial p repara t ion

technology so that large size , uni form sing le c r y stal s cou ld be ob t ained .

Additionally, photodiode fabr ica t ion  technology needed to be optimized to

provide the low juncti on capacitance necessary  for  high speed performance.

The initial d e s i g n  goals chosen for  this work were as fol lows:

Array  A Array  B

1. Spect r al peak ~~2 . 06 p .m ~ 3. 8~- pm

2 . Opera t ing  t empera ture  �245° K �195°K

3. Quantum ef f ic iency  - 
60%

4. Dark ( leakage)  c u r r e n t  densi ty  < 5 0 0  p a / c m 2

5. Electr ical  bandwidth 20 MHz

6. Active a rea  5 x 5 mm2

7 . Uni fo rmi ty  of response Within l O d J o

I
The operating temperatures selected were based on the desire to uttl-

ize t h er m o e l e c t r i c  (TE )  means fo r  de tec to r  cooling.  As th e work p ro g ressed .

it soon became ev ident  that  d e t e c t o r  s en s i t i v i t y  would be s e r i o u s ly deg raded

at these higher ope ra t ing  t e m p er a t u r e s .  This  deg rada t i on  was due to the high

sa tura t ion  c u r r e n t  caused by th e rmal gene ra t ion  of m i n o r i t y  c a r r i e r s  in the r
p-n junction region. For l a s er  d e t e c t o r s  ope ra t ing  as opt ica l  he t e rod yne

L
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I
r ecei ve r s , this  problem can sometimes be overcome by increas ing  the local

osci l la tor  (LO) powe r so that m ino r i t y  c a r r i e r  genera t ion  by LO photons

dominates the the rmal generation.. Howeve r , the intended use for  these

large  area de tec tors  did not involve he te rod yning operat ion . The onl y re-

course  then was to reduce the operat ing tempera ture .  Operat ion at liquid

n i t r o g e n  (LN 2 ) t empera ture  was , t h e r e f o r e , selected b ecause  th is  ca n eas i ly

be achieved us ing a conventional Joule-Thomson expanding gas cryostat.

Another  des ign  goal which was found to be un rea l i s t i c  was the e l e c t r i -

cal bandwidth of 20 MHz . Th e fa s t e s t  r e s p o n se ti m es o b s e r v e d  wi t h the

l a rge  area (5 X 5 mm2) d e t e c t o r s  was 70 nsec under r e v e r s e  biased opera t ion .

This imp l ies  a bandwidth of 2 . 3 MHz . Some de t ec to r s  exhibited response

t imes  in the 1 00- to 200-nsec  range which impl i es  a bandwid th on the ord e r

of 1 MHz. Since these de t ec to r s  were  made using the optimized , low junc-

tio n ca pacit ance pr oc ed u re , it was quite c lear  tha t  the 20-MH z goal was un-

attai nab le . Subsequently, the e lec t r ica l  bandwidth requ i rement  was reduced

to that of de t ec t ing  a laser  pulse having a Gauss ian shape and width (half-

powe r po in t s )  of 100 n sec . Th is  can be do n e with a n e le c t r i c a l band wid th in

the 2- to 5-MHz range and is , th e r ef o r e , a more  reasonable  r equ i r emen t

fo r these de tec to r s .

All the other de s ign  goals for  this  p r o g r a m  were  found to be achievable.

The program plan was to be g in with the HgCdTe mater ia l  growth op-

t imiza t ion  s tudies.  The initial  mater ia l  p roduced would be used to opt imize

th e d e t e c t o r f a b r i c a t i o n tec hni ques . At the same time , th is would pr ovide

the n e c e s s a r y  c h a r a c t e r i z a t i o n  of the ma te r i a l . The f i r s t  d e t ec to r s  made

had s ens i t i ve  areas  in the range 1 to 4 mm 2. Later  on , when good HgCdTe

c r y s t a l s  were ident i f ied , work on the large area (5 X 5 mm 2 ) de tec to r s was

begun . In parallel  with th i s  work , de s ign  and f a b r i c a t i o n  of the p reamp li-

f i e r s  and the d e t e c t o r  dewar package was ca r r i ed  out . This repor t  is organ-

ized along these  same line s s ta r t ing  wi th Section 3. However , p rev ious  to

th i s , in Sect ion 2 , is p r e sen t ed  a d i s c u s s i o n  of the t heo ry  of operat ion of

la rg e a rea  PV d e t e c t o r s . Th is  lays the foundat ions  fo r  the t e c h n i c a l

1-2 
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approach  that  was adopted and is the bas is  for  d i s cus s ion  of the de tec to r

per formanc e measuremen t s  p resen ted  in Section 5.
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Section 2

t T H E O R Y  O F  D E T E C T O R  O P E R A T I O N

In thi s sect ion the p hys ica l  theory of opera t ion  of a PV detector is de-

scrib ed. The d e s i g n  fea tures  that are  import a nt for  obtai ning good hig h-

f r equency  pe r fo rmance  f r o m  large area de tec to r s  a re  noted.  A p a r a m e t r i c

analysi s of D’~(X~~) versus frequency which includes the p reampl i f i e r  noise

c o n t r i b u t i o n  is  also presen ted .

DETEC TIVITY

The detect ivi ty  at wavelength A fo r  a PV detec tor  can be expressed  by

the equat ion

D 0(X ) = ~eXi~~ 
1 ( 1 )

hc i~~/ ( A f ) 2

w h e r e  r~ = quantum e f f i c i ency

e = elect ronic  charg e

A wave leng th

h = Planck’ s cons tan t

c = speed of li ght

A sens i t ive  area

rms noise cur ren t  per uni t  bandwid th

The two impor tant  quant i t ies  in thi s equat ion are the quantum ef f i c i ency  and

the  noise c u r r e n t .

Quantum Eff ic iency

The quantum effi ci ency of the de tec to r  i s  control led by optical r e f l e c t i on

loss at the f ron t  surface  and by the e f f i c i e n c y  with which minor i ty  c a r r i e r s  are

collected at the p — n  junc t ion .  By app ly ing  an an t i r e f l e c t i o n  coat ing to the f r o n t

su r face , r e f l e c t i o n  loss  can be l imi ted  to l ess  than  5% . The m i n o r ity  col lec t ion

e f f i c i e n c y  depend s on the min or i ty  c a r r i e r  d i f fu s ion  l eng th

I’
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L ( e

k T)~ (2 )

whe re  p. = m i n o r i t y  c a r r i e r  mobi l i ty

= minor i ty c a r r i e r  l i fe t ime

k = Boltzmann ’ s constant

T = absolute t empera tu re

Onl y those mi nor i ty  c a r r i e r s  gene r ated wi th in  a d i f f u s i o n  length of the junc t ion

are likely to be  collected and measured  as a p hotosignal .  The s i tua t ion  i s

d iagrammed in  Fi gure  2 - 1.  Rad i a t i on  i nc iden t  throug h the f ron t  sur face  of

the PV detector  is  absorb ed and decay s away in  exponential  f a sh ion .  Min or i ty

e lect rons  genera ted  on the p sid e within  a d i f fu s ion  length L~ of the p -n  junc-

t i o n  will be collected. Minori ty  holes generated on the n s ide withi n a diffu-

s~on length  L~ of the junc t ion  will also be collected.

Location of the junct ion at an appropr ia te  depth  below the top surface

of the d evice is  also impo rt a nt . Since 90% of the rad ia t ion  is absorbed in  a

d i s t anc e 2/ a , and a is  on the o r d e r  of  5 X  i ü~ cm~ ’ for  HgCdTe , the reg ion

over which absorpt ion is  essent i ally complete is 4 p.m. By proper  locat ion

of the p - n  junc t ion  wi th in  thi s ab sorption reg ion , collection e f f i c i e n c i e s  can

INCI DENT
RADIATION

;
~~

GION
~~~~~~~~~~~~

’

~~ H Lfl 

flJN~CT~
’ION

Figure  2 - 1.  Diagram Showing Absorp t ion  of Rad ia t ion  (Sh aded R e g i o n )
in  a PV Detector  in  Re la t ion  to the  p -n  Junct ion
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I
be in the rang e 0. 5 to 0. ° . Thus overal l  quantum e f f i c i e n ci e s  should be i n
the  r ange  of 0. 5 to 0 . 8.

N o i s e  Cu r r e n t

The total r n-i s noise  cu r ren t  per uni t  bandwid th  ori g ina t i ng in  the PV
detecto r is  given by ’

~n ~2e 1s r I eV \ 1 4kT 1
(~~f ) ~ ~ ~~~~~~~~~~~~~~ 

1] + ZeI~ + 
~

- T ter n - ic ( 3 )

w h e r e  I~ = diod e sa tura t ion  c u r r e nt

V app lied voltage ac ross  j u n c t i o n

k B oltzmanr i ’ s constant

T absolute  temperature

= a f ac to r  b etween 1 and 2 d e p e n di n g  on the g e n e r a t i o n-  recombina- ..
t ion cu r r en t  in  the space charge  l aye r  of the p -n  j u n c t i o n

= dc photocurrer it  due to back ground photon flux
R 5 diod e shunt  r e s i s t a n ce

f f requency  -

it is seen that t he re  are four  con tr i bu t i ons  to the total noise  c u r re n t .
These a r e , in the orde r  in  which they appear on the rig ht hand s ide of equa-
t io n ( 3 ) :

1. The shot noi se c u r r e n t  f rom thermal l y g e n e r a t e d  ca r r i e r s  which
d i f f u s e  to the junc t io n  -

2 . The shot noise cu r ren t  f rom back ground pho togener a ted  c a r r i e rsr which d i f fuse  to the  junc t ion

3. The Joj~nson noise of the shunt resistance

4. 1/ f  noise due to surface states or othe r sources

One of the main object ives  of the de tec tor  eng i neer  i s  to desi gn the PV
d e t e c t o r  so as to mi nimize  i t s  noise  c u r r e n t  and thereb y maximize de tec t iv i ty.
From the noi se  equation, it can be seen how th i s  may be done . Thermally
generated shot noise can be minimized by reducing the saturation current I~ .

1 G. R. Pruet t  and R. L. Pe t r i t z , Proc. I R E  47 , 1524 ( l 9 5 9 ~. 
-
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Back ground p hoton genera ted  shot noise is  mi nimized b y opera t ing  unde r  re-

duced back ground photon  flux c o n d i t i o n s  where  poss ib le  (i. e. , cold f i l t e r s ,

cold FOV shield s, etc. ). Su rface shunt r e s i s t a n c e  is  mad e as l a rge  as pos-

sible  b y suitable su r face  pass iva t ion  t r ea tmen t s  and these also may, in  some

cases , serve to reduce 1 /f noise .

The sa tu ra t ion  cur ren t  is controlled b y a number  of semiconductor

p r o p e r t i e s  and is  composed of two cern-i s, here  expressed as cur ren t  densi-

t i e s ,
= 

~diff ~ J gr (4)

w h e r e  J~ sa tu ra t ion  c u r r e n t  dens i ty

Jdiff = d i f f u s i o n  component

~gr  = g e n e r a t i o n -  recombina t ion  component.
I

The d i f f u s i o n  component  of the  sa tura t ion  c u r r e n t  d e n s i ty  i s  due to

thermal ly gene ra t ed  minor i ty  c a r r i e r s  which  c r o s s  the junc t ion  and can be

expressed by2 —

I .L( /~~pk T\~ /p .0k T\ ~l3d i f f  e P + ~ 7 n e 
( 5 )

w h e r e  n = e lec t ron  c o n c e n t r a t i o n  on p - s i d e  ~ 
n. 2 / N A I

= mobility of e lec t ron on p - s i d e

= l i fe t ime of electron on p - s i d e

p = hole concent ration on n- side ~ n j
2 /ND

mobili ty of hole on n- side

= lifetime of hole on n-side

N A net acceptor concentration on p-side

ND = net donor concentration on n-side

= intrinsic carrier concentration
1’

By heavi ly doping  one side of the  junc t ion , for  example the r i - s ide , then

the minori ty hole conc ent ration on this  side (given by p ni2/ND) becomes

r
2 W . Shockley, Bell Syst. Tech. J. 28, 435 (104Q).

L.
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ve ry  sm all and the d iffusi on cur rent  f rom thi s side can be made neg li gible  wi th

respect to the mi nori ty  e lec t ron d i f fu s ion  c u r r e n t  f r o m  the other  side.  ~ r e

then have what is  called a one-s ided  j u n c t i o n , des i gnated an n +~ p j u n c t i o n .

Si nce t h i s  i s  the type of junc t ion  that was used in the present  invest i ga t ion ,

the a naly s i s  will be res t r ic ted  to thi s case. The d i f fus ion  component of the

saturat ion cu r ren t  dens i ty  then becomes

/p.~ kT\
2 fl 2 f kT\* (6)

~d iff ~ e 9, 
~ n e/ 

= e -

~~~

---
~~ 

1’~1e/

The gene ra t ion -  r ecombina t ion  cur ren t  dens i t y  has a the rmal  component

which , near  zero  b i a s , can be represen ted  by 3

- 
en~W (2k ’r \

~ gr , t - 
Fr ~~~~ 0 \~~ 1’

and a backg round  photon (gene ra t ion  onl y )  component g i v e n  by

Jb (1 _ r ) e a W Q B  
• 

( 8 )  -

~~~~

w h e r e  W dep let ion layer  width

~ nio = electron l i fe t ime in  dep le t ion  layer

= hol e li fe t ime in  dep le t ion  layer

junct ion bu i l t - i n  voltage

r = f ron t  sur face  reflectance

a = absorpt ion  coef f ic ien t

= back ground photon flux densi ty .

The total  g - r  c u r r e n t  i s  t h e r e f o r e

~gr 3gr , t .

~~ ~b ~)

Both ~di ff  and Jgr , t are hi ghly temperature dependent because the in-

t r in i s i c  c a r r i e r  d e n s i t y  rij depend s exponenti al ly on T. Thus , Jd iff  goes as

ex p (-  E~ / k T )  and -Tg r , t goes as exp (-Eg/ZkT) where Eg is the band g ap energy .
C

3C. T. Sah , R. N . Noyce and ‘IV . Shockley, Proc. IRE 45 , 1228 ( 1Q 5 7 ) .
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Hig her  opera t ing  t empera tu re s  produce  hi g her value s of these  current  com-

ponents and resul t  in  h ig her noise level s in the detector .  At low t empera tu re s,

the  sa tu ra t ion  cu r ren t  densi ty will be de te rmined  by 
~b 1 provided that surface

or bulk leakage cu r ren t  does not domi nate.

R e v e r s e  Bias  Opera t ion

If the de t ec to r  is operated at t empera tu re s  where  thermally genera t ed

shot noise  makes  the domina nt cont r ibu t ion  to the noise  cur ren t , then accord-

i n g  to equat ion (3 ) ,  the appl ica t ion  of a r eve r se  b ias  vol tage -v >> i3kT/e

should mak e the  exponential  t e rm much less  than unity  and thi s could conceiv-

abl y result in a dec rease  in noise  cu r ren t  by JTI.

However , past experi enc e has  shown that  the 1/ f  noise  due to surface

s t a t e s  m ay i nc r ea se  rapidl y under  reverse  b ias  condi t ions .  This depend s on

the s u r f a c e  pass iva t ion  t rea tment  used and the densi ty  and d i s t r i b u t i o n  of f a s t

i n t e r f a c e  s ta tes  at the semiconduc to r - insu la to r  in t e r face .

The possibility of noise reduction with reverse bias should be experi-

menta l ly  inves t i gated.  However , it  cannot  be counted on happen ing  so the

theoretical analysi s of thi s section will not includ e this effect .

Res i  s t a n c e - A r e a  Product

The r e s i s t ance -a rea  (R 0A) product  of a PV detector  is  an impor tan t

parameter  because it  set s the upper l imi t  on achi evable de tec t iv i ty . To see r
how thi s come s about, consider agai n the noise equation (3 . Photovoltaic

d e t e c t o r s  a re  usuall y operated at z e r o  b ias .  Thi s condi t ion  e l imina te s the ‘ r
exponential  f a c to r  in  the f i r s t  t e rm in  equa t ion  ( 3 )  and m i n i m i z e s  the 1/ f

noise .  Neg lect ing the 1 / f  noi se t e rm , the  equat ion then  simpl i f i e s  to

l n ç4eI s 4kT-- j - -  2eI~ j (10)
(Al )2  ( )

The f i r s t  two t e r m s  invo lv ing  t he  s a tu ra t ion  c u r r e n t  and the shunt  r e s i s t a n c e

can  be re la ted  to the ze ro  b ias  d y n a m i c  r e s i s t a n c e R 0 of the  p hotodiod e b y

d i f f e r e n t i a t i n g  the diod e equat ion

2 - b

_ _ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~



—
~~~~ 

w- — - - •
~~~ 

--

r / e V \ 1I = I~ 
L~

XP
~~~~~~) 

- ii - i~ ~ ( 1 1 )

to get

dv rel s 1 1 1R 0 ( 1 2 )

Combining  equation ( 1 2 )  wi th  ( 1 0 )  we can wr i t e  the no ise  cu r r en t  per

uni t  bandwidth  as

____ 
r4kT

+ ZeI~~ ( 1 3 )
(Af )~ L~’o J

I

The back ground  photon genera ted  cu r r en t  f rom the base r e g i o n  is  related to

back ground photon flux dens i ty  
~~B by

~eQ 3A ( 1 4 )

When  equation ( 14)  i s  subst i tuted i nto ( 1 3 )  and the result  subst i tuted in to  equa-

t ion  ( 1 ) ,  an express ion  for  detect iv i ty  is  obtained which is

D~~( X )  =
~~~~~~~~~T z

A
z
Q 1 ~ 

( 1 5 )

Thus , at hi gh back ground photon flux level s where  the second t e rm  in

the  d e n o m i n a t o r  dominates, 
1

D*(A ) =
~~~~ [2~~~

B]2 ( 16 )

wh ich  is  the wel l -known e x p r e s s i o n  fo r  a BLI P photovoltaic  de tec tor . On the

othe r hand , at low back grounds  or at h igher  opera t ing  t e m p e r a t u r e s, the fi r st

te rm in the d e n o m i n a t o r  of equation (13)  domina tes  and

ieA rR 0A1Z
D~ (X) hc [4kTj 

( 17)

T h e r e f o r e , D~~(X ) depend s on the R 0A product  to the -
~ power and hig her  

~~~~~~~~~

values permi t  hig her  D~~(A ),

r
V
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F R E Q U E N C Y  RESPONSE

The f r equency  r e sponse  of a pho tod iode  wil l  in  g e n e r a l  he l imi t ed  by

eithe r:

1. D i f f u s i o n  of c a r r i e rs  to the p - n  j u n c t i o n

2 . D r i f t  a c ross  the j u n c t i o n  or j u n c t i o n  t r a n s i t  t ime  ( i m p o r t a n t  fo r
graded  p - n  j u n c t i o n s )

3. The diod e jun c t ion capaci tanc e -

D i f fus ion  Limited F requency R e s p o n s e

P h o t o g e n e r a t e d  minor i ty  c a r r i e r s  are  g e n e r a t e d  near  the su r face  of the

device and must  d i f fu s e  to the  p -n  j unc t i on  b efore  they can be ‘counted ” in

the photocurrent .  Thi s d i f f us i o n  p rocess  r equires  a ce r t a in  amount of t ime .

The situation is  shown schem atically in  Fi g u r e  2 - 2  fo r  the case of an n - o n - p

j u n c t i o n  wi th  the j unc t i on  located qu i te  close to the  top sur face.  In thi s case

the  d i f f u s i n g  minor i ty  c a r r i e r s  are  e l ec t rons .

RADI AUON

/~~~
d - 2 / a

Fi gure  2 -2 .  D i f fus ion  Li mited Photod i or~e

The f requency  r e sponse  f o r  the d i f f u s i o n  l imited photod i od e has been

treated by Sawyer and Rediker.  ~ They found that  the upper l imi t  to the fre-

quency response  (0 . 707 poin t )  i s  g iven  approximately b y

Z . 4 D ~ (18)
2~r d 2

w h e r e  d is the d i s t a n ce  f rom the poin t  of ori gin of the  m i n o r i t y  c a r r i e r s  to

the junc t ion ;  and D~ is the d i f f u s i o n  coe f f i c i en t ,

4 D . E. Sawyer  ari d R. H. R e d i k e r , Proc.  IRE 46 , 1122 ( 1 58) .

)
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D~~~~ p.~~~-1 ( 1 9 )

Assuming d = 2 /a  = 4X l0~~ cm, ~~ 
= 2x  ~~~ cm2 /volt  sec and T = 100 3K, we

fi nd that  D~ = 1. 73x  102 cm2 / se c, and 
~~ 

= 413 MHz. It seems c le a r  f rom

th i s calculat ion that  the f requency  response  of the l a rge  a rea  ph oto d i o d e s  wi ll

not be d i f fu sion l imi ted.

Dr i f t  Li mited F requency  Response

This s i tua t ion  occurs  whe n p hotogeni e r ated c a r r i e r s  are  produced w i t h i n

the dep le t ion  reg ion of a p -n  j unc t i on  and a re  t h e n  swept out b y the l a r g e  elec-

tr i c fi eld ex i s t ing  there.  This  type of j u n c t i o n  is  i l lus t ra ted  in F igu re  2 -3 .

H_
~~~~

2/
~~~H

Figure 2-3 . Dr if t Type Photodiode

Such a s t ruc ture  may be real ized in  p - i - r i , or grad ed j u n c t i o n  d e v i c e s .  Th i s

case has been  analyzed b y G a r t n e r , who show s that  the upper  f r equency  l imi t

(0 . 707 poi nt)  i s

£ =
2 .8v  (2 0 )c Zir W

w h e r e  v is  the c a r r i e r  velocity and W the wid th  of the  d e p le t i o n  reg ion . As-

sumi ng W = 2/ a  a rid v 10’  cm/sec. then f~ i i  GHz. Thus , the ph otod i od e r
,

for the present application will riot be drift limited .

Capac i t anc e L i m i t a t i o n s

In add i t ion  to the f requency  r e sponse  l i m i t a t i o n  imposed b y d r i f t  or -‘

d i f f u s i o n  of c a r r i e r s , we must a lso  be conce rned  wi th  the capac i t an ce  of the

‘ 13 .V . W . G~~r tn e r , Ph ys .  Rev . 11’ , 84 ( 1 ~~~~

_ _ _ _ _  - 
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p-n junction. As show n i r i  the  equivalent  c i r cu i t  d i a g r a m  of F i g u r e  2 - 4 , t h i s

capacitance acts as a shunt in parallel with the photodi ode ari d wi l l  cause at-

tenuation of the photocurrent at hig h frequencies.

k 
If 

Rj 

~ 

~~~~ ~~~~~~~~ LOA O

Figure 2 - 4 . Equivalent Circuit for a Photodiode

The capac i t ance  depend s on the j u n c t i o n  dep l e t i o n  l aye r  ‘.vidth W , die lec-

t r i c  cons tan t  <~~, and j u n c t i o n  area  A 1, as  fo l lows:

C~ = < sE o ( 2 1

where E~~ is the permittivity of empty space. To get a roug h idea of the mag-

nitud e of capacitance that would be encountered , we c o n s i d e r  th e  ~~ t e~~~ u n c t i o n

situation in which the dep letion layer width , W , is given by b

rz’~w L  ~~~~~~~~~~~~~~ 
( 2 2 )

where e is the electronic charge , N is the impurity concentration in the base

region , ~~ is the built -in potential of the junction , and V is the externall y

applied potenti al.

U s i n g  the followi ng r e p r e s e n t a t i v e  values  f o r  Hg C d T e

= 8. 8 5 x  i ü - 1 4  f d / c m

N = 10 1
~~/cm

3

0b 0. 15 volt

V 0 volt

we obtain a dep letion layer width ‘.V ~~. 52 10~~ cm. The j u n c t i o n  c a p a c i t a nc e

f o r  a 3 X  5 mm2 diode  would then  be  C j = 
~~ . 8 10~~ fd.

°See , f o r  examp le , A. S. G r ov e , “Ph y s i c s  and Techno logy  of Semiconduc to r  
*Devices , J. W i l e y  and Sons , N ew Y o r k , C h a p t e r  ~ ( 1°~~7 .

1
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Accord i ng to equation (22), application of an external r e v e r s e  b i a s  will

increase the dep letion width of the p-n junction arid therefore decrease the

j u n c t i o n  capac i tance .  For  example , a reve r se bi a s ~f 0 . 5 vo l t wi ll i nc r e a s e

V to 1. lx i0~~ cm and decrease C j to 3. 2~ l0~~ fd .

For thi s capacitance limited case, the hig h-frequency response limit

(0. 707 point) is given app roximately by

= 2~~C~ R 
(23 )

where C j is the junction capacitance and P is the parallel comhinat~on re-

si s tance of de t ec to r  and load resistor . If we assume that >> P L~ C~ =

3 . X i0~~ fd , and R L = 50 ohms , then  f 0 = 1. 0 MHz .

It is clear from thi s example that the junction capacitance present s the

major limitation to the high-frequency response of large area photodiodes.

The frequency response can be improved somewhat by using a current-mod e

Dreamp lifi er. Thi s type of amplifier present s an effective input Lmpedance

less than 50 ohms: therefore , the frec uency response limit calculated f r o m

eo uation (23) will be 2reater than the value obtained above. A detailed dis-

cussion of detector operation when coupled to a current-mod e oreamp lifier

v i l l  h e  ~iven  subsequent ly.

It is theoreticall y possible to further reduce junction capacitanc e b y

co ns tr •~c t in g  a l i nea r l y g raded  j u n c t i o n  or a p - i - n  s t r u c t u r e . For  the  l i n e a r l y

g raded  j u n c t i o n , the dep l e t i o n  l a y e r  w i d t h  i s

l u / 3
W = 

~~ 
-
~
- V ) I  24 )

L~~
w h e r e  all symbols  have been  p rev ious ly de f i n e d , except  y which represents *

• 
t~ie im o u r i t ;  2 r a d i en t  at the j u n c t i o n . It is  c lear  f r om  thi s equation that , if

‘ can he K e p t  small enoug h, the d e p l e t i o n  l a y e r  w i d t h  will  he  i n c r e a s e d ,

t h e r eh :  d e c r e a s i n g  j u n c t i o n  capac i t ance .

• . 1- l i
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i’ To i n c r e as e  the  f requency  r e sponse  to much g r e a t e r  t han  1 MHz , t he

capac i t ance  of the  j u n c t i o n  must  be c o n s i d e r a b l y l e s s  than  10 ° fd . The de-

pl e t i on  l aye r  wid th  requi red  is  then

W > 3. l x  i 0~~ cm

This  w ould requi re  the g r a d i e n t , )‘, to be

y~~ i x i 0 18 cm~~

Such a g r a d i e n t  could only be achieved in  very  pure  ma te r i a l .  It  i m p l i e s  a

change  in  dop ing concen t ra t ion  of l0 ’4/cm3/pm of distanc e into the crystal .

The base dop ing of the cry stal would t he r e fo re  have to be much less  than

l 0 1
~~/cm~ . Althoug h such mate r ia l  has been seen , it occurs only rarely in

fortuitously compensated ingots.

Likewise, a p -i-n structure would require some way to obtai n material

with impurity concentration in the i region much iess than lO ’4/cm3. Since

there seemed to be small likelihood of obtai ning such material i n  larg e enough

quant i ty  to make the l a rge  area  de tec tors  requi red fo r  thi s p r o g r a m , these

approaches  w e r e  not pursued . A step junc t ion  approach was  selected and the

base doping  was min imized  to keep the  junc t ion  capac i tance  as low as poss ible .

DETEC T O R - P R E A M P LIFIER ANALY SIS

For  hig h f requency app li c at ions , a c u r r e n t - m o d e  preampl i f i e r  is de-

s i red  to reduce  the capaci t ive  load i ng due to the hig h junc t ion  capac i tanc e of

the PV de tec tor . Preampl i f i e r  noise  may be the l im i t i ng  no ise  at hig h fre-

quenc ies .  T h e r e f o r e , an analy s i s  of de tec to r  f requency  r e sponse  ari d sensi-

t iv i ty  must also includ e the p reampl i f i e r .  In thi s sec t ion , such an analy s i s

is perform ed.

Signal Response *

Figure 2-5 show s the equivalent c i rct ~it for  the PV d et e c t or -p r ~~amp li-

f i e r  combina t ion.  C o n s i d e r  f i r s t  the s igna l  c u r r e n t  p roduced  by the idea l

current ~enerator i 5. If d e t e c t o r  s e r i e s  res i s t ance  is  not neg li g ib le , the

si2n a l  c u r r e n t  r e ach ing  the p r e a m p l i f i e r  input will be g iven  by

2 - 1 2
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Figure 2-5 . Equivalent Circuit Diagram for  the PV De t ect or -
Preamplifier Comb i nation

_ _ _  -I i  1 5 
~~~ ÷ r s) 

(2~~)

where  the j u n c t i o n  impedance Z~ is g iven  b y

Z~ R5 ‘1 ~ 2 R~
2 c~

2
~~~ ( 2 6 )

At hig h f r equenc ie s , the capaci t ive  r eac t ance  may domi n ate , thus

Z~~~~~~~ — 2 7 )

C o n s i d e r  a case whe re  the junc t ion  capaci tanc e is  4000 pf. Then , at a fre-

quency of 1 MHz , Z j = 40 ohms and the ser ies  r e s is t a n c e  must be much less

than  thi s value to avoi d loss of s igna l  current .

The output si gnal voltage f rom the preampl i f i e r  is  g iven b y

-AZ fi 5 / z- \
= 

A + ~ + ( Zf 
~ ~ rs) 

(28)

+ r~~/

~.vhere the  feedback impedance  Z f i s

Zf = R f (1 + ~~2 Rf 2 C~~~) 2 (2 ° )
S

ari d A i s  the amp l i f i e r  open loop ga in .  For low f r e q u e n c i e s , where  Zf 5 Z~,
<~~ Z j and A >> 1, equat ion (2 8)  r educes  to

2 - 13
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V 05~~ - R 1i 5 ( 30)

The hi g h f requency  response  is  reduced to 1 /2  the low f requency  value

at some frequency given by

r Rf 1- ’
1h~~ [2~~(~ + A ) C ij  ( 31 )

The factor  Rf / ( l  ÷ A) is  the ‘ equival ent ’ input impedance  of the c u r re n t - mode

preampl i f i e r .  I t  tu rns  out that  a p rac t ica l  value for  A is  about 50 and for  R f

ab out 1000 ohms . The re fo re , the junc t ion  capac i tance  C j must be min imized

to allow hig h frequency response. If C j = 4000 pf , and the above values for  A

and Rf are  used , then 
~h = 2 MHz .

Noise

The major  noise sources  are show n in  the equivalent c i rcui t  d i a g r a m  of

Figure  2 - 5 . They are: ampli f ier  voltag e and current  noise , feedback r e s i s t o r

Johnson noise , detector  Johnson  noise , and detector  photon genera ted  shot

noise. These combine to give a total  noi se voltage per uni t  of fr equency ban d-

width at the preampli f ier  output which can be expressed b y the equation

v 
= [(i 

~~

)

2 

(e na2 
~ ~ na 2 Zf 2) + (4 ~

T
f) Z f 2 + (4~~T

3) z f 2 ÷ 2 e2 17 Q B Ad Z £2] (32)

The fou r terms in  this  equation represent  the noise  sources  in the order

l i s ted  ab ove.

The preampl i f ie r  cu r ren t  noise can be neg lected at hi g h f r equenc ies.

With  thi s approximat ion  and some al gebrai c mani pulat ions of equation (32) ,

one can obtai n

V on 1 i 4kT f 4kT -
~~~~~~~~~~~~~~ (~~~+~~.-)÷j u ~(c f ÷ c j )  2 e na 2 + 

Rf 
+ R~ 

÷ 2 e 2
~~Q3A Zf ( 3 3 )

This equation shows that  the preampl i f ie r  vol tage  noise is boosted at hig her

frequencies while the other noise terms remain flat. The degree of high fr e-
quency boost is  dependent  on the magni tude  of detector  junc t ion  capaci tance.

Thus a m i n i m i z e d  junc t i on  capaci tanc e is  nece s sa ry  riot onl y for  ex t end ing

_ _  _ _  
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the  s igna l  r e s p o n s e  to hig h f r e q u e n c y  but  also for  mi ni miz ing  noise  at hig h

f r eq u e n c y.

The c o r n e r  f r equency  at which  pream pl i f i e r  noise  boost  commences  is

obtained by se t t ing

(
~ 

+ = 2~~f(C~ + C~ )

and solving f o r  f . Thi s y ield s

1 I’ l 1\£ = ‘— -i- — I  (34 •)
2 -rr (C f + C~ ) \R f 

-

For a case whe re  Rf = R~ = 1000 ohms , C~ 4000 pf and Cf i s  ne gl igib le , one

obta ins  f 8x  i0~ Hz . The noise  boost  cannot  con t inue  ind efi nitely but will

ult imately be rolled off at hig her  f re q u e n c i e s  due to f requency  l imi ta t ions  in-

he ren t  in  the t r a n s i s t o r s  used or to hig h f requency rolloff purposel y buil t  in to

the preampl i f i e r  for  s tabil i ty r easons .

D~ ve r sus  Frequency

Using  equation (28)  to calculate responsiv i ty  and equat ion (33 )  to calcu-

late noise , D* may the n be obta ined as a funct ion of f requency  f rom the usual

equation
R~ (X , f )- / X ~-

D~~(X f )  = (35 )

A parametr ic  stud y was made to a sce r t a in  the effect  on D* (X~~, f)  p roduced b y

v a r i a t i o n s  in  the de tec tor  pa ramete r s, R~, C~, and r 5. Values fo r  D* versus

f requency  w e r e  calculated hold i ng two p a r a m e t e r s  fixed , and al lowing the

third to vary.  F i g u r e s  2 - 6 , 2 - 7 , and 2-8  show the  r esu l t s  of th i s  stu d y.

Cther  f ixed p a r a m e t e r s  used in the calcula t ions  w e r e  as fo l lows.

Rf = 1000 ohm s Ad = 0.284 cm2

A = 5 0  17 0. 84

T~ = 29 5~ K QB = 2X 10 15 photons/sec/cm2

Td = 77~ K I 5(X ~~) = 2. 5 a m p s/ w a t t

eria = 0. 7 n v / H z 2 = 3. 85 ~ m

4 -
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Figure  2 - 6 . Hig h Frequency  D~ Dependence  on Junc t ion  R e s i s t a n c e
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F i g u r e  2 - 8 . Hi gh Frequency  D) C Dependence  on Junc t ion  Capaci tance

F i g u r e  2 - 6  show s that l i t t l e  effect on D~ is produced b y v a r i a t i o n s  in

R~. Thi s is  as expected s ince the j unc t i on  impedanc e at hig h f r equenc ie s  is

cont r olled by the capacit ive reactance , not by the j u n c t i o n  r e s i s t a n c e .  Fig-

u r e  2 -7  show s that  s e r i e s  r e s i s tance  up to 10 ohm s does  not cause se r ious

d egr a d ation of hig h frequency D- . Figure  2 - 8  show s that  j unc t i on  capaci tance

has the s t ronges t  effect  on hig h fr equency DX C .
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Section 3

H g C d  Te  M A T E R I A L  P R  E P A P A T I O N

Because of i ts versat i l i ty, HgCdTe is one of the most popular  i n f ra r e d
de tec tor  mater ia l s present ly in use . Of all the va r i ab le  band gap t e r n a r y
alloy systems , it alone provides  the wides t  span of de tec t ion  wavel engths ,
f rom 0. 9 ~im (pure  CdTe  to beyond 30 p.m (16 % CdTe/84% I-IgTe) . However ,
it is also one of the most d i f f icul t  to p r ep a r e  in  s ing l e - c r y stal f o rm  because
of the hi gh vapor p ressure  of Hg encountered  at the melt ing t empera tu re . in
th i s  section are presented some of the basi c ph ysical and the rmod ynamic
proper t i e s  of the Hg CdTe alloy system, the crystal  growth method s ad opted
b y SBRC f o r  thi s program , and typical  result s of the crys t a l  growi ng stud y.

PHY SICAL AND THERMODY NAMIC PROPERTIES

H gCdTe is a variable b artd gap alloy semiconductor  mad e b y c ombin ing
C d T e  (a w ide-band gap semiconductor ) and H g Te (a semimetal L HgCdTe photo-
de tec to rs  have been made over the 1- to 3O -F u -ri spectral r eg ion  by vary ing  the
composi tion of the alloy (Figure  3-1) .

The dependence of the energy gap  of H g j  ..x Cd x Te alloy s on compos i t ion  
*

x and absolute  temperature  T is g iven  by 7

Eg = - 0 .2 5  + 1. 59x + 5 . 2 3 3 x  i0~~ (1 - 2. 08x) T + 0. 327x 3 ( 36)

Solution of thi s equation for  2 . 0 6 -  and 3. 85-p .m peak wavelength s and
opera t ing  t empera tu res  of 245 ’~K and 195 ~K gives approximat e values for  x
of 0. 48 and 0 . 31 , respect ively.  Thi s calculation assumes energy  ban d gap
values of 0. 55 and 0 . 2 9  eV cor responding  to de tec tor  cutoff wave l eng ths  of 4

-

* 2 . 2 7  and 4. 24 p.m, respectively.

‘J. L. Schmit and E. L. Steizer , J. App i . Phys .  40 , 4865 ( 1° 6 °\ .

C 
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Figure  3- 1. Physical  and Thermodynamic  Proper t i es
of HgCdTe  Alloy s

To unders tand  the di f f i culties of crystal  growth of HgCd Te mater ia l,

and the specific techniques that have been developed to overcome them , i t  i s  
*

useful  to cons ide r  the thermodynami c proper t ies  and phase d i a g r a m  of the

Hg - Cd-Te  system.

Figure  3-1 i l lustrates  the pseud obinary HgTe-Cd Te tempera ture-com-

posi t ion phase d iag ram.  This  d i a g r a m  show s the wide separa t ion between

liquidus and solidus curves, which  results  f rom the s ign i f i can t  d i f f e r e n c e  in

the  melt ing point s of the end compound s, and t h e i r  l a rge  heat s of f u s i o n .

• Thi s lead s to the w e l l - k n o w n  segregat ion of the alloy upon freezing from the

melt, and therefore to nonuniformity of material composition. :‘

r
8~-~ S te in inger , J. Appi. Phys .  41 , 2713 ( 1970) .

3-2
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Anothe r  l e s s - k n o w n  s eg r e g a t i o n  effect  r e su l t s  f r o m  the d i f f e r e n c e  in

the  density  of alloy s of d i f f e r e n t  compos i t i ons .  The alloy d e n s i t y  P fo r  a com-

7 pos i t ion  x i s  g i v e n  b y

P ( g m/ c m 3 ) = 8. 076 - 2 . 226x ( 37 )

The CdTe-  r ich solid mater ia l  which  f r e e z e s  out f i r s t  i s  much  l ig h te r

than the H g T e - r i c h  melt , and t h e r e f o r e  tend s to f loat  to the  su r f ace  of the

melt g iv ing  r i se  to  ver t i ca l  s e g r e g a t i o n  in  the ing ot .

Fi g u r e  3-2 i l l u s t r a t e s  the p r e s s u r e - t e m p e r a t u r e  phase  d i a g r a m  for

va r ious  sect ions  of the H g - C d -  Te sys tem . Shown h e r e  is  r ecen t  da ta~ on

TEMPERATURE 0C)
- 1000 900 500 100 50010

0.60 \8 .  ‘t

Hq (x~~ 0, y ~~ 1)
TI
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- 

-‘I,

4 ’  -

\ 4g~~ioCd~~i,
-Te

I
• 

~~0.70
4 O. 60 \

0.52~ ~~~ ‘

“
~ ~
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~:~% ~~~~~~
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• 
Stilninqir. it.

KgI.a Cd1Iy Til~ x O )
)Bre6rick and

10 j Stra us i I
0.1 0.8 0.9 1•0 LI 1.2 L3

RECIPROCAL TEMPERATURE (10~’T °K)

Fi gure 3 -2 . H g - C d - T e  P r e s s u r e - T e m p e r a t u r e  Phase  Diag ram

J. Steininger , J. Electroni c Materials 5, 2°Q (1°76).
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t he  vari at ion of Hg vapor p r e s s u r e  over liquid melt s of pure Hg, b i n a r y  H g — T e

and t e rna ry  Hg0 70 Cd 0 30 Te. The alloy composi t ions  are  r ep resen ted  b y the

formul a ( H g 1 .x Cd x ) y Tei . . y~ where  x is  the usual pseudobiriary  alloy composi-

t ion , and y represents the devi ations f rom pseudobinary  st o i ch iome t ry  (y =

0. 50); i. e. , excess metal (y > 0 . 50)  or excess Te (y < 0 . 50) .  The s ign i f i c an t

fea tu re  of these  dat a, f rom the point of view of c ry s t a l  growth , is  the rapid

va r i a t ion  of the Hg vapor p ressu re  over the melt with composi t ion , and parti-

cular ly near the s to ichiometr ic  composi t ions.  The va r i a t ion  of vapor pres-

sure of pure Hg, Fi-ig~ is given by

£n PHg (atm ) = 11.238 - 7, l O O / T  (~~K) ( 38 )

For stoichiometric  melts , the var ia t ion of vapor p r e s s u r e, 
~~HC T’ is

give n by

~~ PHC T(atm)  10. 162 - 7, 1 0 0 / T  ( D K) (3 9 )

Thi s expres s ion  is  valid for  0 � x ~ 0. 60 and fo r  670 � t ~ 965 ’C. Thi s point s

out the requi r ement for  good control of the Hg o v e r p r e s s u r e  to maintain stoi-

chiometry in  the melt , and t h e r e f o r e  un i fo rm so l id i f i ca t ion. If the Hg vapo r

p r e s s u r e  is too hig h , thi s r e su l t s  in  Hg inc lus ions  and b lowholes .  If i t  i s  too

low , it lead s to par t ia l  decomposi t ion  and Te inc lus ions .  In b oth  cases , t hi s

will also lead to va r ia t ions  in  the  all oy compos i t ion, x . Thi s effect  is  a sig-

n i f i can t  but of ten overlooked cause of no nun i fo rmity  in  HgCdTe  mater ia l  and

de tec to rs .

Fi gure  3-3 show s the actual temperature and pressure parameters for

alloy composi t ions  cor respond ing  to 2 . 0 6 -  and 3. 85-p .m de tec to rs .  The liq-

uidus temperatures of 920~ C and 845~~C correspond to vapor pressures of

‘~7 atm (980 ps i )  and 45 atm (655  ps i )  for s to ich iometr i c melts .  At the same

tempera tu re s, f r e e  Hg has p r e s s u r e s  in excess of 200 atm (3 , 000 psi ) and

140 atm (2 , 100 ps i ) ,  respectively. These should be cons ide red  mi nimum

values since in  cry stal growth f rom the melt , the cha rge  has to be super-

heated b y 20~~C to 2 5 ’C to ensure complete d i s so lu t ion  and homogen iza t ion.

r
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F i g u r e  3-3. Thermod ynamic  P rope r t i e s  of HgCdTe  Alloy s
for  2 . 06 and 3. 85 p.m - -

CRY STAL GROWTH METHODS

The preced ing  d i scuss ion  of the thermodynamic p rope r t i e s  of Hg Cd Te

alloy s poin ts  up the s ign i f i can t  f ac to rs  and main d i f f icu l t i es  to be cons ide red

in the growth of hi gn quality material .  These can be summarized as follows:

1. The hig h Hg vapor p ressu r e over the melt makes  it d i f f i cu l t  to con-
ta m the cha rge  (explos ion  of quar tz  ampoules~, and to control  i t s
s to ichiometry .

t 2 . Alloy segrega t ion  upon f r e e z i n g  can lead to severe lack of uni form-
ity in  the mater ia l .

3. Additional s egrega t i on  resu l t s f rom densi ty  d i f f e r e n t i a l s .

All these  p rob lems  which  are  a l read y severe  for  l o n g - w a v e l e n g t h  8- to

14-urn materi al (x = 0. 2 0 )  a r e  s i g n i f i c a n t l y increased for shorter wavelength

I,-
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m a t e r i a l  due to the much hi g her  vapo r p r e s s u r e s  tha t  have  to be con tended

with.

Because  of the l imited amount of published w o r k  on the p r e p a r a t i o n  of

sho r t -wave l eng th  H g C d T e  alloy s, it  was not ce r t a in  which would be the best

way to p r e p a r e  the  ma te r i a l  for this program. Therefore, a number  of alter-

nate methods were  ut i l ized.  These were  so l id-s ta te  r e c r y s t a l l i z a t i o n  ( S S R ) ,

zone mel t ing (ZM) ,  and the p re s su re  reflu .x (PR)  t echn iques .

Sol id-Stat e Recry s ta l l i za t ion

The so l id - s t a te  r e c r y s t a l l i z a t i o n  technique  uses  a f a s t  quench to mi ni-

mize  alloy seg rega t ion. The d e n d r i t i c , pol yc rys t al l i ne  mater ia l  i s  t h e n  re-

cry stall ized b y hig h - t e m p e r a t u r e  anneal ing . Fi gu re  3-4a illu s t r a t e s  thi s

method . The macroscop ic  u n i f o r m i t y  may somet imes  be poore r  because  of

trapped inclusions of excess Hg or Te at grai n boundaries . Also, impurities

in  the melt  du r ing  quench are  f r o z e n  in to  the ingo t  and r e m a i n  t h e r e .

® Q U ENCH ® RECRYSTAL U:E

I _  _
T<< T (SOLI DUS3 I £ I ISO LIDUS) SEED — TAI L TOP - -- BOTTOM

(a) Solid State Recrystallization Method (b) Zone Melting Method

Figure 3-4. Hg CdTe Cry stal G rowth Techniques in Sealed Quartz Ampoule
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Zone Mel t ing  Techniqu e

A more  sop hi st icated t echnique  previ ously dev eloped at SB RC on I P & D

f u n d i n g  i s  zone  mel t ing  in  a clo sed tube (F igure  3-4b) .  In thi s p r o c e s s , the

c h a r g e  is  f i r s t  reacted and quenched  in a rock ing  fu rnace .  It is  then p laced

in a zone melting furnace for crystal growth. This is achieved by passing a

molten zone throug h the cha rge  at a slow rate  to a s s u r e  c rys t a l  p e r f e c t i o n .

A pointed t i p  i s  mad e at one end of the quar tz  ampoule to p romote  s ing le-

c r stal g rowt h .

Normal segregation produces compositional nonuniformity at the seed

and tail end s o~ ~ ie ingot .  The re  may also be a radial  c o mp o s i t i o n  v a r i a t i o n

as shown in  the  d i a g r a m  in  F igu re  3-4b. Thi s is d e p e n de n t  on zone  size , the

shape of the li qu id -  solid int e r face , and the f u r n a c e  t e m p e r a t u r e  gr a d i e n t s .

By empirical methods, it has been pos~~b1e to mi nimize the radial nonuniform-

~ty to the extent shown by the dashed l i n e s  in  the f i g u r e . Thi s p rov ides  an

ad equat e supp ly of un i fo rm m a t e r i a l  in the  c en t r a l  core  of the i n g o t . An add i-

t ional  advan tage  to the ZM method is the r educ t ion  in  impur i ty  content  by the

zone  r e f i n i n g  ac t ion  provided as the  mol ten  zone i s  moved down the i n g o t .

Another  advantage  of the zone mel t ing  techni que for  the  p r e p a r a t i o n  of

sho r t -wave l eng th  ma te r i a l  a r is e s  because  crys ta l  g rowth  t akes  place at the

much lower solidus tempera ture  T 5 (F igu re  3 - 3 ) .  For 2 . 06-  and 3 . 8S-p .m

mater ia l , thi s co r r e spond s to t empera tu res  of 765~~C and 7Z 0~~C, r espect i ve ly.

Consequently, the  p r e s s u r e  dur ing  c rys ta l  growth remains  below 30 atm

(450 ps i )  if the melt  is  s to ichiometr ic.  The cr i t ical  step, however , i s  corn -

pounding  and quenching of the cha rge , wh ich  still r equ i res  t e m p e r a t u r e s

above the liquidus.

Pressure Reflux Technique

A more recent  developme nt at SBRC i s  the open ampoule p r e s s u r e  re-

flux ( P R )  technique in  whi ch hig h -pu r i ty  i n e r t  gas and a steep t e m p e r a t u r e

g r a d i e n t  a r e  used to con ta in  the Hg vapor  b y re f lux ing  ( F i g u r e  3 -3 ) .  Thi s

greatly minimizes the dangers of exp los ions  d u r i n g  r eac t ion  s ince  the i n e r t

gas act s as a flexible membrane and the reflux tube  f o r m s  a cold r e se rvo i r

________ __________ 
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F i g u r e  3-5 . P r e s su r e R e f l ux Technique

for excess Jig vapor . At temperatures above the liquidus during melting, t h e

total p r e s s u r e  of the system remains precisel y controlled by the pressure of

the inert gas. This eliminates the dangers of explosions due to overhe~ t~ng

-
~~ Hg vapor . It also provides a means for controlling the stoichiorriet rv of

the charge. Pretesting of the quartz ampoules and elimination of s t r e s s e s

due to quartz seal-off result in a system that can operate  safely at si gnifi-

cari t lv h ig her  p r e s s u r e s  than  in sealed q u a r t z  ampoules.  The S B R C  sys t em

has been fully tested at pressures in excess of 1, 000 psi  and therefore sati s-

fies the  requi r emen t s  f o r  2 . 06- and 3 . 85 -~~m m a t e r i al .

One oi th e  a dv a n t a g e s  of the SBRC p r e s s u r e  reflux technique  over  the

p r e vi cu sly deve loped p r o c e s s  for growth of HgCdTe in a hi gh-pressure fur-

nace 10 i s  due to the fac t  that  more  u n i f o r m  t e m p e r a t u r e  p r o f i l e s  can be e a s i ly

,r)tai ned. :n the hig h-pressure furnace, the hig h-density inert gas surrounding

10 :. Steini nger , J. C ry s t a l  c-rowth 37, 107 (l~~77).
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the  g rowth ampoule g e n e r a t e s  l a r g e  t he rma l  l o s s e s  b y convec t ion . As a re-

sult , good u n i f o r mi t y  and r e p r o d u c i b i l i t y  a r e  d i f f i cult to ob t a in , even with the

use of internal heat pi pes.

While the problem of pressure containme nt is not a critical issue in the

p r e s s u r e  reflu .x fu rnac e, mater ia l  u n i f o r m i t y  stil l  r emains  one of the key fac-

• tors to the success of thi s approach.

H g C d T e  MATERIAL EVALUATION

• Approximately 18 Hg~~..~~Cd~~Te cry stals w e r e  g r o w n  in  support of thi s

Dr o gram , six with nominal x = 0 . 31 composi t ion and twelve with a nominal

x 0.48 composition. All three crystal growt h method s w e r e  t r i ed  wi th  each

of these  alloy composi t ions .  Because  of the l imi ted  previ ous exper ience  at

SBRC with these pa r t i cu la r  alloy compos i t ions , several  f a i l u r e s  occur red  and

many of these ingot s did  not yield a significant amount of useful material. The

types  of f a i l u r e s  encountered  were  as follows:

1. Off s toichiometry - excess  Te ( i n c l u s i o n s )  or Hg ( h o l e s )

2. Excessive strain - crystal severely cracked after removal f rom
quartz ampoule

3. Cry stal g r a i n  s ize too small

4. Composi t ional  v a r i a t i o n s  due to s eg r e g a t i o n  dur ing  f r e e z i n g .

In general, the yi eld of good material was much better for the x = 0.31 com-

position than for x = 0 . 48. Cry stal s grow n later in the program exhibited a

much be t t e r  y ield of good mater ia l  t han  those  g rown at the s tar t  of the pro-

g r a m . More than 50% of the c ry s t a l s  produced did y ield some useful  mate-

rial and these were subjected to further evaluation.

r Crystal Evaluation

• The first evaluation was concerned with alloy uniformity and cry stallo-

graphic  perfection. Alloy uniformity was de te rmined  b y d e n s i t y  measure-

ments .  C r y s t a l l o g r a p h i c  p e r f e c t i o n  was  inves t iga t ed  b y me ta l lu rg ica l

mic roscopy  and b y X - r a y  topograp hy.
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Fi g u r e s  3-6 throug h 3-8 show dens i t y  p rof i l e s  obtained on some of the

HgCdTe ingo ts .  F igu re  3-6  is  the prof i le  f o r  a Hg 0 52-Cd 0 4g Te ingo t  pro-

duced b y the  SSR method. Thi s ingot  was 0 . 5 inch  in d iamete r  and about

8 inches  long.  The data show t h i s  ingo t  to be very uni form;  thi s is expected

f rom the SSR process .  The measured  d e n s i t y  value s conf i rm a crys ta l  com-

pos i t i on  x C . 48 withi n exper imental  e r ro r . The es t imated  e r r o r  i n  the den-

s i ty  value i s  ± 0 . 0 1  gm/cm3 and thi s i s  r e p r e s e n t e d  by the d iamete r  of the data

point  c i r c l e s  on the fi gure.  A c c o r d i n g  to equation ( 3 7 ) ,  a ~‘ar ia tion in densi ty

of 0. 02 g m / c m 3 imp lies a v a r i a t i o n  i n  x-value  of 0 . 01 . Thu s the d e n s i t y

measurement does not give a high precision determi nation of the x-value.

F u r t h e r m o r e, a dens i ty  mea su r ement on a g iven  wafer  de termi n e-s the a v e r ag e

d e n s i t y  of tha t  w afe r and say s nothing about vari a t ions  w i th in  the wa fe r .  More

)r e c i s e  d e t e r m i n a t i o ns  of va r i a t ions  in  alloy compps i t ion  are  ind i ca t ed  b y d e -  g
ec tor  cutoff  wavelength .

INGOT RC4

C 1 I LIZ
U I 1 INCH 4

~~CR•ACX ~
-1

~~

1~~~~~ H H H H
- 

INCHES FROM SEID END OF INGOT

Figu re  3 -6 . Dens i ty  Prof i le  of Ingot  R C 4  Grown  b y the  SSR Method

- INGOT 2-132

“-_JJi I -~ I N C H
~~ 1~~~

— 
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INCHES FROM SEED END OF I NGOT

Fi g u r e  3 -7 . Dens ity  P r o f i l e  of t ogo t  2 - 13 2  G r o w n  b y the ZM Method

3 - 1 0

_ _ _ _  - :--
~ 

- 
* ~~~~~~~~ Z : .



F i g u r e  3-7 show s the density profile of an ingot  produced b y the zone

mel t ing  method. Some d e n s i t y f luctuat ions a re  observed near the seed end

where  continuou s adjus tment s in  the zone hea t e r  are necessa ry  to s tab i l i ze

the  zone size. The remainder  of the ing ot appears  to be quite un i fo rm . The

composit ion i ndicated by these density data is x 0 . 31 .

Figure  3-8 show s densi ty  profi les  on two ingot s produc ed b y the p ressure

reflux technique.  One of these ing ot s (No . 5 - 1 6 )  was 0 . 75 inch in  d i ame te r

and about 7 inches  long. This  ingot  was comp ounded at x = 0 . 31. The othe r

ingot  (No . 5-28)  was 1. 0 inch in  d i amete r  and ab out 5 inches  long. This ing ot

was  compound ed at ~. = 0. 48 . The dens i ty  prof i le  on ingot  No . 5 -16  show s a

g r a d u a l  dec rease  in  dens i t y ( i nc rease  in x-value)  toward the top of the ingot

i n d i c a t i n g  some gravi ta t ional  s e g r e g a t i o n  dur ing  f r e e z i n g.  The p ro f i l e  on

No . 5-28  is  flat  over a por t ior .  of the ingot . The upper  part dropped off to

lower  d e n s i t i e s  due to some porosi ty . A few w a f e r s  a lso  exhibited low den-

si ty values. Close inspec t ion  of these  w a f e r s  showed th is  to be due to holes

INGOT 5-16

~~~~~ 3I4

~. INCH

~ ‘-CRACK

I I I I I I

INCHES FROM SEED END

INGOT 5-28cy
~~~~~~~~
j

CRACKSC ~~~~~~~~~ I I I I 1 I ~~~4O

• ~~7. -
• 

I

~~~~~

, I~~
i 

o
0

~~~~~~~~~
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\
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~

INCHES FROM SEED END

Fi gure  3-8 . Dens ity  Profi les  of Two I ng o t s  Grown  by the PB Method

• 3 1 1

_ _ _ _  • - -
: ~~~~~~~~~~~~~~~~~~ ~~

. 

~~~~~~~~~~~~

• ~~~~~~~~~ 
- 

~~~~~~

- 
::*



• -
~~ 

w- -~~~~~- 
- -~ 

— --

I
in these wafers. Therefore, the t rue d e n s i t y  p rof i l e  i s  thoug ht to be ind ica ted

by the solid l ine  j o i n i n g  hig her  dens i ty  points .  Thi s indi ca t e s  an x - v alu e  be-

tween 0 . 47 and 0 . 48.

The c rys ta l lographic pe r fec t ion  of a number  of w a f e rs  was  stud i ed b y

X - r a y  topography us ing  the B e r g - B ar r e t t  back re f l ec t ion  method . Thi s method

is illustrated by Figure 3-9. A collimated X-ray beam is made incident on

the face  of a polished and etched wafer .  In close p rox imi ty  to the  wafe r i s  a

p ho tog raphic film plate. X- ray s are  d i f f r ac t ed  f r o m  the crys t a l  p la n es at

var ious  ang les de termi ned b y the Bragg  condi t ion

nX = Zd sin e (40 )

where  X X - r a y  wavelength

ri i n t e g e r

d = dis tance  between lat t ice planes

= d i f f r a c t i o n  ang le

A reg ion  in  the c rys ta l  where  the lattice ang le changes  wi th  respect  to the

X - r a y  beam ( such as a grai n bound ary ) will produce a shifted image on the

f i l m  plate. The method is  sens i t ive  to lat t ice tilt bounda r i e s  down to a small

f r a c t i o n  of one degree .  Other  la t t ice  imper fec t ions  such as p its , in c lus ions ,

or scra tches  may also be observed.
PHOTOGRAPH I C

NEGATIVE

~~~~~~~~~~~~~~~~~ - \
/ SPECIMEN

X-RAY SOURCE 51.11

EXPOSURE

/\

F i g u r e  3-? .  B e r g - B a r r e t t  Back R e f l e c t i o n  X - r a y  Topograp hy
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Figures 3-10 through 3-12 show example s of X-ray topographs obtained

on var ious  cry st als. Fi gure 3-10  is a topograph t aken  on a wafe r  f rom cry s-

tal RC4 grown b y the SSR method. A double image is  seen because the X - r a y

beam actually consist s of two wavelength s, the Cu Kai and K~ 2 l ines  at 1 . 5374

and 1. 5412 ~~, respectively. Since each wavelength has a slightly different

Bragg angle, two images on the film plat e resul t .  Some par t s  of the waler

did not even r eg i s t e r  an image; thi s i s  because they are g r a i n s  of d i f f e r e n t

or ien ta t ion  which d i f f rac t  the X - r ay  beam toward some ang le well off the f i lm

plate. Also seen in the topograp h are one l a rge  hol e and several  smaller

holes. These are a result of excess Hg in thi s particular part of the ingot.

Figure 3-lI show s a topograph of a wafer from crystal 2-132 grown by

the zone melt ing method. The s t r ik ing  th ing about thi s pic ture  is the exten-

sive network of low-ang le tilt  boundar ies  throug hout thi s wafe r . Thi s resu l t

has  been found to be typical of all Hg CdTe mater ia l  grown by the ZM method .

Chemical  etching studies hav e shown a hig h conc ent r at ion of ed ge d i s loca t ion

etch pits runni ng along these tilt boundaries.  This i s  sometimes r e fe r r ed  to

as l ineage.  It has not yet been de termined whether  or not thi s type of la t t ice

impe rfec t ion  has a deleter ious effect on the la rge  area PV Hg CdTe d e t e c t o r s .

Fi gure 3- 12 shows a topograph of a wale r  f rom crys ta l  WK - 9  grow n by

the SSR method. Thi s wafer  ag ai n show s relatively good lat t ice pe r f ec t ion.

The s t r ia t ions  a re  due to lack of surface f l a tness  due to chemical e tching

af ter  the opti cal polish. They are not a funct ion of lattice perfect ion.  ~A few

small pits may be seen in  the wafer  on close inspect ion.  The l a rge  m a r k s

on the ed ge of the waler  are chips f rom handl ing  with tweezers.

• Annea l ing

HgCd Te crystal s as g rown usually contain  on the o rde r  of 10 17 to 10 18 /

cm 3 Hg vacancies. Since these vacancies produc e acceptor centers in the

crysta l , the mater ia l  is  hig hly p-type.  To ob t ai n the low acceptor  concen-  -

t r a t i o n  mater ia l  necessa ry  for  low-capac i tance p - n  junc t ions , the number  of

vacancies must be reduced. This is easily accompl i shed  b y hea t ing  the

~~
• I
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Figure 3- 10 . X-ray T op o gr a p h of a V~ afe r f r o m  HgCdTe Ingot  RC4
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Fi~z u r e  3- 12 . X - r a y  Topograp h of a Wafe r f rom HgCd Te Ingot  W K - 9

F i g ur e  3 - 12 . X - r a y  Topog r aph of a Wafe r f r o m  Hg CdTe Ingot  W K - 9  *
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m a t e r i a l  to t e mp e r a t u r e s  on the o r d e r  of 300~ C in  the  p r e sence  of Hg vapor . ’1 ’ 12

A suf f ic ien t  t ime must be allotted so tha t  Hg a toms f r o m  the  vapor phase can

d i f f u s e  i n to  the  H g C d T e  and fi l l  the vacanc ie s. A jud ic iou s choice  of annea l i ng

t e m p e r a t u r e  and Hg vapor  p r e s s u r e  can leave the mater ia l  with  the de s i r ed

d e n s i t y  of Hg vacanc ies , and t h e r e f o r e  provid e p - t y p e  m a te r i a l  with  the de-

s i red  low accep to r  c on c e n t r a t i o n .

On the o ther  hand , i t  i s  also possible  to dope the c rys ta l s  with  cer ta i n

~mp ur~ty atom s w h i c h  produce acceptor centers. In previous work , S B R C  has

u t i l i z ed  Au atoms f o r  accep tor  dop ing  of HgCdTe .  Au has a hig h enou g h diffu-

s ion c o e f f i c i e n t  so that  it can be in t roduced  in to  the HgCdTe  b y s o l i d - s t a t e

d i f f u s i o n . 13 Al ternat ively, it  can be in t roduced  f rom the melt  d u r i n g  c rys t a l

gr o w t h . Most  of the p -type  mater ia l  produced for  th i s  p r og r a m  was Au-doped;

vacancy doping was  onl y used in  a few i n s t a n c e s .  Acceptor  doping concentra-

t i o n s  wer e  determined b y Hall effect  measurements .  Fi gure 3 - 1 3  shows Hall

c o e f f i c i e n t  versu.s r ec iproca l  t e m p e r a t u r e  da ta  acquired  on three  Au-doped

samp les of Hg 0 69 Cd 0 31 Te. I n the extrinsic temperature ran ge (i . e , ,  below

200 ° K) ,  the Hall coefficient RH is related to f r e e  hole concen t r a t ion  p by the

express ion  
•

RH =~~~~L (41)

At hig h tempera tures  (ab out 200 ’K)  all Au acceptors  are ioni z ed and the hol e

concentration is given by

P NAu ND (42 )

where NAu is the Au atom concentration and ND is  the residual donor impur-

i ty  con cent ra t ion.  For ND small compared to NAU, then p~~ NAu and the Au -

C

1 R. A. Reynold s, M. J. B rau , H. Kraus , and P . T. Bate , “Proc. of Cori f. on
Narrow Gap Semiconductors , “ Dallas ( 1 9 7 0 ) ,  Ed . b y Carter and Bate ,
Pergamon Press , New York ( 1 9 7 1 ) ,  p. 5 1 1 .

( 12 B. E. Bartlett , J. Deans and P. C. Ellen , J. Material s Scienc e 4, 266
(19 60). r13A. I. And ri evskii, A. S. Teodorovich, and A. D. Schneider, Soy. Phys.,
Semicori d . 7 , 1 1 1 2  ( 19 7 4 ) .
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Figure  3- 13 . Hall Coef f ic ien t  v e r s u s  Rec iproca l  Temperature for
Three Au-Doped Hg0 69 Cd 0 31 Te Samples

concen t ra t ion  can be obtained f rom the mea sured Hall coef f ic ien t . Au con-  *

cent r ations calculated in thi s way are  indicated in Fi gure 3-13  for  the t h r ee

samples.

At low t empera tu re s, holes “ f reeze  out ” on the Au acceptor  atoms and

the equi l ibr ium f ree -ho le  concent r at ion dec reases, thereby caus ing  the  meas-

ured Hall coef f ic ien t  to i nc rease .  At t empera tures  above 200 °K , the rmal

generat ion of intr insic  electrons and holes becomes si gnificant . The elec-

t rons , because  of thei r much l a r g e r  mobi l i ty ,  beg in  to domina te  the Hall

effect measurement and cause the s ign of the Hall coef f i c ien t  to change from I’

positive to nega~.ive. 
*
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The electr ical  measuremen ts on Hg CdTe samples also includ ed a meas-

uremert of resistivity . The ratio of Hall coefficient to resistivity gives an

add i t iona l  quant i ty  of i n t e r e s t , the hole mobil i ty .  Fi gure 3 -14  show s both

res i s t iv i ty and mobi l i ty  data plot ted v e r s u s  r ec ip roca l  t e m p e r a t u r e  for  the

same th ree  Au-doped samples. Of pa r t i cu la r  i n t e r e s t  in thi s f i g u r e  i s  the

d e c r e a s e  in hole mobil ity in the low- temper ature range  with  i n c r e a s i n g  dopant

c o n c e n t r a t i o n .  Thi s i s  a t t r ibuted to ion ized  impuri ty s ca t t e r i ng  b y the Au

atoms.

Detai led Hall effect  versu s t e m p e r a t u r e  measu remen t s  w e r e  not ob-

ta ined on x = 0 . 48 mater i al. This was because  the annea led  reg ion on th i s

102
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Figure  3 - 1 4 .  Res is t iv i t y  and Mobility versus  Reciprocal Temperature
for Three Au-Doped Hg~ 69 Cd 0 31 Te Samples

3- 1°  I

i

_ _ _ _— _i-_
~~

“
~

—wa - -



--
~~~ w -

~~~~~~~

m a t e r i a l  i s  only about 20 to 30 ~im deep. Such a thi n Hall sample is not only

d i f f i cu l t  to fab r ica te  but  i s  subject  to s i g n i f i c a n t  p e r t u r b a t i o ns  f r o m  s u r f a c e

oxide l a y e r s  w h i c h  in some cases c rea te  an n- type  su r face  i n v e r s i o n  l aye r

on p -ty p e  mater ia l .  Such l a y e r s  cause anomalou s Hal l coeff ic i ent data which

cannot  be used to d e t e r mi n e  accep tor  dop ing  c o n c e n t r a t i o n s . Other  techni ques

f o r  measu remen t  of acceptor  dop i n g  c o n c e n t r a t i o n  such as MIS C - V  analys i s

coul d be used ; however , thi s was  not d o n e  dur ing  the p r e s e n t  p rog ram .

Material Selection

Afte r  evaluat ion of selected wa fe r s  f rom the var ious  ingo t s  b y the

method s prev ious ly discussed , other  w a f e r s  w e r e  selected f o r  photod iod e

fabrication . These wafers were usually inspected visually to establish free-

dom f r o m  pits or i nc lus ions  and g r a i n  b o u n d a r i e s.  The u lt ih -i a te  choice  of

ac ceptable  ma te r i a l  was  based  on the r e su l t s  of p hotod i od e t e s t s  to be de-

sc ri bed in Se ction 5 . It turned out that  an i n g o t  g rown  b y the zone  melt

method (No . 2 - 1 3 2 )  was jud ged to be the bes t  fo r  fab r i c a t i o n  of l a r g e  a rea

detectors for 3. 85 im. This ingot had large sing le-cry stal regions , was

f r ee  of p i t s  and i nc lu s ions , a nd had a composi t ion which  gave a peak in  the

de tec tor  r e sponse  curve whi c.h was very close to 3. 85 p.m. It also had a low

residua l  i m p u r i t y  content  (as do most zone melted i n g o t s )  so that  low acceptor

dopi ng c o n c e n t r a t i o n s  c ould be achi eved (i . e . ,  l ess  than  l x  i o~~ cm 3 .

For  the .~. O6 -p .m  de tec tor , an ingo t  grow n b y the SSP method (N o . P C 4 l

t u r n e d  out to be the most suitable of those  evaluated .

The p r e s s u r e  reflu.x method of cry stal growth , whi le  able to p roduce  *

l a rge  d i ame te r  i ng o t s , suffered f rom ra ther  l a rge  va r i a t ions  in  compos i t ion

wi th in  the ingot .  This probabl y was due to the d i f f i cu l t ie s  in  t h o r o u g hl y mix-

~ng and quenching so large a melt. Too slow a quench rat e produces segre-

ga t io r i  of C d T e-r i c h  alloy in the fi r s t - t o - f r e e z e  r e g i o n s . F u r t h e r  develop-

r r i ent  of thi s crystal growth method would be required to bring it to a state

where it could yiel d the quality of HgCdTe material necessar y for l a rge  area

q u a d r a n t  a r r a y s.
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Sect ion 4

P H O T O D I O D E  F A B R I C A T I O N

J U N C T I O N  FORMATION

The method se lec ted  f or  junc t ion  f o r m a t i o n  in the l a r i ~e a r ea  PV H g CdTe
d e t e c t or s  was ion imp lanta t ion . The p r i m a r y  r ea son  f o r  s e le c t i o n  of t h i s

m e t hod was its capab i l i ty  fo r  p roduc ing  u n i f o r m  doping c o n c e n t r a t i o n s  at a

p r e c : s ± ly  con t ro l l ed  depth  in the ma te r i a l . Other  w o r k e r s  ha-i c r ep o r t e d

D - n  j u n c t i o n  f o rm a t i o n  in H g C d T e  us ing  Al , 14 H g, 15 In , 16 and H ’ ~
‘ 

ions .
For  t h i s  p r o g r a m , it was dec ided  to use both Al and B ions .

Al and B ions were  chosen  f o r  stud y f o r  the followi ng reasons . Pre-
v ious  work  had shown that  n - t y p e  l a y e r s  could be fo rmed  on p - t y p e  H gCdTe
by Al ion imp lantation . 14 Al is a known n - ty p e  dopant  in H g C d T e . There-
f o re , it was vir tual ly c e r t a i n  that  Al implan ts would be s u c c e s s f ul . B was
not known to be an n-type dopant ; however , it is in th e same column of the

pe r iod ic  table as Al and could r ea sonab l y b e expected to pr oduc e l e s s  dama g e

to the H gCdTe la t t ice  than Al fo r  a g iven  implant depth .

D u r i n g  p r e l i m i n a r y  junc t ion  fo rmat ion studies  on t h i s  p r o g r a m , the
e f f ec t  of  both Al and B ion imp lants wer e in ves t i g ated . P ro jec ted  r anges  fo r

t h e s e  ions were calculated us ing the theory  of Linhard , et al, and data

t ab les  p rov ided  in the book by Gibbons , et al. 19

J. Mar ine  and C. Motte , App i. Ph ys . Let t . 23 , 450 ( 1 9 7 3 ) .
15  G. F L o r t t o , C. G a s p a r r i n i  and F. Svel to , App i . Ph ys . Le t t . 23 , 448 ( 1° 7 3
1 b Unpubl i shed  r e p o r t s  f r o m  H o n e y -v e i l  R a d i a t i o n  Cen t e r  and A r t h u r  D . L i t t l e

Corp .
17 A. C. Foy t , T . C. H a r m a n  and J. P. Donnel l y, App l . Phvs . L e t t . 18 , 321

( l - ~7 l ) .  
-‘1 

~ ~ L in h a r d , M. Scharff , and H. E. Shi~~~t t , Kg l . Da n ske Vid . Seisk . ,
Mat t . -F ys . Medd . 33 , No . 14 ( 1~~63 ) .

J. F . Gibbons , W . S. Johnson , and ~~. W . M y l r o i e , “P r oj e c t e d  R a n g e  Stat-
i s t ic~~ ’ , Publ ished by Dowder i , H ut ch i n s o n  and R o s s , St r o u d sb e r g ,  Pa . ( 1 9 7 5 ) .
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F i g u r e  4 - 1  shows the calculated p r o f i l e  f o r  the case of Al~ ions  im-

planted at 300 keV into Hg0 7 CD 0 3Te. The calculated p ro j ec t ed  range R~
was 0. 2423 p .m and the s tandard dev i a t i on  in range  t~iR was 0. 1273  p .m. T h i s

ca lcu la t ion  was made f o r  a total  ion dose of 3 . 2 X 1 0 1 3 / c rn 2 which y ie ld s a

maximum ion c o n c e n t r a t i o n  of 1 < 10 1 8/ cm 3 at R~~. If the  a c c e p t o r  doping

concentration in the base mater ia l  is 2 x 10 ’ ‘/cm 3, then the p-n junction

would be located 0. 70 p .m below the top sur face .  A very  s imilar  imp lanted

ion p rof i l e  would be produced  by B~ ions implanted at 11 0 keV.

The implants were  made at room t empera tu re  and , in most  cases .  the

samples r ece ived  no anneal ing a f t e r  implanta t ion . The e l e c t r ic a l  p r o p e r t i e s

F F I F I I

A I~~ 300 I(eV
I 300°K

- R~ 
. 0.2423 jm -

18 
. 0. 1V3~ m

L

~ 
1016 ______— —______

_~~~~~~ 1~. ~~~ ‘ c.& - — - - -
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0 0.2 0. 4 0.6 0.8 1.0
DISTANCE IF ~1T0 C RY S TA l  urn’

F i g u r e  4 -1 . Calcula ted  Ion C o n c ent r a t i o n  P r o f i l e
f o r  an Al~ Imp lant ~n r o  Hg0 7Cd 0~ 3Te .
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of the imp lanted l a y e r s  w e r e  i n v e s t i g a t e d  b y means of Hall e f f e c t  and resis-

t iv~ty m e a s u r e m e n t s  us ing  the van d e r  Pauw sample c o n f i g u r a t i o n  shown in

F i g u r e  4 - 2 .

A c lover l ea f pa t t e rn  is ph o t o e t c h e d  into the top of the imp lanted area

and four  ohmic contac ts  are app l ied . Hall e f f e c t  and r e s i s t i v i t y  measure-

ments  a re  then made in the manne r d e s c r i b e d  by van d e r  Pauw . 20 If the

junc t ion  i sola t ion r e s i s t a n c e is hig h enough , the measu r ing  c u r r e n t  wil l  pass

onl y throug h the top l a y e r  and the m e a s u r e d  Hall vo l t age  and r e s i s t i v i t y  wil l

r e f l e c t  only the p roper t i e s of this  layer .

Table 4 -1  shows the data acqu i r ed  on a number  of w a fe r s  used f o r  the

ion-implantation study. The sixth and seventh  columns of t h i s  table compare

the  ca lcula ted a v e r ag e  doping concen t ra t ion  in the imp lanted l aye r  with the

va lues obta ined  f rom van der  Pauw measu remen ts . It is seen that , fo r the

PHOIQET CI-IED
INDIUM PLATED MESA

CONTACTS
P-N JUNCTION /

HgCdTa SAMPlE

Fi g u r e  4 - 2 . Van de r  Pauw Hall Sample Layou t

20 L. J. van d er  Pauw , Phi l ips  R e s e a r c h  R e p o r t s  13 , 1 ( 1 9 5 8 ) .
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Table  4- 1 . Compar i son  of Calculated and Measured  Ion Imp lant

Doping in Hg0 7Cd 0 3Te Wafe rs

RUN SAF ER IMPLANTED DOSE ~FrnaxI NIaVe) Nlrneasi RESIST IVITY
-
~ ‘10. MO. ION cm 2) 1cm 3) lcm 3F lcm~~) loflm cm)

A 1149 WK-4 A Al 3.2 x io13 1 x 4.6  x io17 2.3 x io18 8. 4 x 10~
AIlISO WK-48 Al 3.2 x 1 1019 4.6 io18 1.3 x io18 2.0 x 10~
A11151 w K-4C Al 3.2 x 1015 1 x 10~

1) 4.6 x io19 0.8 x io l8 2.2 x

Al 1152 2-74-9) Al 3.2 x io13 1 x io18 46 x 1017 1.7 x 1018 1.0 x io~
A l 1153 2-14-9K Al 3.2 x io14 1 x io 19 4.6 x io18 1.0 1018 1.4

82235 2-74-9A B 3.7 x io13 i x io~ 5 3  to 17 -

62236 2-74-96 6 3.7 i lO~ i 1019 5.3 x io18 - -

8 2237 2-74-9C 8 3.7 x 1015 1 x ~20 
~~ io19 2.2 io18 79 io~

82238 WK -40 B 3. 7 x i~l3 1 x ia18 5.3 x ioll 3.0 x io18 8.2 x

62239 WK- 4E B 3.7 x io14 i x io19 5.3 x io18 - -

N Irnax I DOS E N iave, .

FOR Al AT 300 keV: R~ • 0 . 2423 urn 4
0. 1273 urn

X j . 0.7 urn
FOR 8 AT 110 I~~ R~ P0.2 373 urn

0. 1479 urn
0. 7 urn

lo west  do se , the measured  concen t ra t ion  is hig h e r  than expected and , for

the hig h e r  doses , it is lowe r than expected . The measured  doping c oncentra-

tion actually d e c r e a s e s  with inc reas ing  dose. This  is d i rec t ly oppos i te  f rom

the expected behavior . It would appear that t he re  is cons iderab le  la t t ice

damage being produced during the implant and the damage c e n t e r s  are  elec-

t r ica l ly active.

The question can also be raised that , sinc e the implanted ion d is t r i -

bution is not uniform, what does the van der  Pauw Hall measuremen t  actually

measu re?  P e t r i t z 21 has  shown that  fo r  a numbe r of colaminar  conduct ing

layers  with no c i r c u l a t i n g  c u r r e n t s , the ef fec t ive  Hall mobil i ty is weig hted in

f a v o r  of the l ayers  with a hig he r  mobil i ty.  This  would wei ght the measured

data in favor  of the more lig htly doped l a y e r s  and , t h e r e f o r e , p roduce  value s

which are too low. While this  e f fec t  mig ht account for  e r r o r s  of a f ac to r  of

21 R . L. P e t r i t z , Ph ys . Rev . 1 1 0 , 1254 ( 19 5 8 )
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1
2 or so , it seems unlikely that it c ould produce  the f a c t o r s  of 20 o r  60 seen

with the hig hes t  implant doses .

* We bel ieve  that  the anomalous e f f e c t s  observed  in t h i s  i n v e s t i g a t i o n  a r e

due p r i m a r i ly to the la t t ice damage produced b y t he se  h ig hly e n e r g e t i c  im-

plants . The damage produced appears  to be r a t h e r  comp lex and t he r e  a lso

may be an in t e r r ac t ion  b etween damage c e n t e r s  and dopant  ions . As a s ide

exper iment, an implantation of Ne ions into p - t y p e  HgCdTe  was made . No

van de r  Pauw Hall e f f ec t  data were  taken;  h o we v e r , pho tod iodes  w e r e  mad e

and rectification curves  s imi lar  to those obta ined  with  B and Al w e r e  obse rved .
S

Sinc e Ne should be an inert  dopant in HgCdTe , it was concluded f r o m  t h i . s  ex-

per iment  that damage c e n t e r s  in H gCdTe can have an n - t y p e  c h a r a c te r .  F rom
2~’th i s  resu l t , it would also appear that the pho tod iodes  of Foyt , et al , mad e

by proton bombardment  of p - type  HgCdTe  were  mad e b y a damage  dop ing
me chani sm .

The damage produced in HgCdTe b y ion imp lanta t ion  appea r s  to be

relat ively permanent. Some wafe r s  were  annealed at t e mp e r a t u r e s  up to

200°C .  Again, no van der  Pauw data were  taken;  h o w e v e r , co mparison of

the I - V  curves  on photodiodes  made in both annealed and unannealed mate r i a l

showed no s igni f icant  d i f f e r ence .  Foyt , et al also obse rved  that  t he i r  photo ..

d iodes  made by proton bombardment were  stable at t e m p e r a t u r e s  up to 100°C.

This br ie f  inves t iga t ion  of the phys i c s  of ion imp lantat ion into Hg CdTe

has revealed the complexity of the p roces s . A de ta i led  i n v e s t i g a t i o n  of la t t ice

damage and annealing thereof  was cons ide red  to be beyond the scope of the

p re sen t  p rogram. Having es tab l i shed  an approximate  doping level  of about

1 x 10 1 8/ cm 3 f o r  an implant dose of about 3 x 10 1 
~ / cm 2, it was decid ed to

• use this  as the basel ine p r o c e s s  for  junct ion fo rmat ion. The B ion was

se lec ted  for  use over  Al because it was found to work  jus t  as well and pro-

babl y in t roduces  lesi  lat t ice damage because  it is imp lanted at a lowe r

ene rgy .

22 See R e f e r e n c e 17 .
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FABRICATION METHOD

A set of p r o c e d u r e s  was worked Out f o r  f a b r i c a t i o n  of l a rge  a rea

photodiode d e t e c t o r s . The photodiodes  were  made as e i t h e r  mesa or planar

photodiode dev ices  as shown in F igu re  4 - 3 . A “p ic tu re  f r ame ” top c ontact

made with evaporated indium was used in the ini t ial  d e s ig n . The “nominal”

sens i t ive  a rea  is defined as that a rea  inside the p i c tu re  f r a m e  contact .

Photodiodes were  made with nominal sens i t ive  a reas  of 1 x 1 mm 2, 2 x 2 mm 2

and S X 5 mm 2. Since the re  is also some s e n s i t i v e  a rea  out s ide the p i c t u r e

f r ame  contac t , the t rue  sens i t ive  area is a lways somewhat l a r g e r  than the

Au WIRE ___ ,
1 r / / ~ I

//~/ /i
/ I I

In TOP __ 
_________________  

____

CONTACT /AL~~~~’_ ’~L’L’_ _ J

ZnS ARC
AND PA SS IV A T ION

N.
N

HqCdTe

GOLD
BOTTOM -

~~~~~~~~CONTACT 

~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

‘A ) 
STRUCTURE

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
( BI MESA

SU B STRAT E . , , , ,. , STRUCTUR E *

Figure 4-3 . Large Area PV HgCdTe Photodiod e Construction
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I
nominal s e n s i t i v e  a r ea . The t rue  a r ea  was a lways  used f o r  D’~ ca lcu la t ions .

The to ta l  j unc ’ io n a rea  is somewhat  l a r g e r  than the t r u e  s e n s i t i v e  a rea  be-

ca us e  it  a l so  i n c l u d e s  the a rea  under  the p i c tu re  f r a m e  con tac t .

The o r i g i n a l pu rpose  of the p i c tu re  f r a m e  c o n t a c t  was to m i n i mi z e  the

s e r i e s r e s i s t a n c e  in the th in  imp lanted top l a y e r  which mig ht a d v e r s e l y
F a f f e c t  the s e n s i t i v i t y  con tour  of the d e t e c t o r . Because  of the v e r y  low resis-

t~v i t y  m e a su r e d  f o r  a doping concent ra t ion  of 1 0 1 8 / c m 3 (see  Tab le  4- 1) ,  it

was dec ided  that  half of the p i c tu r e  f r ame  could he l e f t  o ff , l e a v i n g  j u s t  an

“ L ’  s haped co n tac t . M e a s u r e m e n t s  showed tha t  t h i s  d id  r iot s i g n i f i c a n t l y

a l ter  the s e n s i t i v i t y  con tour . This  des i gn change  e l i m i n a t e d  o b s c u r a t i o n  due

to contac t s  in the c e n t r a l  a rea  of the quadranta l  a r r a y s  which  were  l a t e r

f a b r i c a t e d  f r o m  l a rge  a r ea  s ing le  d e t e c t o r s  ( s ee  Sec t ion  5 f o r  f u r t he r  d e t a i l s) .

The p r o c e s s i n g  p rocedu re  worked out f o r  the f a b r i c a t i o n  of t he se

l a rge  area  PV HgCdTe d e t e c t o rs  was as fo l l ows :

(A) Plana r D e v i c e s

1 . Obtain annealed p - t y p e  HgCdTe  wafe r

2. Lap and etch back side

3. Plate backside with Au

4. Saw wafe r  into chips of appropr ia te  s ize

5. Mount chi p on T i / A u  meta l l ized  sapp h i re  subs t r a t e
with conduct ing epoxy

6. Polish and etch top side

7 . App ly ph o t o r e s i s t  masking to de f ine  de s i r ed
junc t ion  area

8. Ion implant to fo rm p-n  junct ion

9. Remove ph oto r es is t

1 0 . Evaporate  ZnS a n t i r e f l e c t i o n  coat ing

11 . App ly ph o t o r e s i s t  pa t te rn  to de f ine  a rea  f o r
-) top metal  contact

12 . Etch contact  window in the ZnS

13 . Evaporate  In top metal

14 . Remove ph o t o r e s i st  and excess  evapora ted  In

4 -7
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15 . Attach Au lead wire  to c o r ne r  of In contact

with conduc ting epoxy
16 . Attach gold wire  to base contact  on the T i / A u

meta l l iza t ion  of the sapph i r e  subs t r a te

17 . Mount in dewar for test

( B)  Mesa Devices

1- 6 . Same as above

7 . Ion implant top side

8. App ly ph o t o r e s i s t  p a t t e r n  to d e f i n e  d e s i r e d
junc t ion  a rea

9. Etch mesa

10 . Remove ph o t o r e s i s t

11 . P e r f o r m  s teps  1 0- 17  as l i s ted  above .

D u r in g  the ear l y pa r t  of t h i s  p r og r a m , the photod iode  f a b r i c a t i o n  work

was c e n t e r e d  on nominal  1 x 1 mm 2 and 2 x 2 mm2 d e v i c e s . L a t e r  on , when
some un i fo rm , h i g h qual i ty  c r y s t a l  m a t e r i a l  wab ident i f ied , t he w o r k  was

sh i f t ed  to the nominal  5 x 5 mm 2 
de v i ces . As shown in F i g u r e  4 - 3 , the  fab-

r i c a t i o n ot t hese  l a rge  a rea  pho tod iodes  was done in a manner  suc h that ,

a f t e r  p r e t e s t i n g ,  f o u r  s ing l e - e l e m e n t  d e te c t o r s  c ould be p i eced  t o g e t h e r  to

fo rm the d e sir e d  quadrantal  a r ray.

OPT ICAL CONSIDERATIQNS OF THE DESIGN

Because of the hig h dop ing con cen t r a t ion  on the n - s i d e  of the p - n  junc t ion ,
the ma te r i a l  is hi ghl y degenera te  and the F e r m i  level  l i e s  well  up into the

conduc t ion  band . The s i tua t ion  is shown schemat ica l ly in the e n e r g y  band

d i ag r a m  of F i gu re  4 -4 (a ) ,  For d e g e n e r a te  m a t e r i a l  w:th  a p a r a b o l i c  e n e r g y

band s t ruc tu re , the re la t ion  b e tween e l ec t ron  c o n cen t r a t i o n  n and the pos i t ion
of the F er m i  leve l  above the conduc tion  band ed ge ~5 

23

(
~
)(
~~

) 3/ 2  (E Fn Ec ) 3/ 2  (43)

2 3 w~ Shockley , “ E l e c t r o n s  and Holes  in Semiconduc to r s ’ , D . Van Nos t r and
Co . ,  Inc . ,  P r ince ton , N. J. ( 1 9 5 0 )  p. 241 .
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F i g u r e  4-4 . Optical Absorpt ion  Model for  ton Implanted -

Photodiodes . (a )  Energy  Band Diag ram ,
(b)  Re la t ive  Genera t ion  Rate Due to Absorbed
Photons Having A >3 p.m.

where  m-~ is the e lec t ron  e f fec t ive  mass and h is P lanck’ s cons t ant . F a r

HgCdTe alloys , the conduction band is not parabolic . However , this  equat ion

can st i l l  be used as a f i r s t  approximat ion . By solving fo r  the F e r m i  e n e r g y

in te rms of e l ec t ron  concen t ra t ion , the equation becomes

(E Ffl -E c ) = 3 . 6 4 x  i o 5(~~~ n
2 1

~ 
(44 )

where  m0 is the f r e e  e l ec t ron  mass . Using  the values n 1 x 1 ~ 1 8
/ c m 3 and

I m’~/m 0 0. 037 , 24 it is found that (E Fn _ E
c ) 0 . 1 eV . The d i a g r a m  in

F i g u r e  4 - 4 ( a )  is drawn us ing  this  value.

I
24 L. Sosnowski  and R . R . Galazka , In ‘I I -VI Sernicoridu cting Compounds-I  ° o7

In t e rna t iona l  C o n f e r e n c e ” , Edi ted  by D. G. Thomas , W. A. 3enjamin, Inc . ,
New Y o r k  ( 19 6 7 )  p. 888 .
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The s i g n i f i c a n c e  ~f thi s resu l t  is that optical t r a n s i t i o n s  i n  the  li ghtl y

d )ped p - ty p e  s ide  f the j u n c t i o n  can be produced by pho tons  of ene rgy  equal

t o  or ,~r e at e r  t han  the  band gap e n e r g y  (E~~-E~~). For  a Hg CdTe alloy w i t h

x 0 . 32 , (E~~-E ~~) 0. 3 eV at 77 °K. Howeve r , on the n- type  side the optical

t r a n s i t i o n s  must  go f r o m  the valence band to above the Fe rmi  level and

( EF r r E v) ~ 0 . 4 eV . Thus the n -type  l aye r  is essential ly t r a n s p a r e n t  to

~h -ot ons having  w a v e l e n g t h s  g r e a t e r  t han  3 urn. These p h o t o n s  will  be ab-

sorbed )n the p - type  s ide as shown in  Fi g u r e  4 - 4 (b ) .

S ince  the  m i n o r i t y  c a r r i e r  l i fe t ime can be quite long  in th i s l ig htly

doped reg ion , and because  the mino r i t y  ca r r i e r  is a hi gh m o b i l i t y  e l e c t ron,

the  d i f f u s i o n  l e n g t h  can be quite long.  For example , l e t t ing  r~ 5 x 10 sec ,

4 X  io 4 cm 2 / v o lt  sec , and T = 77~~K , we have

(mn~~n~~~ )~ = 115 p .m (4 5)

Such a long d i f f u s i o n  l eng th  will pe rmi t  very  e f f i c i e n t  co l lec t ion  of th€  minor -

i ty  c a r r i e r s  at the p-n junc t i on  and give  hi g h quantum ef f ic iency.  Quantum

e f f i c i e n c y  i s  f u r t h e r  enhanced  by the appl ica t ion  of the Z riS an t i r e f l ec t ion

coa t ing  ove r the top surface  of the p hotodiode.  A qua r t e r-wave  coat ing  is

ised which  by d i r ec t  m e a s u r e m e n t  has been  show n to reduce  the r e f l ec t ance

to l e s s  than  5% at the  wavelength  of i n t e r e s t .

4 - 10
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Section 5

D E T E C T O R  T E S T  R E S U L T S

The work on this program began with small area de tec to r s  having

nominal sensit ive a reas  of 1 X 1 mm 2 and 2 X 2 mm 2. This was done for  the

purpose of checking out var ious c rys ta l s  of HgCdTe and also for  working out

the de tec to r  f abr ica t ion  procedures . Later  on in the p rogram, wor k was

shif ted  to the f ab r i ca t i on  of 5 X 5 mm 2 d e t e c t o r s. With HgCdTe mate r ia l

des igned  for  2 . 06-p .m detection, only the smaller area  devices  were  made.

With HgCdTe mater ia l  des igned  fo r  3. 85-p. m de tec t ion , both small and large

area dev ices  were made . In th is  sect ion , the r esu l t s  obtained with 3. 85-i.i.m

dete- :t ors  are  p resen ted  f i r s t ;  the results  on 2 . 06-p .m d e t e c t o r s  follow.

3 . 85-p.m PV Hg CdTe DETECTORS

Small Area De tec to r s

Evaluation of WK4 Material  - A test  a r ray  of c i rcular  mesa - type  photo-

diodes was made on wafer  No.. WK4 . This mater ia l  was producted by the SSR

process  and was nominally 31% CdTe . A diagram of this a r ray  is shown in

F igu re  5- 1 . The mesa d iameters  were each about 0. 053 inch . Hall effect

S 
___________  12 mm

I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
I

I~ I F igu re  5-1. Layout of Four M e s a - T y p e  Photodiodes
on Half-Wafe r No. WK4. Nominal Mesa

- Diameter is 0. 053 Inch

5-1
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measurements  indicated an acceptor dop ing concentra t ion of 2 x 1 o 16 cm 3 in

th is  wafer . The p-n  junct ion  was formed by B+ ion implantat ion as de sc r ibed

in Section 4 .

Measurements  were made on this  array at th ree  d i f fe r en t  tempera-

tures , 77° , 145° , and 192 °K.  Figure  5-2  shows the cur ren t  ve rsus  voltage

curves  at these  temperatures.  These curves show that , at the h ig hes t  opera-

t ing tempera ture, saturat ion cur rent  is hig h , caus ing la rge  cu r ren t  flow in

the reverse  d i r e c t i o n  as well as a fas t  tu rn -on  in the forward  d i r e c t i o n . At

the lowest operat ing tempera ture , sa tura t ion cu r r en t  is low and the diode

reverse current is probably leakage limited. At the intermediate operating

temperature, the effect  of increas ing saturat ion cu r ren t  is jus t  beginning to

WK417 ~~~~~~~~~~~~~~~~~~~~~~ WK~-BI~ ~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Figure  5-2 . Cur ren t  versus  Voltage Cha rac t e r i s t i c s  f o r  Four Photodiodes
from Wafe r WK4 . R 0A~ Value s are Listed in Table 5-1
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be seen . The s h o r t - c i r c u i t  pho tocur ren t  I,~, due to back ground photons  was on

the order of 1 0 p.a for these photodiodes and is, therefore , not seen with the

c u r r e n t  scale used fo r  p lotting this f i gure.

Fi gure 5-3 shows relative spectral  response measurements  for

one of these  photodiodes , No . WK4-2 0 , at two t empera tu res , 77° and l4 5 ° K .

Data at 192 °K was not obtained because of poor s igna l - to -no i se  ra t io  (SNR )

with  our  s p e c t r o m e t e r. However , the calculated long-wavelength  cutoff  ed ge

f o r  this  t empera tu re  is sketched on the fi gure as a dashed Line . This  calcula-

t ion was based on a measured band gap widening with i n c r e a s i n g  t e m p e r a t u r e

of 2 . 4  X I O ~~ e V /° K. The spectral  response of th is  mater ia l  is adequate for

de tec t ion  of 3. 85-p.m laser  radiat ion at all t empera tu res  up to and above 20 0°K.

I I I IT{ ’K) Ac k~ml
T7 4. 95

1~~ 4.65

- 

;~~~~~~~~~~1~~~~~4.48

WAV ELENGTH ILm~

Figure -3 . Re la t ive  Spect ra l  Response  at Three
Tempe ra tu res  f o r  Detec tor  No . W K 4 - B Z 0

Measurements were also made of the detector  p roper t i e s  of th is

photodiode such as re spons iv i ty ,  de t ec t i v i t y ,  and quantum e f f i c i e n c y .  These

data are  summarized in Table S-I  along with the dynamic res i s tance and

capac itance data. All detectors were background photon noise limited (BLIP)

when operated at 77° K and had quantum e f f i c i e n c i e s  of 40% to 50%. At 145 ~~K ,

S 3 3
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d e t e c t i v i t i e s  dropped to around 3 to 4 X 10 10 cm Hz 2 / w att and the d e t e c t o r s

w e r e  no longe r  BLIP. At 192 ° K , d e t e c t i v i t y  d ro pped another  o rde r  if magni-
a I

tu de  to around 4 X 1 0 -  cm Hz~~/w att . Because of the lack of a c c u r a t e  spec t r a l

r e s ponse data , an accura te  d e te c t i v i t y  at could not be ob ta ined . The value

g i v e n  in the table  is an es t imate .

Eva lua t ion  of 2 - 1 2 4  Mater ial  - A s i x - e l e m e n t  tes t  a r r a y  of nomina l

1 x 1 mm 2 planar  photodiodes  was made on w a f e r  80 f r o m  c r y s t a l  2 - 1 2 4 .

This  c r y s t a l  was grown by a zone mel t ing  method . The nomina l  c om p o s i t i o n

of th is  m a t e r i a l  was 32% CdTe , and th e base  r e g ion acce ptor  d op i ng concen-

t r a t i o n was approximate l y 3 X 1 o 16 cm ~~. The layout  of t h i s  d e t e c t o r  a r r ay

is shown in Fi gure  3-4 . Tes t ing  of these  d e t e c t o r s  was also conduc ted  at

t h r ee  t e m p e r a t u r e s , 77° , l 4 3~~, and 192 ° K.

/
/

~~~~~~~~~~~~~~
________  9m m ______

I - ~~~ .

‘

. - I

F ig u r e  ~-4 . Layout  of Six-Element  A r r a y  of 1 x 1 mm
Photodiodes on Wafe r  2 - 1 2 4 - 8 0 .

F~ gure  5-3  shows c u r r e n t  v e r s u s  vo l tage  c u r v e s  f o r  these  six photo-

d i o d e s . At 77° K , a ll have a low r e v e r s e  s a tu r a t i on  c u r r e n t  i n d i c a t i ve  of

h ig h R~~. The s a t u r a t i o n  c u r r e n t  i n c r e a s e s  as t e mp e r a t u r e  is i n c r e a s e d .

Although not evident  with the c u r re n t  scale used for  t h i s  f i g u r e , R 0 value s

w e r e  found to d rop  by near l y t h ree  o r d e r s  of magni tude  an go ing  to I 4 o ~~K and

b y ano ther  o rde r  of magni tude  at I O 2 ° K .  Actual  R 0A5 dat a a re  p r e s e n te d  in

t h e  3ummary (Table 3 - 2 )  f o r  t h i s  a r r a y .  R e v e r s e  b reakdown  commences  at

about  0. 5 volt fo r  all of t h e s e  d iodes .  r

3-3

____  ____  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
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F i g u re  3-5 . C u r r e n t  v e r s u s  Vol tage  C h a r a c t e r i s t i c s  f o r  Six Photod i odes
f rom W a f e r  2 - 12 4 - 8 0  at T e mp e r a t u r e s  of 77° , 145° , and 1°2° K 
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F i g u r e  3-6 shows the re la t ive  spec t ra l  r e sponse  f o r  one element of

th i s  a r r a y  ( B 2 )  measured  at the th ree  t e m p e r a t u r e s . The cutoff  wave leng th

of th i s  m a t e r i a l  is c lose  to 3 . 85 p .m, but the peak response  is shor t  of 3 . 85 p .m

for  all opera t ing  t empera tu re s. The sh i f t  of cutoff  wavelength  with i n c r e a s i n g

t empera tu r e  co r respo nd s to a band gap d i l a t ion  of 2 . 0 X 1 0~~ e V/ °K  in agree-

ment  with the publ ished data of Schmit  and St eL z e r . 
25 The alloy c o m p o s i t i o n

of this  m a t e r i a l  is a l i t t le  too r ich  in CdTe . It would be more  d e s i r a b l e  to

have  the peak of the spec t ra l  r e sponse  c u r v e  occur  c l o s e r  to the p r i n c i p le

wave length of i n t e re s t , namely 3 . 85 p .m.

I I

T(~ K( ( -

0—a ~~~~~ 3. 93
o—: 1~ 3.8 2
A—~~ 

192 3.67 -

3.8 5~im

L~ 1~
WAV E1.ENGTH ijm’ - /

F i g u r e  5-6 . R e l a t i v e  Spec~ ra l R e s p o n s e  at
T h r e e  T e m p e r at u r e s  f o r
D e t e c t o r  ~~o . ~ - I  2 4 - 8 0 - B Z

25 —See R e f e r en c e .
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The de tec tor  p roper t i e s  of these photod i odes were  measured and a re

l i s t e d  in Table  5 - 2 . At 77 °K , fou r  of the six d e t e c t o r s  have BLIP l imi ted

d e t e c t i v i t i e s  and the o ther  two are  operat ing at about one-hal f  of the BLIP

limit . These  two d e t e c t o r s  did not s u f f e r  f rom low R 0A
3 

or low quantum

Table 5-2 . Summary of Detec tor  P r o p e r t i e s  of a S ix-Element
PV HgCdTe Ar ray  Made f rom Wafer  2 - 1 2 4- 8 0

DIO DE I A d Aj 2 Ro RoA~ Co C0 / A j  - I(A 9 D”(A~r1 2KHZ) 
~p rI

K mm 2) (mm I tohms (ohm cm2) pt) pt / mm 2) ( a /wI  (cm HZ~~/ W I  (km) (AT A
9

)

2-124-80

81 77 1.0 2.32 105K 2.4K 1. 832 790 1.42 2.5 X 1011 3.2 0.55

82 Ti 1.0 2.32 530K 12. 3K 1, 989 860 1.55 2.4 X 1011 3.2 0. 60
83 71 1.0 2.32 3I~)K 7.0K 1, 803 780 1.42 2.3 X 1011 3.2 0.55

94 77 1.0 2. 32 530K 12.3K 1. 748 750 1.38 2.8 X 1011 3. 2 0.54
B6 77 1.0 2.32 133K 3. 1K 1,273 550 1.45 1.3 X 1011 3. 2 0. 56
87 77 - 1.0 2.32 41~K 9. 3K 1. 086 470 1.33 1.2 X 1011 3.2 0.52

B 1 145 1.0 - 2.32 - - - - 3.9 x 1010 3.0 -

82 145 1.0 2.32 1, 840 43 - - - 7 .9 X 10~ 3.0 -

B3 145 1.0 2.32 730 17 - - - 4.0 X 1010 3.0 -

84 145 1.0 2.32 - - - - - 4.0 X 1010 3.0 -

86 145 1.0 2. 32 - - - . 3.3 X ~~~ 3.0 -

87 145 1.0 2.32 - - - - - 2. 7 X 1010 3.0 -

81 192 1.0 2. 32 120 2.8 - - - 3.9 X i0~ 3.0 -

92 192 1.0 2.32 38 0.9 - - - 6.7 X io~ 3.0 -

B3 192 1.0 2.32 60 1.4 - . - 3.6 X 3.0 -

84 192 1.0 2. 32 70 1.6 - - - 1.9 X 3.0 -
86 192 1.0 2.32 20 0.5 - - - - 10 -

87 192 1.0 2. 32 30 0.7 - . . 1.2 x 1o~ 3.0 -

FOV 180~ 
—

e f f i c i e n c y ,  but exhibi ted  excess  no ise  f rom some unknown source .  At 145 °K ,

th e d et ec t iv i t y d rops  down to the 10 10 cm Hz 2/wa t t  range , and at l 9 2 ° t < , i t is

down in the 1 0° cm H z ’2 / w a t t  range .  The drop  in d e t e c t i v i t y  at elevated tem-

pe ra tu r e  is due to the drop in R 0A~ product .

The capaci tance per  uni t  area values  fo r  these  d e t e c t o r s  a re  comparable

to those  fo r  the WK4 m a t e r i a l  d e s c r i b e d  p r e v i o u s l y .  Th i s  is as expected be-

cause the base  accep to r  doping is about the same in the two wa fe r s ,

5-8
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Evaluat ion  of 5 -2 0  Mater ia l  - T e s t  de t ec to r  a r r ays  were  f a b r i c a t e d  on

two wafe r s  of 3 -2 0  HgCdTe  m a t e r i a l  which was produced  by the p r e s s u r e

re f lu c t echnique .  The wafe r numbers  were  108 and 131 . These  w a f e r s  were

doped with an accep to r  concent ra t ion  of about 2 X 10 1 b cm ~~. The de t ec to r s

were  made b y the p lanar method and were nominal 1 )( 1 mm 2 in a rea . The

dev ice  layout was s imi la r  to that shown prev ious ly  in Fi gure  5-4  fo r  the

2 1  24 -80  m a t e r i a l. Four  elements  were  tes ted  on wafe r  2 -2 0 - 1  08 , and nine

on wafe r  2 - 2 0 - 1 3 1 .

The t e s t  r e s u l t s  on these  de t ec to r s  are  given in Table  5 - 3 . The main

thing to be noted in this  table is the v a r i a t i o n  in long - wavelength cutoff  X c

Table 5 -3 . Summary of D e t e c t o r  P r o p e r t i e s of Photodiode A r r a y s
Made on W a f e r s  5 -2 0 - 1 0 8  and 5 - 2 0 - 1 3 1

DIODE I A~, A 1 7 R~ 3
~~~i 2 1 C0 C0 / Aj  D’~iA9( 

~p A C
NO. ( K )  mm—i mm-i ohms) ohm cm I j,,~ _ pf / mm2i (cm Hz- wi UmI urn)

5- 20-108 -
1 77 1. 0 2. 32 3K 70 - - 5.2 x 1010 3 1  4 4

77 1.0 2. 32 330K 7. 700 - - LI  x 1011 3. 7 4 . 2
9 77 1.4 2.32 18K 4Z(1 - - 1.1 X 1010 3 3  4 5

10 77 1.0 2.32 53K 1. 200 - - 7. 9 X 10~ 3 7  4 3

1 192 1.0 2.32 20 0. 5 - - 2.0 x io~ 3. 5 4. 1
3 192 1.0 2. 32 100 2. 3 - 1. 1 X 1010 3 5 3. 9
9 192 1.0 2. 32 50 1.2 - - 6 .0 X IO~ 3. s 4.2

10 192 1.0 2.32 60 1.4 - - 6.1 X iO~ 3.5 4.0

5 -20-131
1 17 1.0 2. 32 333K 7.7K - - 1.0 x 1011 3.0 3.7
3 77 1.0 2. 32 444K 10.3K 1,188 770 0.9 x 1011 2.9 33
4 77 1.0 2.32 400K 9.3K 1, 608 692 2. 3 X 1011 2. 6 3.0
5 77 1.0 2. 32 135K 3. 1K 1. 370 590 0. 7 X 1011 2.8 3.2

6 Ti 1.0 2.32 364K 8. 5K 1. 360 586 0. 4 x 1011 2.9 3.3
7 71 1.0 2.32 230K 5.3K 1.443 622 1.0 X tO11 3 0 3.6
9 77 1.0 2. 32 667K 15. 5K 1, 439 620 2.4 3 1011 2. 9 3. I

L 10 77 1.0 2.32 500K 11. 6K 1. 552 6o9 1. 3 X 10~ 2. 3 3. 0
11 77 1.0 2. 32 1. IM 25. 5K 1. 865 804 2.2 3 1011 2. 8 3.0

1 192 1. 0 2. 32 115 2.7 - - 0.7 x 1010 3.0 3.5
3 192 1.0 2. 32 750 11.4 - - 3.0 3 1010 2.7 3.1
4 192 I. 0 2. 32 850 19. 7 - - & 0 x 1a~ 2.4 2.8
5 192 1.0 2. 32 750 17. 4 - - 2.3 3 1010 2.6 3. 0

6 192 1.0 2.32 8(8) 18. 5 - - 1. 9 3 1010 2. 7 3. 1
1 192 1.0 2.32 270 6. 3 - - 1.2 3 1010 2. 8 3. 4
9 92 1.0 2.32 3. ~~~ 70 - - 5.7 x 10~

t) 2.7 2. 9
10 192 1.0 2. 32 2. 300 s5 - - 3. X 10’s 2. 2. 8 

r
11 192 1.0 2.32 7. 50 168 - - 7 . 03  1010 2. 6 2 .0

FOV~~180~
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which was found in th is  mater ia l. The varia t ion  is 0.3 p.m in wafe r  5 - 2 0 - 1 0 8

and 0. 7 p .m in wafe r 5 - 2 0 - 13 1 . Moreover , the va r i a t i on  be tween the two

wafe r s  is more than 1. 0 p .m, and they were  cut f rom the same c r y s t a l . The

cutoff  wave leng ths f o r  5 -2 0 - 1 0 8  are  suitable for  de tec t ion  of 3.85.-p .m radia-

ti on, but for  5- 2 0 - 13 1 , they are too short .

The var ia t ion of R 0A~ product  and D*(A~~) wi thin  a g iven  wafe r  is also
— somewhat g r e a t e r  than has been seen on other  mater ia l. Although th i s  could

be due to a r r a y  p roces s ing  problems , on th e oth er  hand , it may also be in-

d ica t ive  of mater ial  imperfect ions. The conc lusion drawn f rom these  tes t

resu l t s  was that this  par t icu lar  ingot would not be sui table  for  large area

quadrant a r r a y  fabr ica t ion.

Evaluation of WK9 Material  - The next mater ia l  evaluated was f rom

crys ta l  WK9 which was grown by the SSR method and was nominally 31%

CdTe . The accep to r  base dop ing in this  mater ia l  was approximatel y

s x i o 1~ cm 3. One set of tes t  photodiodes was made in the mesa form pre-

viously used on WK4 material .  The mesa a reas  were  nominally 1 )( 1 mm 2

as before. Other test  photodiodes were made by the planar technique with

nominal sens itive areas of 2. )< 2 mm2. Testing of these detectors was done

onl y at 77° K .

Figure  5-7  shows the cur ren t  v e r s u s  voltage curve s for  the f o u r - e l e m e n t

mesa photodiod e a r ray .  One of these diodes had a very  good I -V character-

i s t i c ;  the other  th ree  were poor . R 0A3 
values ranged f rom 3. 7 to 940 ohm cm 2 .

F igu re  5-8 shows the I - V  curve s for  the 2 X 2 mm 2 p lanar phot odiodes .  These

curves  indicate  R 0A~ values ranging  f rom 77 to 2 , 040 ohm cm 2 . All the

2. x 2 mm 2 photodiodes exhibited p rema tu re  r e v e r s e  breakdown. This  may

poss ib ly  be a sur face  breakdown e f fect  which would be connected by a b e t t e r

su r face  pass iva t ion  t r ea tment. However , the wide v a r i a t i o n  in R 0A
3 

values

led us to suspect that ma te r i a l  defec ts  might  also be playing a role in th i s

mater ia l .  -
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F i g u r e  5 -7 . Cur r en t  v e r s u s  Voltage Curves  fo r  a F o u r - E l e m e n t
Mesa Ar ray  f rom Crys ta l  WK° . T = 77°K
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Fi gure  5-8. C u rr e n t  v e r s u s  Vol tage  Curves  f o r  Four Nominal 2 X 2 mm 2

Planar Photodiodes  f rom Crys t a l  \VK °. T T 7°K
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1~ The relat ive spectral  response was measured on two of these  ph otodiod es

at 77c K and is shown in F igure  5-9. The cutoff wavelength is  near ly  identical

fo r  these two de t ec to r s . This  demonst ra tes  the good compos i t iona l  u n i f o r m i t y

of SSR mater ia l. The shape of these  curves  is very  s imi la r  to that measured

on WK4 material  which was prev ious l y d iscussed . T h i s  is reasonable  because

the alloy composi t ion is the same . Some d i f f e r e n c e s  in spectra l  response

curve shapes may be produced by the an t i r e f l ec t ion  coating, which is appl ied

over  the photodiod e sens i t ive  area . In the case of the curves  shown in

F igu re  5 -9 , as well as those shown prev ious l y in F igure  5-3 , the an t i re f lec-

t ion  coating was a quar te r -wave  in t h i ckness, peaked fo r  a wavelength of

3. 8 p.m. This gives the spectral response  curve a somewhat f la t - topped  ap-

pearanc e which may seem unusual if one did not consider the effect of this

coat ing.
- 

I I I
— ~ 3. 85~im -

DETECTOR NO.
— o—c W K9- B1 4.87 —

A—~~ VK9-82 4.92

I • 77 1(

I I I
3 1 2 3 4 5

- WAVELENGTH im(

Fi gure 5 -9 .  R e l a t i v e  Spec t ra l  Response  f o r  Two
Photodiodes f r o m  Crys ta l  WK9
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The d e t e c t o r  p r o p e r t i e s  of all the t e s t  pho tod iodes  made f r o m  WK 9 are

listed in Table 5--I . Th ree  of t he se  detectors exhibited BLIP limited detec-

t iv i t y  values  in the 10 11 cm Hz~~/ watt  ra nge.  As expected , the se  w e r e  the

ones with the hi gh e s t  R 0A~ values . The d e t e c t o r s  with low R 0A~ values

Table 5-4 . Summary of D e t e c t o r  P r o p e r t i e s  of Photodiodes
Made f rom C r y s t a l  WK9

DIODE IUMBER Di 02 04 010 015 020 
- 

3 1 82
- 

5. 40. 5. 40 0. 84 0.88 0. 75 0. 84 3. 41) 5. 40

~~.mrn2~ - 6.45 6. 45 0.99 1.08 - 0. 95 1.04 ~. 45 ~ .i5

9,, onmsi 116K - 317K - 370 87K 6K 3. (K 2. 5K 
- 

1.
- 

R,,A , onm cm2) - /48 2.040 4 940 57 32 isO 77
C0 oIl 2.622 2.548 - 473 - I - - -

- C,~ A~ oI / mm 2 406 395 - 440 - - -

I a w  2.2 2. 5 - I 2.8 7. 9 2. 9 - - -

D - A ~ 2kHz cm HZ f . ja fl 1 1 .2 3  1011 1. 7 3  1oh1~ 2. 4 x  109 1 1 . 4 3  1011 7. 0 3  10 1 0 -  3 . 5 X  0~° ~. 1 X  1010 i. 2 X  10’~~
- 

I -
l i Iat  

~ 
- 0. 69 0. 78 - 

- 0.87 0. 90 - 0. ~1 - -

rOy 188

showed d e t e c t i v i t i e s  s ign i f i can t ly less  than the BLIP l imit . The capac i tance

per  uni t  area of these  photodiodes  has been lowered  to about 400 pf/ m m 2

because  of the lower  base  accep to r  doping concen t ra t ion .

Evaluat ion of 2 - 1 3 2  Mater ia l  - The next m a t e r i a l  evaluated was f rom

crystal 2-132 , which was produced by the zone melting method . This

m a t e r i a l  was nominally 32 % CdTe . Hall effect measurements at 77°K ind i-

cated that the a c c e p t o r  dop ing concen t r a t i on  in th is  m a t e r i a l  was in the range

I to 2 x i o 1
~ cm 3. A pair  of nominal 2 x 2 mm

2 
ph o t o d i o d e s  w e r e  mad e b y

S the plana r p r o c e s s  on part of Slice 10 f o r  the purpose  of evaluat ing th i s

mate r i a l . T e s t i n g  of t hese  d e t e c t o r s  was done onl y at 77c K.

Figure 5-10 shows the current ve r sus  vol tage cu rves  on the se  two

photodiodes . Fairly high R0A. values are obtained . The r e v e r s e  b reakdown

is on the order of 0. 4 to 0. 5 volt which is low by some standards , but as

good or better than many of the photodiodes measured on this program .

5 - 13
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2-132-10-75
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F i g u r e  5 - 1 0 . Cur ren t  ve r sus  Voltage C u r v e s  fo r  Two Pho tod iodes
from Wafer 2-132-10 . T = 77°K

The measured  d i f f e r ence  in s h o r t - c i r c u i t  cu r r en t  I~ due to back ground photons

is a result of a slightly d i f fe ren t  cutoff wa velength fo r  these two de tec to r s .

Because the 300°}( photon spectral  d i s t r ibu t ion  is r i s i ng  rapidl y wi th  wave -

length at 4 p.m, a sl ight difference in cutoff can produce a significant d i f f e r e n c e

in number of photons which are  e f fec t ive  in p roduc ing  ph o t o c u r r e n t .

F i g u r e  5 - 1 1  shows the relative spectra l  response of these  two de t ec to r s .

This ma te r i a l  has a peak response r ig ht at the d e sir e d  value of 3 . 85 p .m. A

sl ig ht  d i f f e r e n c e  in cutoff  wavelength is seen be tween  the two de t ec to r s . Th i s

re f l ec t s  a small alloy compos i t iona l  va r i a t i on  which is somet imes  seen in the

5 — 1 4
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zone melted crystals . In this case, the variation is not enough to be of

s i g n i f i c a n c e  fo r  de tec t ion  of 3 . 85-p.m radia t ion .

3.85 urn

I
0~

>

S —

— DETECTOR NO. j~~j -

— o—c, 2-132-10-75 4. 13 —

- .._—. 2- 132-10-70 4.00 
—- 

1 . 7 7 K

I I I
1 2 3 4

WAV ELENGTH urni

Figu re  5 - 1 1 . Re la t ive  Spect ra l  R e s p o n s e  fo r  Two Photod i odes
from Wafer 2-132 -10

5 - 1 5

_ _ _   ~~~~~~~~~~~~~~~~~~~~~~~~ 
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The measu red  d e t e c to r  p r op e rt i e s  fo r  these two photodiodes are sum-

mar ized  in Table 5-5 . A much lowe r capac i t ance  pe r  un i t  a r e a  was obtained

on t h e s e  dev ices  because  of the lowe r base doping c o n c e n t r a t i o n . The quan-

tum e f f i c i e n c i e s  are extremely hi gh , and this  may a l so  be due to the  low base

doping .  The minor i ty  c a r r i e r  lifetime in such material would be quite long

(on the o rder  of 0. 5 p . sec)  p roduc ing  a long d i f fu s ion  length which would

resul t  in ve ry  e f f i c i en t  collect ion of t hese  c a r r i e r s  at the p -n  j u n c t i o n . The

d e t e c t i v i t y values  are essen t ia l ly at the BLIP l imi t  f o r  both d e t e c t o r s .

Table 5-5 . Summary of De tec to r  P r o p e r t i e s  of Two
Photodiodes  f rom Wafe r  2 - 1 3 2 - 1 0

DIODE NUMBER 2-l32-10-70 2-132- 10-75

A 4 mm 2 i 5.40 5.40 I
A 1 Imm 4l - 

~.45 ~. 45

R0 (ohmS) 6. 7 X i04 4. 3 x io~
RrnA 1 ohm cm2

’ I ~ 3 x i0~ 2.8
C0 oI( 874 909
C 0 .A 1 

) o t l mm 2 i 136 
- 

141 I
-

- 

I A~~I 0 1 W )  2.7’~ 2.96
0 lA n. 26H z) cm Hz w i l  4.0 X 1011 2.8 1011

),.~ I)j$fl ( 3.8 3. 9
77 14) A

7
) 0. 91 I 0. 92

FOV 188~
I • 77~K

Because of the ideal spectral  response , the low capac itance per un i t

area, high quantum efficiency and high detectivity obtained on these test

d e t e c t o rs , it was decided to use th i s  p a r t i c u l a r  c r y s t a l  f o r  the f a b r i c a t i o n  of

the l a r g e r  5 X 5 mm 2 d e t e c t o r  e lements  requi red  for  the la rge  area  quadrant

a r r a y s .

I

I.

p
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L a r g e  Area  D e t e c t o r s

A f t e r  comp le t ion  of ma te r i a l  eva lua t ions  and d e m o n s t r a t i o n  of a su i t ab le

dev ice  f a b r i c a t i o n  p r o c e s s  us ing smal ler  a rea  d e t e c t o r s , work  was begun on

f a b r i c a t i o n  and tes t  of l a rge  area  d e t e c t o r s . Most  of these  d e t e c t o r s  were

mad e f rom c r y s t a l  2 - 1  32 , wh ich was pr odu ced by the zone mel t ing  method .

A few were  made f rom o ther  c rys t a l s . About th ree  dozen nominal  5 X 5 mm 2

d e t e c t o r s  were  f ab r i ca ted  with about twenty  of these  r each ing  f ina l  t e s t  and

eva lua t ion . M ost w e r e  made by the mesa p r o c e s s  p r e v i o u s l y d e s c r i b e d  in

Section 4; a f e w  w e r e  made by the planar p roces s .  T e s t i n g  was done onl y at

l iquid  n i t r o g e n  t e m p e r a t u r e.

Tab le  5-6  s u m m a r i z e s  the low-f requency  tes t  data acquired on f o u r t e e n

-) f the se  la rge  area  d e t e c t o r s . The measu red  ze ro  b i a s  j u n c t i o n  dynamic

r e s i s t a n c e  values  were  on the order  of i o~ ohms . Junc t ion  capac i t ance  va lues

‘.v~~re on th e o rde r of 4 , 000 pf . The measured cutoff  wavelength  va r ied  f r o m

3. -
~ to 4 . 3 p .m. This  is a va r i a t i on  of only 0 . 3 p .m over  the whole l eng th  of

~n~~ot number  2 - 1 3 2  and demons t r a te s  the good u n i f o r m i t y  which can be

Table  5-6 . Summary of D e t e c to r  P r op e r t i e s  for  Fou r t een  La rge
Area Photodiodes  Made f rom Ingot .~ - 13 2

E I..EMENT~ R,, Co A p A c Ir Ap( I  77 0 ,~ 2kH z ,
NUMBER ohms) (p 81 I ~m( ‘irni ( a / w i  (AT A 8~ cm lIZ - ‘SI

2-132- 11 2. 420 - 4, 4O7~ 3.8 3.9 7. 46 0.8 11 3.3 3 1011

- 2-132-12 1.720 - 3.9 4.1 2.06 0.b6 - 2.1 3 1011

- 
2-132-13 I 1, 700 3, 927 3.8 3.9 2. 50 0. 84 . 2. 9 3 1011

2-132-14 2. 200 4,611 3. 7 I 3.9 2. 37 I 0. 80 I 3.2 X 1011

2- 132-15 1. 500 3. 923 ! 3.8 3.9 1. 85 0. 61 2. 4 3 1011

2-132-18 ~- 1, 350 - 3.3 I 3.9 2.40 0. 79 
- 

2.9 3 1011

2— 132 - 19 714 - 3. 7 3. 9 2. 16 0. 73 2.0 3 &-~

2-132-20 570 - 3.7 
- 3. 9 - 

1.63 0.54 1.03 1011

2-132-21 1 (8)0 - 4.0 41.2 3.50 1.09 3.2 1 ~ h 1 -~

- 2- 132-25 800 - 4.1 4.3 2. 92 0.85 2 .63  ~o
h1 -

2-132-28 3, 300 6, 700 3.8 4.0 4 .30 1.41 4. -i X 1O’-~ 
-

1 2- 132-29 5,000 - 4.0 4.1 I 2. 70 0. ~4 2.7 X iD’’
2- 132-94 1, 700 4, 930 3.6 3.8 2. 48 0.86 2.8 3 1011

2-1 32 -1 03 1 1.090 4, 331 
J,

iS j , 2.58 0. 89 3 . O X  ioll

I . 77’ )ç

FOV 180~ 7

~~~~- 0. 382 in2

• 0. 284 r.riv~
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a c h i e v e d  wit h the ZM p r o c e s s  of c r y s t a l  growt h . Sinc e the ta i l  end of the

ingot  ( s l i c e  n u m b e r s  around 1 0 0)  exh ib i ted  cutoff  wave leng th s that  were  a

l it t l e  too short , most  of the l a rge  area  d e t e c t o r s  w e r e  mad e f r om  w a f e r s  cut

f rom the o ther  end of the ingot .

The measured  quantum e f f i c i e n c i e s  averaged  about 80% for  this  g roup

of l a r ge a r e a  d e t e c t o r s . It will also be noted that two d e t e c t o r s  gave anoma-

lous l y h i g h va lues  of quantum e f f i c i ency ,  109 and 141 % . Thi s  is probabl y due

to so me s y s t e m a t i c  e r r o r , and these  values  should be d i s r e g a r d e d . The

m e a s u r e d  l o w - f r e q u e n c y  D *(X~~) values are  around 3 X 10 11 cm Hz~~/wat t .

Th~ s is e s s e n t i ally equal to the back ground l imi ted  value app ly ing  to our par-

t ic u la r  t e s t  condi t ions , namely, 180° FOV of room t e m p e r a t u r e  back ground

r a d i a t i on. T h e r e f o r e , most of these  d e t e c t o r s  a re  ope ra t i ng  at the BLIP

l imi t ,

F i g u r e  5 - 1 2  shows the re la t ive  spect ra l  r e sponse  c u r v e s  f o r  two of

th e s e  l a rge  area d e t e c t o r s . The shape of these  curve s may be con si dered

typ ical of those measured  on 3. 85-p .m de t ec to r s  made f rom ingot  No . 2 - 1 3 2 .

The re la t ive  r e sponse  is not p ropor t iona l  to X as expected fo r  a t rue  quantum

de tec to r; it r i s e s  more  rapidl y and peaks in the 3 . 8- to 4 . O-p .m range .  This

s p e c t r a l  shape may be att r ibuted to a comb inat ion  of two e ff ec ts . The f i r s t

is the a n t i r e f l e c t i o n  coa t ing  which is a q u a r t e r - w a v e  coat ing peaked at 3 . 85 p .m.

This i n c r e a s e s  the optical t r ansmi t t ance into the samp le b y about 40% at the

Deak wavelength but provides  no increase  at a wavelength of one-half  the

peak which in this  case is 1. 93 p .m. The second e f fec t  c on t r ibu t ing  to the
F.

unusual  spec t ra l  response  shape has to do with the ene rgy  band popu la t ion  on

the n - s i d e  of the p-n  junc t ion  and was p rev ious l y d i s c u s s e d  in Sec t ion  4 in

connect ion  with F i g u r e  4-4 . The n - s id e is t r a n s p a r e n t  to photons with wave -

length  g r e a t e r  than about 3 p .m. Thus these  photons  pass t h roug h into the

p - s i d e  where  they  crea te  m i n o r i t y  e l ec t rons , which a re  e f f i c i e n t l y co l lec ted

by the  p -n  j u n c t i o n . Photons with wavelength less  than 3 p .m may be absorbed

)fl t he  n - s i d e  where  they  w c&ild c r e a te  m i n o r i t y  holes . However , because  of

the ex tens ive  lat t ice damage on th i s  sid e produced b y the i o n - i m p lanta t ion

5-18
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Fi gu re  5 - 1 2 . Re la t ive  Sp ec t r a l R es p onse f or
Two Typ ical La rge  Area
PV Hg CdTe D e t e c t o r s

pr ocess , the hole  l i fe t ime may be extremely short  with the resu l t  that  t hese

ho le s  a re  not e f f i c i e n t l y  col lec ted  at the junct ion . F u r t h e r m o r e, a h i g h sur-

face recornb inat ion velocity at the f ront  sur face  could also lead to poor ho le

col lec t ion and a reduc t ion  in the sho r t -wave leng th  spec t ra l  s e n s i t i v i t y  as

exh ib i t ed  in F igu re  3 - 1 2 .

M e a s u r e m e n t s  of the u n i f o r m i t y  of t h e s e  l a rge  a rea  d e t e c t o r s  w e r e

also  made u s in g  a f i n e  spot c on tour ing  apparatus  which is i l l u s t r a t ed  schem-

at ic a ll y in F~gure  5 - 13 . The rad ia t ion  source  for  t h i s  m e a s u r e m e n t  is an

800cK blackbociy.  R a d i a t i o n  emana t ing  f r o m  the blackbod y a p e r t u r e  is

focused  to a small l p i t  b y a d i f f r a c t i o n  l i mit e d  opt ical  sys t em.  The spot

s i z e  ca n be a s small as 0 . 001 inch in d i a m e t e r . Th is  small spot is focused

3 1 ~
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F i g u r e  5 - 1 3 . Block Diag ram of Fine Spot C o n t o u r i n g  Appara tus
Used to Measure  Sens i t i v i t y  P ro f i l e s  of La rge  Area
PV H gC dT e D e t e c t o r s

on the d e t e c t o r- d e w a r  which s i ts  on a p r e c i s i o n  X - Y  t r a n s l a t i o n  tab le  con-

t roUed  b y m i c r o m e t e r  d r ive  sc rews . These  prov ide  X -Y  po s i t i o n  c o n t r o l  to

a p r e c i s i o n  of ± 0. 0001 inch . The b lackbod y r ad i a t i on  is chopped at a fre-

quency of 820 Hz . This p roduces  an ac si gnal in the d e t e c t o r  which is amp li-

f ied  and read out on an ac vol tmeter. The dc output f r o m  th i s  m e te r  is

d i r e c t e d  to the Y - input  of an X - Y  r e c o r d e r . The X - in p u t  of t h i s  r e c o r d e r  is

cir ive n by a dc voltage taken f rom a po ten t iomete r  a t tached to the X - d r i v e  of

the t r ans l a t ion  stage.

F i g u r e  5 - 14  shows an examp le of the s e n s i t i v i ty  p r o f i l e  of d e t e c t o r

No . 2 - 1 32 - 2 1  measured  with th i s  appara tus . Each scan l ine is made with the

f ine  spot moving a c r o s s  the de tec tor  in the X - d i r e c t i o n  with the Y - p o s i t i o n

held cons tan t . The amplitud e of the scan line r ep r e s e n t s  the d e t e c t o r  s ignal

v a r i a t i o n . Success ive  X-scans  are  made a f t e r  moving the d e t e c t o r  b y

0. 0 2 5 - in c h  5 teps  in the Y - d i r e c t i o n .  The ei ght scans  shown map out essen-

t ia l ly  all the de tec to r ’ s se n s i t i v e  a r ea . The pronounced  d ip  on the  r i ’~h t -h a nd

side of the scan p ro f i l e  is caused by the top metal  e l e c t r o d e .

Th is pa r t icu lar  d e t e c t o r  was co n s i d e r e d  to be r ea so nab ly uni fo rm . The

f luc tua t ions  in s igna l  amp litude a re  on the o r d e r  of ±1 2% .  The f ine  s t r u c t u r e

in the s e n s i t i v i t y  prof i le  is a rea l  s igna l  change and not due to noise .  Each

p r - ,f i le  may be reproduced  in the  same deta il  b y repea ted  scans in e i ther

5-20
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d i r e c t i o n . Th i s  f ine  s t ruc tu re  is poss ib l y re la ted  to c r y s t a l  d e f e c t s  such as

l ineage  described  in Section 3.
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F i8ure  5- 14.  Fine Spot Sens i t iv i ty  P ro f i l e s  for  Large  Area
PV HgCdTe De t e c t o r  N o. 2 - 1 3 2 - 2 1

F i g u r e  5 - 1 5  Sh . Ws another example of sens i t iv i ty  p ro f i l e s  obtained

f rom de tec tor  No . 2 - 1 3 2 - 19 .  Th is  de tec tor ’ s p rof i le  was cons idered  to be

po9r; consequently it was not used as part of a quadrant  assembly. Varia-

t ions  n signal amplitude a c r o s s  this detector  were  as much as 100% with the

sens i t iv i ty  along one ed ge (th e le f t -hand edge in F i g u r e  5 - 1 5 )  being s ignif i -

cant ly h i g h e r  than in the middle or the r i ght-hand ed ge. No e f f o r t  was

exp ended to de te rmine  the cause of th is  non -un i fo rmi ty .

After  t e s t ing  of this group of large area  d e t e c t o r s , those with accept-

able p e r f o r m a n c e  were  se lected for  assembly into quadrant  a r r a y s . The

method of assembly and packaging in a glass dewar is d e s cr i b e d  in Sect ion ‘
.

5 — 2 1
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Figure  5- 15 . Fine Spot Sensi t iv i ty  P ro f i l e s  f o r  Large  Area
PV HgCdTe De tec to r  No . 2 - 1 3 2 - 1 9

C apacitance Versus  Voltage Measurements

Measurements of diode capacitance ve r sus  r eve r se  voltage wer e made

for the purpose of diagnosing the junction characteristics . For an abrupt

junction, the junction capac itance is given by 26

[ ~~ € e  / N A ND \ ~C ~ A. l I 1 (4 6 )
3 2 (~ b + VR) \N A + N D!

The junct ions mad e on this program were  one- s ided  in that ND >> NA.

Therefore , Equation (46 ’) becomes

r ‘C s E O eNA 1 ~~C = A~ [2(ø b + VR )j  
(47 )

This  
‘
equation can be rea r ranged  to take the form

i 2 (ø -~~~ V R)
< 5 EQ e N AAj Z - 

(48)

2 
See Referenc e 6 .
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Thus , a plot of 1/ C 2 v e r s us r e ve r s e  vol tage  VR should yie ld  a s t r a ig ht  l ine
with slope

= (~L O )
~C S EO e N AA .Z -

and y - i n t e r c ep t

___________ -= 2 (~~~0)
-
~~~ 0e~ N~~~t .

These  two equations permit  de te rmina t ion  of NA and ~ b va lues f r o m  experi-
mental 1/ C 2 versus  VR data. In addi t ion , the width of the  dep le t i on  l a y e r
may be obtained f rom the equation

~, ~~~~-‘5  O~ 1

- C 
- ( 5 1 )

F igu re  5-16  shows r ep r e s e n t a t i v e  1/ C 2 ve r sus  VR plots obtai ned f rom
B+ ion- imp lanted diodes  having d i f f e r e n t  acceptor  dop ing concen t r a ti ons  in
the p- type  base  reg ion , 

- 
The s t ra i ght l ines obtained demons t r a t e  that  these

are  indeed abrupt junct ions, and the analy s i s  given above can be used to
de te rmine  junc t ion  p r o p e r t i e s .

Table 5 - 7  Lis ts  the data obtained by C - V  analy s i s  at 77°K on 18 B~ ion -

implanted junc t ions . The capaci tance measu remen t s  were  made on a 1 00-kHz
capac itance br id ge (Boonton 74C-S8).  All j unc t ions  were  formed in

Hg 1 _ x Cd~ Te mate r i a l  with x value in the range 0. 3 1 -0 . 32 . The d i e l e c t r i c
constant  

~~ 
was taken to be 16 for  this  compos i t ion . 2 The calculated b u i l t - i n

potential  value s are  seen to r ange  f rom 0. 200 to 0. 345 volt . These  are  in
reasonable  ag reemen t  with the e ne r g y  band model d i s c u ss e d  p r ev ious ly  in
Section 4. Values of the dep le t ion  l aye r  width I

_
at z e r o  b i a s )  were  found to

range f rom 0. 13 to 1 . 1 iim . Base accep to r  dop ing concen t r a t i ons  varied
f rom 3. 7 x i o l4  to 2 . 6 x 10 16 cm 3, The concen t r at ions  obtained f rom t h e s e
C - V  measurements were genera l l y found to be a f a c t o r  2 to S lower than

2 R. Dornhaus and G. N imtz , “The Pr op e r t i e s  and App l i ca t ions  of the
Hg~ ~x Cd xTe Alloy System, “ Sp r i n g e r  T rac t s  in Modern P h y s i c s , 78,

‘
1 Solid State Ph y s i c s , Sp r i n g e r - V e r l a g ,  B e r l i n  ( 1 ~T 6 )  p. 93 .

-
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Figure 5-16 . R e p r e s e n t a t i v e  1/C 2 ve r sus  V Curve s
for Hg1 ~

Cd
~
Te Photodiodes . (x Value

is 0. 31-0 . 32 and Data were Taken at
7 7°K. )
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Table 5-7 . Data on 18 Hg~~..~~Cd~ Te Photodiodes
Analyzed by C - V  Measurement s

DIODE 
- 

A nomi A 1, CO IHcrn 12i ~8 
‘ 

~~~ 

- 

‘
~A~ 

-

NUMBER rnnl fl1fl ’~ 
- 

p81 IX i~~ ’ 
V O It S I  14111) - :m - - REMARKS

2-132-10 -7 0 1  2 3  6. 45 674 ‘ 1. 36 0.247 LCd 4.13  1014

-13?-iO -7 51 2 ‘~ 2 1 1 5  ~09 1.41 0.219 2.02 3.8 ‘1 i014

2-1 32 -1 5 5 3 5 31, 2 3 23 1.26 0.266 1.13 3. 7 3  1O~ -
5 -‘ 3 31. 2 4, Q3Q 1. 58 - - - ~Q~v ~~~, POOR \ U L L

-132-1 03 5 3  5 31.2 4, 331 1.39 - 0. 271 
- 

1.02 &6 I ~ 14

.‘1K 2-0 10 1 .3 01A 1 -28 413 .1. 4 0. 247 0.32 4.2 X 1015 -

- 2 3 2 s. 45 2, 622 4. 1 - - - ~1A RLV 3REAKDO7IN ,

.‘1K~ “0 2 2 3 s. 45 2, 548 4 .0 - - - - - POOR DATA AT

1.3 D IA 1. 13 998 3. S3 0. 146 0, 13 1.11 x io Iô 
~RE’~ RSE VOLTAGE

,IK - 3 10 1. 3 . 1 IA 1. 19 878 7 . 32 0.234 0. 19 1. 1 3 1016 
-

1 .3 DI A  1.24 973 7.84 0. 212 0. 18 1.1 X 1016

.‘1K4-820 1 1.3 DIA 1.07 323 ,i 7.70 0. 200 I 0. 18 1.1 X 1016 - 

--132-31 - 5 1 23 2 6.45 - 6, 254 ~ 70 0.3 11 0.15 2 . 63  1016

2-132-31 0, - 2 3 2  6. 45 6,213 9.63 0.315 - 0.15 2 .6X 10 16 
-

2~124~6012 1 3 1  2.32 1.177 8.09 0. 278 0. 18 1. 6 3 1 0 16

2- 124-80 31 - 1 X I  2 3 2  I 1. 793 7 .73 0. 308 0. 18 
- 

8 .6 3 1016

2-124-IQI -Mil I 1 .3 DIA - 0.93 791 
- 

8,57 0.3 21 0.17 2 . l x
2-124-IOl iP.12) 1.3D IA 0. 93 605 6.50 0. 345 0.22 1 3 <

X 0. 30-0. 32

CAPACITANC E MEASURED AT 100 kHz

values obtained b y Hall e f fec t  measurements  be fo re  junc t ion  f o r m a t i o n . The

p r e c i s e  reason fo r  this  is not present ly known. It may perhaps  be due to

c ompensation of base accep tors  by the implanted donors  in a na r row range

near  the p-u  junction.  This is the region that is analyzed in a C - V  measure-

m ent .

F igure  5- 1 7  shows a plot of capacitanc e per  unit area  v e r s u s  base

dop ing concen t ra t ion  which was constructed f rom the data in Table 5-7 . The

s t r a ight line drawrl. on this plot indicates that C o / A d is approximately pro-

portional to NA as indicated by Equation (47) .  Some deviat ions f rom the

s t ra ight line oc cur because the bu i l t - in  potent ia l  
~b is also a funct ion of

base doping as well as the ion- implantation dop ing on the n - s i de .

5 -2 5
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-
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1014 io’~ 1016

BASE DOPING CONCENTRATION 1cm 31

Figure  5- 1 7 . Z e r o  Bias Capacitance ve r sus  Base Dop ing Concent ra t ion
fo r  3. 85-j.~.m PV H gCdTe De tec to r s

The resul ts  of this  capacitance ve r sus  voltage analys is  demons t ra te

that the p-n junct ions formed on this  p rogram are , indeed , one - s ided  step

junctions . The expected reduction in junc t ion  capaci tance is obtained by the

use of low acceptor  doping concent ra t ions  in the base  reg ion .

Lase r  Pulse Response  Measurements

Laser  pulse response  measurements  were made on selected HgCdTe

photodiodes using the apparatu s shown in block diagram fo rm in Fi gure  5 - 1 8 .

The laser  source was a GaAs diode emit t ing at a wavelength of 0. 9 p.m. It

was dr iven by a Spencer Kenned y Lab s 503A pulse genera tor . The laser

‘T EKTRONIX
D ETECTOR SCOP E

_ _ _  

_ =-::--::

I SKL ~ I : 500 T ERMINA -
~-‘15A45_amp

503A - TION or 250)

SIJPP~~
_

~ 

PULSE

__

~~~~~~~~~ 

~~~~~~~ K 

VOLTAGE

GaAs LASER I I REVERSE BIAS CIRCUITDIODE
12. 4 V

F i g u r e  5- 18.  C ir c u i t  Used for  T Measurements  with ~e v e r s e  Bias
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output pulse was 100 nsec  ~n dura t ion  and had r i s e  and fal l  t i m e s  on the o rde r
of 1 nsec . Maximum pulse peak p owe r cou ld be as h i gh as 1 watt at a r epet i-
t ion rate  of 20 pulses  per sec .

The de tec tor  signal output was observed on a Tek t ron ix  5403 oscillo-

scope equ ipped with a 5A4 5 amp l i f i e r . This  system had a 0 -60  ~iHz f requency
response .  Most of the measurements were  made w ith the d e t e c t o r  output

p lugged d i r e c t l y into the scope ampl i f i e r  with e i the r  a 50- or 25 -ohm termina-
tion at the scope input . Some measurements  we r e  made with the SBRC A23 1
preampl i f i e r  inser ted  between the de t e c t o r  and scope.  This  p reampl i f i e r  has

a bas ic  18 ivffi z bandwidth , which should allow obse rva t ior  of r e sponse  t i m e s

down to about 1 0 nsec . A r e v e r s e  b ia s ing  c i r c u i t  was a iso  at tached to the

de tec to r cable to permit  observat ion  of pulse response  with in c r e a s i n g  re-
v e r s e  b ias .

F i g u r e  5 - 1 ?  i l lus t ra tes  how the pulse shapes are  analyzed . The t ime
oase  moves f rom ri ght to left . When the laser  pulse turns  on , t he d e t e c t o r

signal  output s tar ts  to r i se . One hundred  nsec .1at~~r , the l aser  pulse tu rns
off . However , the pulse has not been on long enoug h f o r  the d e t e c t o r  r e sponse
to r i se  up to its maximum level . When the laser  p. i lse turns off , the d e t e c t o r

Laser Pulse

t ~
otf on

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
Detector Resoonse

p Time

Figu re  5-1~~. ~f l u s tr a t i o n  of Method  ot Ana ly s i s  of
D e t e c t o r  Pulse R e sp o n s e  Data

k.

3 - 27
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r e sponse  then beg ins to deca y. Since the l a s e r  pulse  s t ays  off  f o r  a 1on ~
t ime  b e f o r e  the next  pulse  beg in s , th e r e  is now s u f f i c i e n t  t ime  f o r  the d e t e c t o r

si gnal to d e c ay  to z e r o . T h e r e f o r e , d e t e c t o r  r e sponse  t im e  i n f o r m a t i o n  can

be obtai ned onl y f r o m  the decay por t ion  of the osc i l l o scope  t r a c e . We use  the

c onve nt ional  d e f i n i t i o n  of d e t e c to r  r e sponse  t ime which is the m e a s u r e d  t ime

in te rva l  r equ i r ed  for  the d e t e c t o r ’ s r es p on se to deca y f r o m its  peak value  to

1/e  (or 37%) of the peak value .

Fi gure  5 - 2 0  shows the r e sponse  of a nominal  5 x 3 mm 2 d e t e c t o r

(No . 2 - 1 3 2 - 1 5 )  m e a s u r e d  with the d e t e c t o r  output fed d i r e c t l y into the sco pe

and us in g e i ther  a 30- or 2 3-ohm t ermina t ion . A r e d u c t i o n  in r e s p o n s e  t ime

of roug hl y a f ac to r  of 2 is observed  with the smal le r  t e r m I n a t I o n  r e s i s t a n c e .

This  imp l ies  that  the de t ec to r  is RC l imi ted . In the c ir c u i t  of F i g u r e  5 - 1 8 ,

R ~s e f f e c t i v e ly the t e rmina t ion  r e s i s t a n c e , and C the de t ec to r  j u n c t i o n

100 n s e c/ d i v i s i o n  100 n s e c / d i v i s i o n

( a )  D e t e c t o r  Pulse R e s p o n s e  with (b )  De tec to r  Pulse Response  wIth
a 25-ohm Termina t ion  a 50-ohm T e r m i n a t io n

200 nsec  ‘r .~~ 340 nsec

C = 4, 000 pf C = 4, 000 pf

RC = 100 nsec  (ca lcu la t ed  RC = 200 nsec  ( ca l cu la t ed)

~~igure  5 -2 0 . Pulse  R e s p o ns e  M e a s u r e m e n t s  of PV HgCdTe
D e t e c t o r  No . 2 - 1 3 2 - 1 5 . Nominal  D e t e c to r
A r e a  is 5 X 5 a m 2 ; X~ is 3 . 8 ~ m; Ope ra t i ng
T e m p e r a t u r e  was 7 7 ° K
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capac i t ance  plus any s t r a y  capac i t ance  to g roun d  in the  c a b l e s .  H J ’.vever , if

one u ses  the m e as u r ed  capaci tance  data f o r  th~ s d e t e c t o r , n a m ely , 3 0 2 3  pf

• 
:-) r j u n c t i o n  capac i tance , 30 pf f o r  cable  capac ’~t a n c e , and 20 pf f o r  scope

input capaci tance , the calculated RC values tu rn  out to be about 30% of the

measured  response  tim e . These  calculated values  a re  indica ted  on F i g u r e  5 - 2 0 .

The reason f o r  th i s  is not known .

F igu re  5-21 shows the ef fec t  of i n c r e a s i n g  r e v e r s e  b ias  on t h i s  same

d e t e c t o r . It was found that , as r e v e r s e  bias  was i nc rea sed  f r o m  0 to 0. T volt ,

the r e sponse  t ime dec reased  f rom 2 10  to 70 nsec . A 23-ohm t e r m i n a t i o n

was used in these  measu remen t s.

)
Figure  ~ -22 .  shows pulse response data on a nominal  2. x 2 mm

de tec to r (No . 2 - i  32 -1  0) . Parts  ( a )  and ( b )  show the e f fe c t  of r e v e r s e  bias

voltage . An i n c r e a s e  f rom 0 to 0. 5 volt d e c r e a se d  the r e s p o n s e  t ime f r o m

30 to 23 nsec . Par ts  (c )  and ( d )  show z e r o - b i as  r e sponse  c u r v e s  t aken  with

d i r e c t  scope input us ing a 25-ohm t e rmina t ion  compared to u s ing  the SBRC

A23 1 preampl i f i e r  be fore  the scope.  Since the r e sponse  t ime is a l i t t le -

f a s t e r  with the SBRC preampl i f i e r , th is  imp lies that the e f f e c t i v e  input im-

pedance of the preampl i f i e r  is less  than 2.5 ohms . In fact , the d e s i g n  input

impedance is 20 ohms and th i s  is v e r i f i e d  by the measured  data .

More data on the compar ison of measured  de tec to r  pulse response

t imes  with calculated RC t imes was collected on smaller area d e t e c t o r s .

F igu re  3-23  shows plots of measured  response  time v e r s u s  r e v e r s e  bias

for one nominal 2 X 2 mm2 detec tor  and one 1 X 1 mm 2 de tec to r . The data

points represen t  measured  response t imes  with e r r o r  b a r s  indica t ing  the

est imated e r r o r  in reading the l / e  point f rom the scope t r ace .  The solid

lines are  calculated RC values based on measured  capaci tance  v e r s u s  re-

verse  voltage measurements.  Again it is seen that  the calculated RC values

a re  about one-half of the actual measured r e sponse  t imes , a resu l t  that  is
- - 2 . .similar to the case of the ~ X D mm de t e c t o r  p revious l y desc r ibed .

r

5 - 2 °
4 

_________ ___________________________________ _____________________ - — 
- -..... ~~~.... ._ - .—,~ — —~~~~~~-.~~~ -- ‘.--~~~~ ~~~~~~ • ...~~~ - .  - •...~~~ -



- _ _ 5_
_ w- —- -

~~ 
- -  - -— - -  —

~~~~uum r n _ U  ~~~~~ ~‘
-

~~~~~~~~~~~~~~~~~:~~~~~~~:~~~~~~~~~~~~~~ i ~~::: :r:: u : ~~~~~~~~~~]
~~~~~~~~~,~~ 1I 1~~~~~~~~~ IPAiII I .I1 ]~~~7J~i~ l

~~~~~i~~~~~iai aa~~~uiuau :n~~~-‘i~~2wA~ urn i~~air ~ rnai ~i~i;~i~i~ua ur~ui~i
-~~ ~~~~~~ ~~~~~~~~~~~~~~~~~~~ 

- 

~
;i ‘-

~~~~ — !~~ ~~~~~~~~
~~~~~~~~~~~~~~~~~~~~~ .__~~~

___
~~~~~l 3 ~ 13 ~~~~~~~~~~~~~~~~~~~

‘~~— ~~~~~~~~~~~~ 
1________1 

~~~~~~~
_____I

( a )  VR = 0 volt (b)  VR = 0 . 2 volt ( c )  VR = 0. 33 volt

T = 210 nsec = 150 nsec ‘r = 110 nsec
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(d) VR = 0. ~ volt ( e )  VR = 0. 7 vo lt

= 80 nsec = 70 nsec

Fi gure  5 -2 1 . Pulse Response  Curve s on De tec to r  No . 2 - 1 3 2 - 1  3
showing  the D e c r e a s e  in P. ‘spon se Time with In-
c reas ing  R e v e r s e  Bias . I = 77° K , Time Base is
Ri ght to Left  at 100 n s e c / d i v i s i o n , Load R e s i s t o r
T e r m i n a t i o n  was 2. 5 ohms .
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( a )  VR = 0 volt (b )  VP. = 0 . 5 volt

= 50 nsec = 2. 5
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( c )  VP. = 0 volt (d)  VP. = 0 volt

30 nsec  T = 40

SBRC A23 1 Preampl i f i e r

Fi gure 5-22 . Pulse Response  C u r v e s  fo r  a Nominal  2 x 2 mm 2

p . Detec to r , No . 2 - 13 2 - 1 0 . T = 77° K , T ime Base
is R ight to Lef t  at 50 n s e c/ d iv i s i o n , Load Res i s -
to r  Te rmina t ion  is 25 ohms (except  f o r  ( d l , which
was obtained us ing  the SBR C A23 1 C u r r e n t  Mode
Preampl i f i e r ) .
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20~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 25 OHM ~
TERMINATION
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0.2 0. 4 0.6 0.8 1.0

REVERSE BIAS - volts

-
_

REVERSE BIAS , Volts

Figure  3-23 . Compar ison  of Measured Detec tor  Response
Times (Data Po in t s )  with Calculated P.C T imes
(Solid L ines ) .  A) De tec to r  2 - 1 3 2 - 1 0 - 7 0 , A~ =

5. 40 mm2 ; B) Detector  WK9-D 10 , A~ = 1 . ~8 mm 2.
Opera t ing  Tempera ture  was 77°K.
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As p rev -.ously ment~oned , an exrianation for this r e s u l t  is not  o r e  s e n t i ’ .

av aJ ao~ e. However , t h e  data a c q u ir e d  se e m  to in d i c at e  t h a t  ~t ~s r e l a t e d  to

u n ct t o n cap ac Ltanc  e . e fo l !ow~ng c om m e n t s  sumrn a r :ze  t he  ob s e r v e d  re  -

su i t s .

1 . Calculated P.C t i m e s  a re  a lways  l e s s  t han  measu red  r e s - o cn s e
t im e s  by about a f a c t o r  ~f one-ha l f .

2 . The ef fec t  is independen t  of d e t e c t o r  a r e a . D e c r e a s L n g  A~ ~ e cr e a s es
C~ and r e sp o n s e  t ime p r o p o r t i o n a t e l y .

3 . D e cr e a s in g  P. d e c r e a s e s  the r e sp o n s e  t im e  p r o o o r t : o n a t e i ’,-~
4 . The e f f e c t  is independent  of l a se r  l i g h t  i n t e n s i t y  wi th  the  l a s e r

ra d i a t i o n  u t i l ~zed , i. e . , GaAs at 0. -tm .

A p o s s i b l e  h y p o t h e s i s  which can be o f f e r ed  is tha t  the e f f e c t  is r e l a t ed

to dee p s ta tes  within the f o r b i d de n  band which are  a c t iv a te d  b y the l a s e r

l igh t  but not by the C - V  measu remen t . A c t i v a t i o n  of these  st a t e s  would c r e a t e

addit ional  c h a r g e  ~v t h in  the junc t ion  dep l e t i o n re g ion th e r e b y e f f e c t i v e ly  in-

c r e a s ing j unc t ion  capac i tance . Mea ns to inves t i gate  th i s  p o s s i b i l i t y  mig ht

include:  measurements  of capac it ance  and pulse response t ime  ve r sus  tem-

p e r a t u r e , m e a s u r e m e n t s  of small -s ignal  capac itanc e with d i f f e r e n t  in tensi -

t L e s  a n d/ o r  d i f f e r e n t  wavelength s of l ig ht on the junc t ion , 2.3 and dee p level
2’?t r ans i en t  soec tr o scooy  (DLTS) .  Measu remen t s such as t h e s e  would r e q u i r e

a s ign i f i can t  additional e f f o r t  which was fe l t  to be beyond the in tended scope

of th i s  p rogram and were , t h e r e f o r e , not atte mpted . Fur th e r m o r e,  the pulse

r e sponse  t imes  achieved fo r  3 X 3 mm 2 de t ec to r s  we re adequate  for the ~n-

tended app licat ion . A detailed inves t iga t ion  of this  problem would be more

appropr ia te  fo r  some fu tu re  p r o g r a m .

23 A . M. White, P. Por teou s and P. 3. Dean , ,T. ~ le ct r o n i c  Mater ia l , 5, ‘?1 ,
( 1 °76 I.

2° D. V . Lang, S. Appl . Phys . 43 , 3023 ( 1 ° 7 4 ’,.
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I
2 . 06 fam PV H g C d T e  D E T E C T O R S

Summary of D e t e c t o r  P r op e r t i e s

D e t e c t o r s  f o r  ope ra t i on  at 2 . 06 ~.m were  made f r o m  two d L f f e r e n t  ingo : s .

One (No . R C 4 )  was p roduced  by the SSR method , the o t h e r  No . 2 - 1 3 8 )  v -as

p roduced  b y the zone mel t ing  method. Table 3-8 s u m m a r i z e s  the t e s t  data

acqui red  on a n u m b e r  of 2 . 06 p.m PV HgCdTe  d e t e c t o r s  which w e r e  fabr i -

c ated on th i s  p r o g r a m .

Table  5-8 . Summary of P r o p e r t i e s  of 2 . 0 6 -am
PV H g C d T e  D e t e c t o r s

DIODE T A d A~ R0 R0A~ C0 CO / A ~ I O~ ‘7 D A0, 2k I-lzl -‘
~~ ~ c

NUMBER :3l mm 2 ) mrfl 2 I ohmsl lonro cm 2 ) Ipf) - qt -  nm 2I - a i  WI -AT 
~~~~ 

‘cm 3z~~- W I -umI vmI

Z-138-3B-1 77 5 4 0  ~ 45 3 , 3 x  10~ 2.IX  103 - - 1.72 0, 89 & 5 X  1011 2 . 1  2.5
2-138-38-2 77 5 4 0  6. 45 9.0 x ~~ 43 1 103 - - 1.45 0. 75 3 5  X 10~ 2, -I 2.5
RC4- 3 E-14 77 236 2. 32 1.3 x 10~ 3.0 X j~3 1, 435 620 1.02 0. 60 5.5 I 1011 2. 1 2.2
RC4-3E-14 192 2,06 2, 32 1.3 1 103 23 X 101 L 635 705 0, ~8 0.60 0. 4 X 1011 -, 1 2 .2
RC4-2B 77 5, 40 6. 45 73 X ~~ 5.0 X IO~ 3. 052 565 0. 93 0.53 7 ,0 X lO ll 2.2 3
RC -2B 192 5 4 0  6.45 3.3 X 103 2.1 x io2 - - - - - - -

RC4- 2K--t. 77 5 -10 ~ 45 2 ,3 X jQ4 1.5 x IO~ - - 5. ~7 0 5 5  2 7  x 1C~ 2, 1 2,3 4
RC4-2K-t 192 5. -tO &45 1.2 X IO~ ~~~~ ~ i02 3. 516 651 1.22 0. 69 1.9 3 1011 2.2 2.3
9C 3-2 K-R 77 5. 40 6. 45 2. 4 X i~ 1.5 X 103 - - 0. ~7 0.55 2, 4 1 i011 2. 1 2 3

~C4-2K -i~ 192 5. -~0 6. 45 3.6 X 2.3 3 102 4. 638 7~1 1.22 0,69 0.9 .3 1011 2.2 2.3
9C4-4 E --l 77 5, 40 6, 45 L 0 x io~ 6. 5 X io~ - - 1.72 1. ~ 7.0 X 1011 2. 1 2.2
RC4-~~-1. 192 5 .10 6 4 5  3.0 X io~ 1.9 3 - - 1.57 0. fl 1. 1 x ia hl 2, 1 2. 2
9C4-4E-R 77 5, 40 6, .15 4,5 x 103 2,9 x 103 3. 400 630 L ~8 1. 17 2. 9 x 1011 2. 1 2. 2

~C-I-4E-9 192 5. 40 6. 45 1.3 X ~~ 3 1 x 102 4. 001 741 1.65 0. ~8 1. 1 ‘ 1011 2. 1 2.2
RC4-5J-1 6. 45 6. 5 X 1O4 4.2 X - - 1. ~4 0,79 6. 2 x 1011 2.1 2.2
RC4-5J-L 192 5. 40 6. 45 3.3 X iO~ 2. 1 x i02 2.215 411 1,30 0.77 1, 1 )( 1 ii 2.1 2.2
RC4-5J-R 77 5, 40 6, 45 8.8 X io5 5. 7 X 1O~ 2.459 455 1. 10 0. 65 6.3 x 1011 2.1 2.2

~C4-5 J -R 192 5 4 0  6. 45 3.0 X 1.9 X 103 2.465 457 1. 20 0.71 3.1 X lO~ 2.1 2. 2

AVERAGE VALUE IL 311 ‘0. 761

~0’i 180

All but one of t hese  d e t e c t o r s  were  nominal 2 )< 2 mm 2 dev ices  (ac tua l
) 7

‘ 
se n s i t i ve  a rea of 5 . 40 mm~~). The remaining one was a nominal  1 x I mm

device  (actual sens i t ive  area of 2 . 06 mm2 ). Measurements were  mad~’ at

both 77° and 1 2°K .  At 77c K , the z e r o  bias dynamic r e s i s t a n c e  (R 0 ) val-o~- ~,

f o r  these  d e t e c t o r s  were  in the l 0~ to 1 0D  ohm range , and R 0A~ va u e s

ranged  be tween  1 . 3 X l 0 ~~ and 5. 7 x ~~~ ohm cm 2 . At l ? 2 ° K , R 0 v ak u e ;
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decreased  to som ewhere between 0. 5 to 0. 01 of the 77°K value s and the

R 0A5 products ranged between 2 . 9  X 10 1 and 1 . 9 X 1O 3 ohm cm 2. The 192° K

measured R 0A~ value s are  in r easonable ag reement  with theoret ical  es t imates

based on a saturat ion cu r ren t  densi ty  dominated by g - r  cu r r en t . The 77°K

measured R 0A~ value s are much lowe r than calculated f rom theory.  This

implies that the 77°K R 0AJ value s are  limited b y leakage cu r r en t . This leak-

age cur rent  could be due to bulk mater ia l  imperfect ions  c ros s ing  the plane of

the p-n jun ction (e. g . ,  ed ge dis locat ions or point imper fec t ions ), or surfac e

leakage around the junct ion per iphe ry  where it comes to the surface  of the

HgCdTe.  No attempts were mad e dur ing  the course  of this  program to deter-

mine which mechanism predominates.

The measured capacitance data on several  of these 2 . 06 ~.i.m de tec tors

is also shown in Table 5-8. The capac itance per unit area. at ze ro  bias

ranged between 411 and 761 pf/ m m 2. There  was l i t t le  change in capacitanc e

between 77° and 192°K. These capacitance per unit area values imply a base

doping concentra t ion in the 10 16cm 3 range. Most of the mater ia l  used for

these de tec to rs  was gold-di f fused under the same condit ions that were used

fo r  3 . 85-~j m de tec to rs  which gave base doping concent ra t ions  of about 10~~
cm ’3 . A poss ib le  exp lanation for  this d i f fe renc e is as follows . After  gold

d i f fu s ion , a th in Au-HgCdTe  alloy layer is left on the wafe r sur face  and must

be removed by pol ishing and etching ope rations . Unde rneath this alloy layer

.s the l ayer  of Au-doped HgCdTe which has the des i red  low acceptor  concen-

t ra t ion . In the case of 3 . 85-i~.m material, this layer may be 0. 004 to 0. 005

inch th ick, whereas in the case of 2 . 06-sm material, this layer  may be only

0. 001 to 0. 002 inch thick . Thus , the polishing opera t ion c ould have removed

the desi red low-doped reg ion  on the 2. O6-~.i.m mater ia l. This exposed a more

heavily p-type region (due to Hg vacancies)  in the wafer  inter ior. A revised

wafer  aflnealing procedure  would have to be developed to achieve the ve ry low

base dop ing concentrat ions required for  a s ignificant reduct ion in junction

capacitance. Methods fo r  doing this are known, but there  was insuf f ic ien t

time to try them dur ing  the course  of the present  program. r
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Table 5-8 also includes the measured de tec to r  p roper t ies  of these

photodiodes such as current responsivity, quantum efficiency and detectivity.

The current responsivity averaged 1. 2 a/w and the quantum efficiency aver-

aged 76%. It may be noted that quantum e f f i c i enc i e s  on two de tec tors  exceeded

1 00%. This is attributed to experimental e r r o r . The quantum ef f ic iency

value s were obtained from photocurrent  measurements  with a 500° K blackbody

source. The conversion f ac to r  used to change 500°K blackbod y photocurrent

to peak photocurrent  at 2 . 1 p.m is a ra ther  large number on the order  of I 0~
and subject to a substantial e r ro r  depending on how accurate  the detec tor ’ s

spectral response curve is known. Nevertheless , it is believed that the

averaged data are reasonably accurate and it can be concluded that these

detectors are exhibiting very good quantum efficiencies .

The detectivity values shown in Table 5-8 range between 2. 4 to 8. 5 )(

10 11 cm HzZ/watt for 77°I< operation and 0. 4 to 3. 1 X 10 11 cm Hz2/watt for

1 92°K operation. The detectivity of these detectors is not background limited

because the photon flux from a 300°K background in the spectral interval

below 2 . 2 p.m is not great  enough to produce a s ign i f i can t  photon noise  cur ren t .

Thus the noise cur ren t  may be dominated by c ontributions f rom the de tec tor ’ s

thermal noise , the feedback re s i s to r  thermal noise or the ampl i f i e r  noise . In

the case where detect ivi ty is limited by detector  thermal noise , the equation

for is

eA 
_ _ _D*(X ) = !~~~ ° -~ 1_

hc 4 k T

Assum ing the following typ ical values for  77°K operat ion,

17 = 0. 76

= 2. 1 i.i.m

• R 0A~ = 3 X 10~ ohm cm3

• Ad /Aj = 5.40/6.45 = 0. 837

we obtain

D*(X p ) 9. 8 X 10 11 
cm HzZ/watt

5 3 6
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Although one de tec tor  approaches th is  D*(X~~) value , most are signif icantly

below it . It is concluded that other noise sources  are  c ontr ibut ing to reduce

the 77°K D*(X~~) below the expected detector  thermal  noise l imited value.

For 1 92° K operation, the same values above are assumed w ith the

exception that R 0A~ = 3 X 10 2 ohm cm 3
. In th i s  case , we obtain

= 2. 0 x io~ cm Hz 2/watt

Two de tec tors  approach or exceed this value , but they had much la rger  R 0A5
values . The others are signif icantly lower in D*(X~~). In these cases , it

must again be concluded that other noise sources are c ontributing to reduce

the 1 92° K D*(X~~) below the detector  thermal noise lim ited value .

The back ground limited 1D*(X~~) value for  these de tec tors  was calculated

to be 3. 3  x 10 12 cm Hz 2/wat t  assuming 17 = 0. 7 6 , Z . 1 p.m and =

4 )( 10 12  ph / s e c / c m2. To achieve this  D*(X p ) value , de tec tors  would have to

be mad e with much larger  R0A~ value s, on the order  of 10~ ohm cm 2 . ThL s

may be possible for  77°K operation if the sources of leakage cur rent  are

identif ied and greatly reduced . For 192°K operat ion . the R 0A1 values will

probably be limited by g -r  current  and this  will p rohib i t  the attainment of
t BLIP operation at this temperature.

Spectral Response

The last columns of Table 5-8 list the wavelengths of peak spectral

response and cut off. Detectors made from crystal  2 - 138  peaked at 2 . 4  p .m,

while those made from RC4 peaked at 2 . 1 to 2 . 2 p .m. F igure  5-24 shows the

measured spectral response for  detector  No. 2 - 13 8 - 3 B - 2  at 77°K.  Notice

the very  sharp cutoff wavelength ( one-half of peak response)  at 2 . 52 p .m and

• a peak response at 2 . 40 p.m. Also to be noticed is the s igni f icant  departure
• f rom true quantum response on the short-wavelength side. The reasons for

th is  have already been described in the previou s d i scu ss ion  of the spectral

response for  3. 85-p .m detectors .

I
C
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Figure 5-24. Relat ive Spectral Response  at 77°K
for  Detector  No . 2 - 13 8 - 3B -2

Figure  5-2 5 shows the spectral response for  de tec tor  No . R C 4 - 2 B

measured at 77° and l92°K.  The peak response of this detector is at 2. 1 p.m.

much closer  to the des i red  2 . 06-w.m wavelength than the 2- 138 material. The

shift in cutoff wavelength with changing temperature is very small for  this

alloy composition. Our measured data indicated cutoffs of 2 . 30 p .m at 77°K

and 2 . 2 7  p.m at 192 °K , a shift  of only 0. 03 p.m. Since the experimental e r ro r

in the measurements is on this same order , it is d iff icul t  to obtain a p r e c i s e

value for  the temperature coeff ic ient  of the energy bandgap from this data.

I
S 
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Figure  5-25 . Relative Spectral Response at 192° K and
77°K for  Detector  No. R C 4 - 2 B

Curren t -Vol tage  Character is t ics

Figure 5-26 shows representative cur ren t -vol tage  curves for two

nom inal 2 X 2 mm 2 detectors at temperatures of 77° and 192°K. The R 0 and •

R 0A~ values for  these detectors  were listed in Table 5-8 . The reverse  bias

curves are seen to be somewhat bet ter  for  detector  No . RC4-4E-R  than for

No . RC4-4E-L.  The short-circuit photocurrent for  these detectors  is quite

small, on the order  of 30 na and cannot be distinguished with the current

scale used here.  Both of these detectors  showed somewhat higher  ser ies

res is tance than might be expected. RC4-4E-R  was 50 ohms and R C 4 - 4 E - L

was 68 ohm s. The ser ies  resis tance is about the same at 77° and 192°K.

According to the de tec to r -p reampli f ier  analysis presented in Section 2, such

a h ig h ser ies  res is tance could cause som e reduction in detect ivi ty  at frequen-

cies  in the ~vff~z range. The cause of the high s e r i e s  res is tance is thought to

5- 39
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Figure  5-26 . Cur ren t  versus  Voltage Curve s for Two Nominal 3
2 X 2 mm2 PV HgCdTe Detectors for 2. 06 p.m
Ope ration

be at the contacts to e ither the p- or n-type side of the junct ion rather than

in the diode itself . Development of better metallization technique s should

eliminate this  problem.

Response Times

The response time of 2. 06-p .m detectors  was measured utilizing the

GaAs laser  diode pulse method previously described . Measured response

times for  nominal 2 ) 2 mm 2 detec tors  were in the range 200 to 400 nsec and

appeared to be lim ited by junction capacitance. 3

One detector, No. R C 4- SJ - R , showed much longer response t imes in

the vicinity of 1, 000 nsec which did not cor re la te  with junction capac itance .

The measured response time of th is  detector  also showed a large variat i on

depending on w h e r e  the spot of l aser  light s t ruck the de tec tor  surface.  No

explanation for  this  behavior was discovered.  Sinc e t h i s  was only observed

5-40
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on one detector, it was assumed to be an anomaly and was d ismissed  from

fur ther  considerat ion.

Measurements of response time were found to decrease with reverse

bias as expected from a reduction of junction capacitance. Figure 5-27 shows

data taken on detector  No . R C 4 - 4 E - R  at two temperatures, 77° and 192°K .

500 I
DETECTOR NO. RC4-4E-R

400 ————19 2 ’ K
77°K

U 
~°° MEASURED

RESPONSE TIMES

100

~\CALCULATED RC
TIMES 150-ohm LOAD)

0 I I I I
0 .2 .4 .6 .8 LO 1.2 L4 1.6 L8 2.0

REVERSE BIAS (volts)

Fi gure 5-27 . Measured and Calculated Response T ime s
versus Reve r se  Bias Voltage for  a 2 . 06-p.m
PV HgCdT e Detector

The response times are only slightly d i f ferent  for  t h e s e  two temperatures  and

decrease  from about 350 nsec at zero bias to about 140 nsec at 1. 6 volts re-

verse bias . Also shown in this f igure  are calculated RC times based on

measured capacitance data for  this detector  and a 50-ohm termination at the

scope input. The calculated RC times are seen to be roughly a fac tor  of two

lowe r than the measured respons e times just  as in the case of the 3. 85-p.m

detectors  discussed previously.

(
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Sensitivity Profiles

The sensitivity profiles of nominal 2 )< 2 mm2 2. 06-p.m detectors were

generally found to be quite uniform. Figure 5-28 shows represen ta t ive  data

for  detector  No. RC4-ZB at 77°K. The worst variations are seen to be no

grea te r  than ±6%. The large dip on the rig ht-hand side is due to obscura t ion

by the top electrode .

= :~::TAPPROX IMATE ~J~L ~SPOT SIZE

lHnch

Figure 5-28. Fine Spot Sensitivity Profiles for a
2 X 2 mm2 2 . 06 -p.m PV HgCdTe
Detector (No. R C 4 - 2B )
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Secti~~ 6

A S S E M B L Y  OF Q U A D R A N T  A R R A Y S

DETECTOR ASSEMBLY

The large area (5X 5 mm 2) detectors for 3. 85 p .m were assembled int o

quadran t  a r rays .  The de tec tors  fo r  2 . 06 ~im were not assembled into quad-

rant  a r ray s, but were  del ivered as s ing le e lements .  Howeve r , the t echn iques

• developed for the 3. 85-p.m quadrant  a r r a y s  are also app l icable  to the  2 . 06-p .m

material and it is  believed that , should the need ar ise , la rge  area  2. 06-p .m

quadrants can also be mad e.

After pretesting of the individual 5 X 5 mm2 elements, four are chosen

for assembly into a quadrant array as shown in  Figure 6-1 . The four ind i-

vidual elements, each on its own substrate, a re  butted tog ether and cemented

~~ :(.rW~’~$
~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~
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F i g u r e  6 - 1.  Photograph of 3. 85-p .m Large  Area  Quadran t
Array  Assembled f rom Four SX 5 mm 2 Elements
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down to another substrate. In the case of quadrant  a r r ays  de l ivered  in  g lass

dewars , thi s other substrate was the metal end of the  dewar  i n n e r  cold fi nger .

There  is  inevitably some dead space b etween the fou r element s of the a rray .

In the present design, this amounts to 0. 7 mm.

Figure 6-2 shows a drawi ng of the glass dewar, which was used to

house the quadrant  detectors .  The dewar  is permanentl y evacuated and

sealed off. A get ter  is  used to main ta in  hig h vacuum over long per iod s of

t ime. The dewar has a sapp hi re  window to ad mit the i n f ra r e d  r ad i a t i on  to

the detector array.  Cooling of the detector  to approximately 80 ~K is ob-

ta ined by a Joule-Thomson expanding gas cryostat  which  opera tes  on hig h-

pres sure nitrogen gas. The glass dewar is protected from breakage by an

aluminum metal housing. The housing is mad e in two sections which screw

t oge the r  and clamp onto the dewar flang e to retai n it. A foam mater ia l  i s

placed between the g lass dewar wall and the metal housing for  c u s h i o n i n g

ag ainst shock and for thermal insul ation. For thi s exploratory development

model, the foam material is removable, and the g lass vacuum dewar  can be

SAPPHIRE
WIN DOW •• 

PEDESTA L

N

- 
1 GLASS

A WM INUM •__._I- VACUUM
HOUSING DENAR

J-T CRYOSTA T ~~~I-1I2 ~~~~

END COVER

n
l N. HOUS ING

Figur e 6-2. Large Area PV HgCdTe Detector Dewai Assembly
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easi l y removed from the metal h o u s i n g .  In a p roduc t ion  model , the  foam

wou ld fo rm a p e r m a n e n t  seal and the glass  vacuum dewar  would not he r e -

movable. The housing se rves  the add i t iona l  f u n c t i o n  of providing electro-

static shielding for the de tec tor  a r r a y .  An end cover  to the  metal h o u s i n g

p rov ides  protect i on ~or the  e l ec t r i ca l  connec t ions  to the g lass  vacuum dewar

and also se rves to p r e v e n t  the  J - T  c ryos ta t  f r o m  sli pp ing out of the  dewar .

T his  cover is held in  p lace by f o u r  socket head sc rews .

Fi gu re  6-3  show s an exp loded view of the detec tor  assembl y. Fi g u r e

6-4  shows an assembled view wi th  the  f o u r  cables  at tached which  lead to the

p r e a m pli f i e r .

P R E A M P L I F I E R

A f o u r - c h a n n e l  p reamp l i f i e r  was  f a b r i c a t e d  us ing  a prove n l o w - n o i s e

c i rc uit  des i gn ( Model A23 1 ), which  had been previously developed by S B R C

f o r u s e  wi t h photovol ta ic  type i n f r a r e d  de tec tors. The bas ic desi gn , shown

i n  F i g u r e  6-5 , consists of a c u r r e n t - m o d e  preampli f i e r  stage fol lowed by a

voltage-mode post-amp lifier.

The voltag e gain of the c u r r e n t - m o d e  stage is essent ia l ly u n i ty; t he

g a i n  of the vol tage-mode stage is 10 when  the  output is t e rmina ted  in  a

50-ohm load , or 20 if un t e rmina t ed .  The output s ignal  is nega t ive -go ing ;

that  is , a rad ia t ion  pulse hi t t ing the PV HgCdTe detec tor  produces  a nega-

t ive output vol tage pulse f rom the ampli f ier . The output saturates  at about

- 0 . 4  volt when  te rmina ted  in to  50 ohm s or at -1 volt if un terminated .  Four

i n d e p e n d e n t, iden ti cal ampl i f i e r  channel s a re  provided; one for  each quad-

rant of the detector array.

The power requi rements  to operate  the amp l i f ier  (all four  c h a n n e l s )
S a re  ÷ 15 volts at 190 ma. Bui l t - in  voltag e sources  provide  a suitable r e v e r s e

bias  on each dete ct or of th e qu a d r a nt ar r ay t o opt i mi ze i t s speed of r e sp o n s e

and detec t iv i t y. This  r eve r se  bias is  fixed by inse r t ion of a sui table r e s i s t o r

in a voltag e dividing network and is not easily changed in the field . r

I
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Fi g u r e  6-3 . Exp loded View Showi ng  t h e  V a r i o u s P a r t s  of t he
Detec tor  A s s e m b ly fo r  t he  3. 85-p .m Q u a d r a n t
A r r a y  
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Fi g u r e  6-4. A s s e m b l e d  View of L a r g e  Area  PV Hg CdTe
De tector  Assemb l y for  3. 85 p .m
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t i g u r e  6-5 .  Block D i a g r a m  of PV HgCdTe  D e t e c t o r - P r e a mpl i f ier  Ci r c u i t

Table 6-1 s u m m a r i z e s  the  amp l i f i e r  cha rac t e r i s t i c s ;  Fi gure  6 -6  show s

a ph o t o g r a p h of the ampl i f i e r  w i t h  the PV HgCdTe  de tec tor  quad ran t  a r r a y

connec ted to it.

Table 6- 1 . Spec i f i ca t i ons  for  PV HgCdTe Preampl i f i e r , M odel A 2 .3 1-4

FEEDBACK RESISTANCE: RI 1.0 kohm
POST-AMP L IFIER VOLTAGE GAIN: Av~ 10 INTO A 50-ohm LOA D.

20 UNTERMINATED
MAXIMUM OUTPUT vo - 0 4  volt PEAK INTO A 50-ohm LOAD

-1.0 volt PEA K UNTERMINATED

OUTPUT IMPEDANC E Zo 513 ohms

BANDW I Dfll:
UPPER 3db  FREQLENCY: 2.3 MHz WITH 3500 p1 OF INPUT SHUNT

CAPACITANCE

LOWER 3-db FREQUENCY: I; 35T Hz
RISE T IME: t r � 150 nsec WITH 3500 p1 OF INPUT SHUNT

CAPACITANCE

Os. OFFSET VOLTAGE : V � .2 my
SHORTED INPUT NOISE: V0 z0 . 8 nvlH z~ AT 10 kHz

POW ER REQUIREMENTS: +15 volts dc AT 190 ma
DETECTOR BIAS VOLTAGE: PRESET TO TEST SPECIFICATIONS FOR EACH

DETECTOR CHANNEL
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Section 7

F I N A L  T E S T  D A T A

Two comp lete quadrant ar ray s of 5 X 5-mm2 element s fo r  3. 85-p.m

detect ion were assembled, tested, arid delivered under this  program. In

&ddit ion, six s ingle-element  de tec tors  were  del ivered. These sing le elements

were either 5 X 5 mm 2 or 2 X 2 mm 2 ; four  were designed for  3 . 85-p .m opera-

t ion and two for  2 . O6-p .m op era t ion . In this section, the f inal  t e st  data on

these detectors  is r eported .

QD NO. 1

The f i r s t  3. SS-p.m quadrant a r r ay  assembled was labeled QD-l . Test

data taken on this quadrant array included 500°I< blackbody responsivity,

relat ive spectral response,  noise versus  f requency,  cur ren t  versus voltage,

capacitance, and pulse response to radiation from a GaAs laser  diode (0 . 9-p .m

radiation).  From this  basic test data , the relevant detector  param eters  are

obtained either di rect ly  or a f te r  suitable calculations.

Table 7-1  summarizes  the important de tec tor  parameters. Only two of

the four  channels were operat ing at the time of the final test . For this reason

the table l i s t s  both preassembly and pos t -assembly data . Channel 1 fai led

during pump and bake-out  of the glass vacuum dewar . It was partially shorted

internally and onl y a small portion of the total diode area was responsive to

s ignal radiation. It did show diode I -V  cha rac t e r i s t i c s  and some blackbod y

responsivi ty.  Channel 2 was originally working,  but developed an open cir-

cuit a f te r  a number of tempe rature cycles between 77°K and 300°K . This

problem is probably correctable, but would requi re  opening of the g lass

d~ war package. Channels I and 2 are  operat ing as expected.

The responsivity and de tec t iv i ty  value s at high frequency were obtained

$ ind i rec t ly in the following way. A conventional chopped blackbod y signal was

used to obtain a value for  respons iv i ty  at some low frequency,  for  example,

2 kHz. The blackbody respons iv i ty  was then converted to peak respons ivity

7~~l
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Table 7- 1 . Measured Test  Data on PV HgCdTe Large

Area Quadrant Array  No . QD-l

PREASSEMBLY TEST POST-ASSEMBLY TEST
CHANNEL NUMBER 1 2 3 4 1 2 3 4

Qs tA~ 21011) 1cm Hz1lwatt) 2.1 IC 1011 2.3 IC 1O~ 2.2 IC iOu 2.4 x 1011 0.6 IC i0~ 3.5 IC iO~ 2.8 IC 1011 3.2 IC 1011

D’ tA p. LMHiJ (cm Hz~/waCt) - . . - . . 40 IC 1010 6.1 IC l0~
R~ lA p. 2kHz) lvoltslwittl 2.2 IC iO~ 2.8 X iO~ 2.4 IC io~ 2.7 IC io~ - 1.6 IC ~~ 2.1 IC 10~
Rv lA p. 1MHZ) IYOftS!W~ t) — . . . - - 1.4 IC io~ Li IC 1O~
~ Insec t 450 <100 100 100 100 110 100

C0 tpI) >11. 000 44W 5.750 3.927 2.735 4. 434 4 611 3.383

I~~ ~~ 
43 40 35 40 3 33 41

R0 ohms) 2.8 IC io~ 2. 4 IC ~~ 2.2 x 1o~ 1.7 x iOu 1.9 x io~ &3 IC 3.5 x 1.0 x
R0A 1 ohm cm2) 8.1 IC 102 i. s IC iOu 6.9 X 102 5.3 IC 5. 9 IC iOu 1.3 IC ~~ LI IC IO~ 3. 1 x

‘p at A~) 0.74 0.90 0.78 0.90 . 0.37 C. 64 0.79
3.9 3.8 3.6 3.8 - -

A 1 0.312 cm2

R~ . 1 K ohm
I •77 to 80 K

• us ing the detector ’ s relative spectral response curve and the usual in tegra t ion

procedure.  After measurement of the de tec tor ’ s response time r with the

GaAs laser pulse , the h igh - f r equency  responsivi ty  at any point f was then

calculated from the formula

R~~(X , 2kHz)
R ( A  f l =  p 

- !v p’ L I  + (2~ f) 2 r ZJ a

The 2-kJ-Iz responsivity is at a low enough frequency so that it is essent ially

the dc or zero  frequency value. The use of this expression presumes that

the detector has a simple exponent ial response time. Since exponential decay

curve s were observed with the GaAs laser pulse it is believed that this  pro-

cedure yield s valid responsivi ty  data in the hig h- f requency  range.

The noise at h ig h f requencies  was measured direct l y us ing  a wave

analyzer  which measures  to 18 ~vfH z (Hewlet t -Packard Model 3 12A) . With

this noise data and the calculated responsivi ty values , the detectivity could

then be calculated at any f requency.  A plot of D *(X~~) ve r sus  f requency

gene rated in th i s  way is shown in F igu re  7- 1 . The drop off in D*(X~~)

j
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I
at low frequenc ies is caused by 1/ f  noise in the preampl i f ie r . The drop off

at hig h f requencies  is caused by both loss of respon sivity and an increa se of
noise which is character is t ic  of current-mod e amp l i f i e r s . As descr ibed  in

Section 2, these fac tors  are primarily c ontrolled by the detector  capac itance .
Fi gures  7-2  through 7-7  show additional final tes t  data on QD-l , including

responsivity and noise versus frequency, relative spectral response, and

current-vol tage curves.
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QD NO. 2

The second 3. 85-~j m quadrant a r r ay  assembled was labeled QD No . 2 .

This  a r r ay  was tes ted in the same manner as the f i r s t  quadrant a r ray .

Table 7 - 2  summarizes  the important detector tes t  parameters. F igu re s  7-8

th rough 7- 17  show additional final test  data including det ec t iv i ty,  r espons iv i ty

and noise ve r sus  frequency,  relative spectral  response, c u r r e n t - v o l t a g e

curves  and spot scan uniformity profi les .

Table 7 -2 . Measured Test  Data on PV HgCdTe Large
Area Quadrant Array  No . QD-2

CHANNEL ?SIUM8ER 1 2 3 4

0 lA p. 2kHzI (cm Hz~ Iwatt l 8.9 X 1010 7.2 X 1010 9.0 X 10~ 10.1 X 10~
D (A n. 1MHzI (cm Hz~!w att ) 5.8 X 1010 4.5 X 1010 5.9 X 1010 7.9 X
R~ lA p. 2kHzI (voIt~/ watt) 3.7 X 10~ 2.9 )( 103 4.0 x ~~ 3.1 x

Rv IA~. 1MHzI (vo lts/watt l 2.4 X IO~ 1.8 X 2.6 X io~ 2.9 X
1 I~tS~CI 190 2~) 180 130

~~ (I~a 54 41 70 41
R0 Iohmsl 3.2 X 2.3 X IO~ 9.5 X io2 2.1 x

soh m cm2 
~~.9 ~ 1~ 7.2 X 3.0 X 6.6 X 102

A ,~ ~imI 4.0 4.1 4.1 3.8

Ad - 0.284
A 1 . 0.312 cm2

Rf .1K ohm
T .8O°K

I

$ I
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SINGLE ELEMENT DETECTORS

The six sing le-e lement  de tec to r s  were  delivered as separate items along

with a metal LN 2 dewar for  t es t ing  them. These elements  were  mounted on

metal d isks  which are easi ly installed or removed f r o m  the dewa r . Alter

installation of a de tec tor , the dewar can be evacuated b y at taching to a

vacuum pump station capable of pumi~ing to l ess  than 1O ~~ to r r . A valve on

the dewar is then closed off and the dewar  will main ta in  vacuum fo r  severa l

weeks of operat ion b e f o r e  it needs repumping.

Table 7-3 lists the serial numbers of these six detectors , the ir nomLnal

peak waveleng ths and the ir areas .

Table 7-3 . Serial Numbers of Single Element Detectors

SER IAL NO. WAVELENGTH AREA
2-132 25 3.85 urn 5 x 5 mm2

2-132-20 3.85 urn 5 X 5 mm2

2-132-10-1 3.85 urn 2 X 2 mm2

2-132-10-2 3.85 urn 2 x 2 mm2

RC4-2K-1 2.06 urn 2 (C 2 mm2

RC4-2K-R 2. 06 urn 2 (C 2 mm2

The following pages give the test  data acquired on these de t ec to r s .

There  is a ‘tDetector  Test  R e p o r t t t  page fo r  each detec tor . Following each of

these pages are other graphs showing add itional test  data such as spectral

response, current-voltage curves, or spo t scan p rof ile s. In the case of the

2. O6-~im detectors, data is given for operating temperatures of both 77° and

1 92°K.
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Santa Barbara Research Center
75 Coromar Drive

• Goleta , Ca lifornia 93017
( 805) 968-3511

D E T E C T O R  T E S T  R E P O R T

Detector Serial Number 2— 132—25 Test Date 5 LS/77

DE TEC TOR CONSTR U CTION

Type PV HgCdTe Dewar Style 40742 S. N. 3643

Sensitive Area 0.284 cm2 Filter None

Confi guration nom . 5 x S om2 Window: Material Sapphire

Field of View 11 Deg Window: AR Coating Pk i~rn

FOV Aperture: Size -— Element to window
distance 15/16 inch

Distance from cell

TEST RESU L TS CONDITIONS OF MEASUREMENT

~ (X v ) 2. 8 amp/ watt 
- 

Frequency - 1800 Hertz

NEP (Xv) 2 . 0  x 10_ 12 wa tt /Hz ~ Bandwidth 6 Hertz

DC (Xv) 1.3 x 10’~ cm Hz 2 / w  BB Flux Density 10 ~w/ c m 2
I

D~ (BE ) 1.9 X lO~ cm Hz 2/w BE Temperature 500 Deg K
Resistance 210 ohm s Detector Temp. 77 Deg K

Signal 5.2  rn volt Feedback Resis tor __________ ohms

Noise 0.24 
~& volt Bias Voltage 0 volt.

not measured ,
Time Constant approx. 0.1 1j. sec (5)

4.1 ~~~~(4)

Blackbo dy to Peak
Conversion Factor 13.6

Q ant um Efficiency (at X~~) 85%
I

NOTES:
1. For all correspondence relative to this detector , please refer to SBR C W / A  B214

2. Cus tomer U .S. At~y Electronics Co~~ and, Ft. Monmouth

3. Customer ’s P. 0. No. Coat. No. DAABO7—76—C —0803

4. The BB to peak conversion factor listed is based on the relative spectral response
measurements inth~dsd with this data sheet.

5. Measure d with SBRC Model A23 1 preamp lif ier which has a 1 -kohrn feedback resistor .

I



—
~~
- SW- — 

~~ ~~~ 
. - - 5- 5 - . - -5 5 - - .

bET. ,J o. 2 -l~~2.-2 S  r .  7’7~~~I

~~ ~ L
~~~~~~

.- -
I ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~

1

, 

_ _ _ 
_ _

____ 
_ _  

_ - 

- 

_ _~~~~~~~~~ ~~~~~~~~~~~~~~~~~ T . ~~~~~~~~~._ i~~~~~~~~~~~~ii~~~~. 

~~~~~~~~~- -  - -  t-— —- - —- - _- -  ~~ - - - - - -~- --~~~~--— -~~~ 4 —

L~iH~~: TiT~:~ ~~~. :~~:: ~~ 
——

~~ i—J~
-’---

_ _ _ _ _  

:~~:: ,~::: ~~L = ~~~~~~~~~~~
_

~~~~ ~~~~
‘

_ _ _  

T

~~~~~~
j  

_

_ _ _ _ _ _  

- --V
SIS

~

SISS—

~

_.S-

~ 

-

________- Z~~~~ ____ 
— 

—
~~~~ 

; ~H _ _  

+

-S.-- ._
~

S - -  — 1~ ~
—

~
- - -  —

5-
~ t ~~~~~ 

±-- 
~~

- -r 
~1 + -4--i- -1-

—5---.- - 
~~~~~~~~~~ ~ -~~~- 

- ~1- ~~ I

~~~~~~~~~~~~~~~~~~~~~~~~ _
~ :~ ‘ 1 I  ~~~~~~ ~~

-
~~

--
, 

r

-

,

7-24

-~~~~~~~~~~~~ 

~~~~~~~~~~~
—

~~ ,-* ‘
— ~~~~~~~~~~~~ ~~~~~~~~~~~~~~7 ~~ ,.. ~~ -~ -.. - ~~7- _

-I ~~~~~~



~~~~~ SW — -

p

_ _ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _ _ _  

0 
_ _ _ _ _ _ _  ___I - - — - _ _  

I - - -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~
- _—,-i- - - 1 1  

____  
- - -.-4---.-- —.-- -.- -

• 
-j—----- - 

-

-
- - —P-- - . :  - - -

_ _ _ _  - - 
- - 

— 
~~~~~~~~~~ ~~~~~ I - :  

_ _  _ _

_____________ 
t i—r- --’- -.--

~
--.— 

______ - - - 1 5
I -f-— -~~ ~IS~~ _IS-5 - _____ ~~~~~~ S.—.-—

_ _ _ _  ~~~~~ _ _  _ _  _ _

_ _ _ _ _  ~~~~ _ _  

- H ~~~ ~~~~~~~~~~~ ~~~~~~~~~
: -  

~~
_ _ _ _ _ _ _  

— - -~-i± -,-~-ç- r- —-’-4- j~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
H

_ _  _ _  

~~~~~~~ ±~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

\ I

~~~~~~~~~~~~~~ 

_ _  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- - - 
_ __  _ _ _ _ _ _  ~~~~~~

-- -  0

_ _ _  _ _ _  - 
- - 

- it:~. ~ ~~~~ ~~~~~~~~ o

___  ___  

___  
~~~~~ ~ç 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~
_ _  _ _  

I I 
~~~~~~~~~~~~

_ __ _

L~~ 
_ _  _ _  _ _  _ _  _ _

H 
_ _  _ _  _ _  _ _  

_ _

- 
-

- - . -i~± ~~ 
_ _  

-

~~~~~ —
______ - - - 

~~~~
—

~~
- 
~ - r—r ~~~ 

-
~~ hIk t — -

_ _ _ _ _  _ _ _  
- 

_ _ _  _ _ _

~~~~~~~~~~~ ~ _ _

- - - -
~
--

~-+ — 
~
- -

~~~~ 
-H--i- .\-t-...-~ -

~---r-~--r - —
- _. L —.--- —ii-— —j-,- —

_ _ _ _  

-

- = 
~~~~~~~~~~~~~ ~~~ 

~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ 1
_ _ _  

- 
-

— : __ 
- - - ~~~~~.- ~~ L _ .-L4~ 43~.. ...4.~_______ —IS---- —

~
- -

~
--

~
— 

- I  
_ _St.~

-._:.
~c _ _ _ _ _ _- l-

~~~~~~ 1- - ‘- -—- —~——~~~- —-  —
~— ‘r  —5-—

I _ _ _ _ _ _  - - I - -4--—- —r -

_ __ __  _  _  _  _  

‘ I

_ _ _ _ _ _ _  _ _ _ _ _  ___  

— 
- 

_ __  
_
F

_ 
___S I— - ________________ - - - - 

- 
L1J- _ - 

- - -~~~~ -~~ -Li, t 
_ _ _ _ _ _ _  _ _ _  

—.  
_ _ _  

- 
- 

—
- - —

~
--

~ 
- -

~ L— - :- I _ _  

I 
_ _ _ _ _  

I
_ _

_ _ _ _ _ _  

-

~~~~~~~~~~

- HI H 
_ _ _ _ _ _  _ _ _

7-2 5

____  - —-_______  - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ IS 
-
~~~~~~



— -~~~ SW ~~~~~~~~~~~~~~~~~ 

S 5- 5 . — -S.- - - ~ ~ S ~ -

~Hi~~
: :~ ~ ~ ~~ 

-
~~~~~~~ ~~ ~! ~~~~~~~ ~ II ~~~ -.~~~~~~~~ 

- 
~~~~~~~~~~~~~ ~~~~ I ~ 4 ~~~~! ~ I~

~ii~-I!-I ~~! I 1: ~~~~~~~~~~~~~~~~~ 
I 4~ 

E-~ 
5-

.-

~~~~~~~~~~ ~
E1
~
:
~
4EH

~
ttiiI 

-

~ 

H—

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~-:~ -r ~:: ~~ ~~~~
-.

~~~~~~~~~~~~~~~~~~~~~~ T~~~~~~~~~~~~~~~~~~
--. 

~ 4:~:_ ~~~
5-
~

1::: . ~~. ~=-:: ~~z 5L f :~~ ::.. :: :t- r~~~~~~~~~~:. — ‘—-—-
~
-_:~~~~~~~: . ;:- .: ~~~~ ::‘:-::1::: :: :,~~::~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ___-:-;_:-.- ~~~~ 

—5
—.—.— 

—=~:t:-:- - _ ~ ~ ~~r~~~: ~~ : 1:

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~
• _ _

~~
_
~~

_
~~~~i

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ r-
~~~ :~::::: ~~~~::.:: ~~~~~~~ ri~~ ~~~~~~~~ 

~~~~~ _SSS__S S ~
_ p— ~ -

:~~~~~~~~fX i ~~~~~~~ 
—

4 -

_ _ _  
1~~ -j :~ 

I i  ~ ~ 

-

~~~~
=

~~~~~
-+ 

-. 

5-

- S ~ :. -
~ : t 

- 
S ~ ~ ~~~~ 4:: :j :::::_ ~ :.:::::::

~ ~~~ I H I -
~::N~--;~ 

1::1

~~~~~~~~~~~ - . _~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ; 

I

: 

_ _ _  
_

p.. -: 
~~~~~~~~~~ 

--S I j 

I ~ 

~~~~~ _ _ _

:::: ~~~~~. .  :: ~~~~~~~~~~~~~~~ ~~~~~~~ 
.: ~ ~ :~~ ~~~~~~ ~~ ~ 

- 

~~~~~~~ :~ . : -~~~
-- - 

~~~~~

~~~~~~~~~~~~~~~ L- r ~ 
: ~ ~ ~~~~~~~~~~~~~~~~ 

- 

IS. 

-S•

~

~~~~ rn~4j. 19.~~ ‘— 
-::~~ :±~L . ~~ - :.: ~~ - :1 :~~:i:: ;~~::~ :: :;J::;: : 5

5 

~~~ 

S

~~~~~~~~~~~~~~~~~ ~

— 

~ 

‘L~  
S 4 ~~ 

~~ ~

.IS

t
_

5- — - -5- I H : :~ ~..- — 

I 
:~~ ~~~~~ 

t

:: j :~~~ 5-— I
_ _ _ _  ~ -

~~~ 
—

~~~~~~~~
-. - tu

~~~ 
~~~~~~~~~~~~~~~~~~~~~ ~ 

~~~~~ ~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ 

‘I)

::: :
~~ 1~ - ~~~~~~~~~~~~~~~~~~~ 

- - -
~-- ~~~ ~~~~~~~~~~ - - ~~~~~~~ ~~~~~~~~~~~~~~~~ -E:~~~~i~ .

~~~~~~~~ 
~cIi~~~~~:U~~~~~~~i~Li~ ~~~ 

~~~~E~~~~~~1 ~~~~~~~
-

~~~

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

.

7-26

—IS’. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~

S ~
:‘-‘ — -‘ 

—



--~~~ w- -.--

I
Santa Barbara Research Center

75 Corornar Drive
p Goleta , California 930 17

(805) 968-3511

D E T E C T O R  T E S T  R E P O R T

Detector Serial Number 2— 132— 2 0 Test Date 4 /21/77

DETECTOR CONSTRUCTION

Type PV HgCdTe 
Dewar Style None S. N. -—

Sensitive Area 0.284 cm 2 Filter _____________________________

C onfi guratiçn non . 5 x 5 inn 2 Window: Material ——
Field of View -- Deg Window: AR Coating Pk -- u.m
FOV Aperture: Size -- Element to window

distance --
Distance from cell

TEST RESULTS CONDITIPNS OF MEASUREMENT

~ (A p) - 2 .2  amp/watt Fre quency - 
THOO Hertz

NEP ()t.p ) 
~~~~ 

X 10 ’s watt/Hz 2 Bandwidth 6 Hertz

DC (A9) 6 .7 x  10~~ cm Hz 2/ w  SB Flux Density 10 u,w/cm 2

DC (BB)  3.8 X 10’ cm Hz 2 / w  SB Temperature 500 Deg K

Resistance 173 ohms Detector Temp. 77 Deg K

Signa l 0.7 ‘ volt Feedback Resistor  2 x ohms

Noise 0.085 ~ vol t Bias Voltage 0 volts
not mea sured ,

Time Constant approx. 0 .1 ~ sec (5 )

A 3 .8  ~~~~~~4)

• Blackbod y to Peak
Conver sion Factor 17.6
Quantum Efficiency (at X 9) 54%

NOTES:

1. For all corr espondence relative to this detector , p lease refe r to SSRC W / A  8214

2. Customer U .S. Army Electronics Coomand, Ft. Monmouth

3. Customer ’s P. 0. No. Contract No. DAABO 7—76—C—0803

4. The BE to peak conversion (actor listed is based on the relative spectral response
measurements included with this data sheet .

5. Mea surea with SBRC Model A23 1 pream pl i f i e r  which has a 1 -kohrri feedback res i s to r .
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Santa Barbara Research Center

75 Coromar Drive
Goleta , California 93017

(805) 968-3511

D E T E C T O R  T E S T  R E P O R T

Detector Serial Number 2 132—10 ]. Test Date 10/19 /76

DETECTOR CONS TRU C TION

Type — 
PV RgCdTe Dewar Style none s. N. —

Sensitive Area 0.054 cm2 Filter —

C onfiguration zion. 2 x 2 inn2 Window: Material 
__________________

Field of View -- Window: AR Coating Pk — u.m

F OY Aperture: Size — Element to window
diatan e 

____________________________Distance from cell

TEST RESULTS CONDITIPNS OF MEASUREMENT

~ (Xv) 
2.8 amp/watt Frequency 1800 Hertz

NEP (X p ) 5.8 x i0~~~ watt/Hz 2 Bandwidth 6 Hertz

DC 
(A9) 

4.0 x lO~~ cm Hz~ /w SB Flux Density 10 ~w/cm 2

DC (BE) 2.4 x 1010 
cm Hz~ /w BB Temperature 500 Deg K

Resistance 6.7 x 10~’ ohms Detector Temp. 77 Deg K

Signal 17.8 m~volt Feedback Resis tor 2 X ~~~~~ ohm s

Nois e 0.80 
~ volt Bias Voltage 0 volts

Time Constant 0.05 
— ~ sec (5)

3.8 
~&m (4)

Blackbody to Peak -
Conversion V~actor 16.9

Quantum Efficiency (at A9) 91%

NOTES:

1. For all correspondence relative to thi s detector , please refer to SBR C W/ A 3214

2. Cus tomer U .S. Army Electronics Command, Ft. Moninouth

3. Customer ’ s P. 0. No. Contract No. DA BO7—76 C-0803

4. The SB to peak conversion factor listed is bas ed on the re lative spectral response
measurement s i ncluded with this data sheet.

5. Measured with SBRC Model A23 1 pream plifie r which has a I -kohm feedback resis tor .
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SW 
-

Santa Barbara Research Center
75 Coromar Drive

Goleta , Ca lifornia 9 3 0 1 7
(805) 968-3511

D E T E C T O R  T E S T  R E P O R T

Detector Serial Number 2—132 10—2 Test Date 10/19/76

DETECTOR CONSTRUCTION

Type PV RgCdTe Dewar Style None S. N. ——
Sensitive Area 0.054 cm2 Filter ——
C onfiguration non . 2 x 2 ann2 Window: Material -—

Field of View -- Deg Window: AR Coating Pk --
FOV Aperture: Size -— Element to window

distance -—

Distance from cell

TEST RESU LTS CONDITI.ONS OF MEASUREMENT

~ (A9) 3.0 amp/watt Frequency 
- 

1800 Hertz
NEP (A9) 8 .3  x ~~~— 1 3  

watt/H z 2 Bandwidth 6 H e r tz
DC 

(A9) 
2.8 ~ 10

11
_ cm Hz2/w BB Flux Density 10 ~w/cm 2

DC- (BE) cm Hz2/w BE Temperature 500 Deg K

Resistance 4.3 x 10’ ohms Detector Temp. 
____________ Deg K

Signal 20 ; volt Feedback Resistor 2 X 10~ ohms
Noise 0.60 

~ volt Bias Voltage 0 volta

Time Constant 0.05 
~ sec (5)

4.0

Blackbod y to Peak
Conversion Fac tor 16.0

Quantum Efficiency (at A9) 92%r
NOTES:

1. For all correspondence relative to this detector , please refer to SBR C W / A  3214

2. Customer U .S. Army Electronics Command; Ft. Monmouth

3. Customer ’ s P. 0. No. Contract No. DAAEO 7—76—C—0 803
4. The SB to peak conversion factor listed is based on the relative spectral response

measur ements included with this data sheet.
5. Measured wi th SBRC Model A2 3 1 prearn pli .fier which has a 1.kohm feedback res i s tor .
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--~~~~ - SW

Santa Barbara Research Center
75 Coromar Drive

Goleta , California 93017
(805) 968—3511

D E T E C T O R  T E S T  R E P O R T

Detector Serial Number RC4—2 1(—L Test Date - 4 / 25 / 77

DETECTOR CONSTRUCTION

Type PV HgCdTe Dewar Style — S. N. 
—

Sensitive Area 0.054 cm2 Filter —

Configurati on
__

non. 2 x 2 ann 2 
Window: Material —

Field of View — Deg Window: AR Coating Pk — ~rn

FOV Aperture: Size — Element to window
distance 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _Distance from cell

TEST R ESULTS CONDIT IONS OF MEASUR E MENT

~ (Ap) 0.82 amp/watt Frequency 1800 Hertz

NEP (A9) 8 .6  x i0~~~ watt /Hz 1 Bandwidth 6 Hertz
DC (A9) 2.7 x 1011 

cm HZZ/w BE Flux Density 10 i&w/ cm 2

DC (BB) 3.9 10’ cm Hz1 /w BE Temperature 500 Deg K

Resi ita n ce 2 . 3  x 10’ ohms Detector Temp. 77 Deg K
Signal 645 ~ volt Feedback Res is tor  10’ ohms

Noise 1.75 pi volt Bias Voltage 0 volts 
S

Time Cdns tant 0.25 p& sec (5)

A 2 .2  
~m

(4)

Blackbod y to weak 
2

Conversion Factor 6.9 x 10

Quantum Efficiency (at A 9) 46%

NOTES:

1. For all correspondence relative to this detector , please refer to SBRC WIA 3214 .

2. Customer U.S .  Army Electronics Command , Ft. Monmouth , New Jersey

3. Customer ’ s P. 0. No. Contract No .DAABO 7— 76— C —0803

4. The SB to peak conversion factor listed is based on the relative spectral response r
measurement s included with this data sheet .

5. Measured with SBRC Model A2 3 1 preamp l i f ie r  which has a ~-ko hrn feedback res i s to r .
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Santa Barbara Research  Center
75 Coromar Drive

Goleta , California 93017
(805) 9 6 8 - 3 5 1 1

D E T E C T O R  T E S T  R E P O R T

Detector Serial Number RC4 2K L Test Date 4 /25 /77

DETECTOR CONSTRUCTION

Type PV HgCdTe Dewar Style — S. N. —

Sensitive Area 0.054 cm2 Filter ____________________________
Configuration non . 2 x 2 m 2 Window: Material 

_________________

Field of Ijew Deg Window: AR Coating Pk —

FOV Aperture: Size —— Element to window
distance —

Distance from cell

TEST RESU L TS CONDITIONS OF M E A S U R E M E N T  4 1

R (A p) 1.20 amp/watt Frequency 1800 Hertz

NE? (A9) 1.2 x 10 12 watt/Hz 2 Bandwidth 6 Her tz

D~ (A9) 1.9 X 1011 
cm HZ k / W BB Flux Density 10 

~L W / c r r -~

D* (SB)  2 . 1  x 10’ cm Hz 2 / w  SB Temperature 500 Deg K

Resistance 1.2 X 10’ ohms Detector Temp. 192 Deg K

Signal 36 pi volt Feedback R e s i s t o r  5 x l0~ ohms

Noise 0.185 pi volt Bias Voltage 0 volts

Time Cdh sta nt 0.28 
~
. sec ( S i

A 9 
2 .2  pan ( 4 /

Blackbody to Peak
Conversion Factor 9.0 x 102

Quantum Efficiency (at X~ ) 68%

NOTES:

1. For all correspondence relative to this detector , p lease refer to SBRC ~V I A  3214

2. Customer U . S .  Army Electronics Command , Ft .  Monmouth

3. Customer ’s p. 0. No. Contract No .DAASO 7— 76— C —0803
4. The BE to peak conversion factor l isted is based on the relative spectral response

measurement s incl uded with this data sheet.
5. Measu r ed with SBRC Model AZ31 Dreamp lilier whL ch has a 1 -kohrn feedback rest~~t O r .
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SW 
5-

Santa Barbara Research Center
75 Coromar Drive

Goleta , California 9 3 0 1 7
( 805) 968-3511

D E T E C T O R  T E S T  R E P O R T

Detector Serial Number RC4- 2K— R Test Date 4/25/ 77

DETECTOR CONSTRUCTION

Type PV HgCdTe Dewar Style _________S. N. --

Sensitive Area 0.054 cm2 Filter —

Conf iguration non. 2 x 2 mm 2 Window: Material 
_________________

Field of View — Deg Window: AR Coating Pk — ~.rn

FOV Aperture: Size 
_______________ 

Element to window
distance 

___________________________Distance from cell

TEST RESUL TS CONDITIONS OF MEASUREMENT

R (A9) 0.76 amp/watt Frequency 1800 Hertz

NE? (A9) 9 .8  x 10_ 13 watt/Hz Z Bandwidth 6 Hertz

DC (A9) 2.4 x 1011 cm Hz 2/w  SB Flux Density 10 
~J .w/cm 2

DC (BE) 3.4 x 10’ cm Hz1/w SB Temperature 500 Deg 1<
Resistance 2 . 4  x 10’ ohms Detector Temp. 77 Deg K

Signal 595 p~ volt Feedback Res is tor  10 ’ ohm s
Noise 1.85 p~ volt Bias Voltage 0 volts
Time Cd flsta nt 0 .27  p~ sec (5)

2 . 2  ~~~~~4)

Elackbod y to Peak -
Conver sion Factor 6 .9  X 10’

Quantum Efficiency (at A 9 ) 43%

NOTES:

I. For all cor respondence relative to this detector , please refer to SBRC W / A  3214 . ‘
-

2. Customer U.S. Army Electronics Command , Fort Monmouth , New Jersey

3. Customer ’s P. 0. No. Contract No. DAA3O7—76—C —0803

4. The BE to peak c onversion fac tor l iste d is based on the relative spectral response
measurements included with this data sheet. 

--

5 . Measured with SBRC Model A231 pream pl i f i e r  wht ch has a 1 -kohm feedback res~stor~
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Santa Barbara Research Center
75 Coromar Drive

Goleta , California 93017
(805) 968-35 11

D E T E C T O R  T E S T  R E P O R T

Detector Serial Number RC4 2K R Test Date 4/25/77

DETEC TOR CONSTRUCTION

Type PV HgCdT~ Dewar Style -- S. N. ——
Sensitive Area 0.054 cm2 Filter —

Conf iguration__
non. 2 x 2 mini Window: Material  —

Field of View -— Deg Window: AR Coating Pk —

FOV Aperture: Size — Element to window
distance ___________________________Distance from cell

TEST RESULTS CONDITIONS OF MEASUREMENT

~ (A 9) 1.18 amp/watt Frequency 1800 Hertz

N~~P (A9) 2 .7  :c 10_ 12 watt /Hz 2 Bandwidth 6 Hertz

DC (A9) 8.5 X 10’ cm Hz 2 / w  SB Flu.x Density 10 
~w/cm’1

DC (B E )  9 .4  x 10~ cm Hz 2 / w  BE Temperature 500 Deg K

Resistance 3 .6  x l0~ ohms Detector Temp . 192 Deg K

Signa.I 35.5 ~ volt Feedback Res i s to r  5 x 10’ ohms S

Noise 0 . 40 
~ volt Bias Voltage 0 volts

Time C~~ista nt 0. 30 ~ sec ( 5)

2.2 ~m ( 4 )  
F

Blackbody to Peak
Conver s : on  Factor 9.0 x 102

Quantum Elficiency (at A p ) 67%

NOTES :

1. For all correspondence relative to this detector , p lease refer  to SBRC W / A  8214

2. Customer U .S. Army Electronics Command, Ft. Monnouth, New Jersey

3. Customer ’ s P. 0. No. Contract No. DAAZO 7—76 — C—0 803

4. The BE to peak conversion factor listed is based on the relative spectral re spc tse
measurements included with this data sheet.

5. Measured  with SBRC Model A2 31 p reamplif i e r  which has a 1 --kohm feedback r e s i s t o r .
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Section 8

CONCLUSIONS AND RECOMMENDATIONS

C ONC LUSIONS

During the course of this program, a g rea te r  e f fo r t  was expended in the

development of the 3 . 85-p. m l a r g e - a r e a  d e t ec t o r s ;  t h e r e f o r e , the result s are

more  subs tant ia l  fo r  these devices  than for  the 2 . 06-i~.m d e t e c t o r s . However ,

the technique s developed for  3. 85-p .m de tec to r s  are also di r ec t l y app licable

to 2. O6-~~m d e t e c t o rs . It may be concluded that , given an appropr ia te  addi-

t ional e f fo r t , any result  achieved with the 3. 85-p .m de tec tors  could , t h e r e f o r e ,

be achieved with 2. O6-p. m de tec to r s . One qualification of th is  s tatement

should be made concern ing  c rys ta l  growth . The x 0. 43 mater ia l  required

f o r  2 . 06-p .m de t ec to r s  is undoubtedly more d i f f i cu l t  to p repa re  than the

x = 0. 32 mater ial,  required fo r  3 . 85-p .m de tec to r s . T h e r e f o r e , the yield and

per fec t ion  of x 0. 48 mater ial  will gene rally be expected to be in fe r io r  to

that of x = 0. 32 mate r ia l. Neve r the l e s s , the work done on this  p rogram has

indicated that the quality of x = 0. 48 mater ia l  is adequate to f a b ri c a t e  2 . 06-p .m

detec tors  up to 5 X 5 mm 2 in sensi t ive area .

The major c onclusions to be drawn from th is  program are l is ted below.
with those apply ing to 3. S5-~.i.m detectors given first .

3. 85-p.m Detectors

1) Three  crystal  growth methods were  evaluated fo r  the p repa ra t ion  of

x = 0. 32 mater ia l. These were zone me l t ing ,  s o l i d - s t a t e  r e c ry s t a l l i z a t i on,

and p res su re -con t ro l l ed  rec rys ta l l i za t ion.  It was found that the zone melt-

ing method produced the best quality material for large area detectors .

2 )  A junction fabr ica t ion  technique was s u c ce s s f u l l y developed for

n~ - p one-s ided step junct ions .  A lig htl y doped p - s i d e  was obtained b y diffu-

sion of Au into H g CdTe w a f e r s ;  the heavy n - s i d e  was formed by B + ion im-

plantation.

8- 1
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3) The ion-implantation technique was found to be well-suited to the

fo rma t ion  of la rge  area p-n  junct ions  because 1) good junction planarity is

maintained, 2)  the imp lanted ion concentra t ion is easil y controlled , 3) the

junction depth below the top surface is accurately defined , 4) shallow junc-

t ions  can be achieved , and 5) no high temperature  annealing is required for

n-type implants. 
-

4) Ion-imp lantation produces a significant amount of lattice damage

which has an n- type cha rac te r . The damage dop ing may be on the order of

10 t imes the chemical doping of the imp lanted specie.  It is not n e c e s s a r y  to

anneal out the damage to achieve good diode characteristics .

5) Degenerate  dop ings on the n-s id e cause this  region to be near ly

t r anspa ren t  to photons at the wavelength of in te res t  (3. 85 p.m). Photons are

t h e r e f o r e  absorbed primarily on the p-side where they creat e minority elec-

tron s which, because of the i r  long di f fus ion length , are  e f f i c i en t l y co ll ected

at the junc t ion .

6) Large-area  photovoltaic de tec tors  up to 5 )( 5 mm 2 (nominal area)

were successfully fabricated and assembled into quadrant a r r ays .

7) Low junction capac itanc e was achieved by the combinat ion of the

low p-side dop ing and some compensation from implanted donor centers .

Capaci tance-vol tage measurements  indicated net acceptor  concentrat i ons in

the vic ini ty  of the junction of about 3 X 10~~ cm 3 and a ze ro  bias junc t ion  5

capac itance of 150 -pf/m m 2
.

8) Photovoltaic detec tors  for  3 . 85 p .m achieved BLIP l imited detec-

t iv i t i e s  of about 3 X l 0~~ cm Hz 2/wa t t  f o r  l o w - f r e q u e nc y  opera t ion  at 77° K

with an optimum preamplifier . The measured  quantum e f f i c i e n c L e s  were

quite high , in the range of 70 - 90%.

9)  Because of the low junct ion capaci tanc e, good h ig h - f r e q u e n c y  pe r-

formance was obtained for 5 X 5 mm 2 de tec to rs .  Typical  d e t e c t i v i t y  was

6 x 10 10 cm Hz~~/watt  at 1 MHz for  77°K operation with an optimum preaxn pli-

f i e r . Typ ical de t ec to r -p r eampl i f i e r  r esponse  t imes  were 100 to 200 nsec .

8-2 
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10) Operation of 3.85-p.m detectors at TE cooler tempe ratures (i. e.,

170° K or above)  will s ign i f i can t ly degrade  the de tec t iv i ty .  The measured

degradation was between one and two orders of magnitud e.

2. 0ô-p .m Detec tors

1) The same th ree crys tal growth method s were evaluated for the

preparat ion of x = 0. 48 material . It was found that e i t h e r  the zone melt  or

solid - state recrystal l izat ion method s produced acceptable mater ia l. The

pressure-controlled recrystallization method yielded material with undesir-

able compositional nonuniformities.

2) The B+ ion implantation technique for  junc t ion  fo rma t ion  was

successful ly applied to make 2 . 06-p .m de tec to r s .

3) The base acceptor doping concentrations achieved were higher

than desired and were ~ 2 X 10~ 
6 cm 3. Therefore, the zero bias junction

capacitance was also higher than desired , being ~ 500 pf / m m 2
. The cause

of this hi gh base acceptor doping is known and can be cor rec ted  in fu r ther

wo rk.

4) Large area 2. 06-p.m detectors were fabricated up to 2 X 2 mm 2 in

size with good detectivity and uniformity. The material quality appears to be

adequate to make 5 x 5 mm 2 d e t e c t o r s ;  howeve r , th i s  was not actually demon-

strated during the course  of the program.

5) Photovoltaic de t ec to r s  for  2. 06 p .m achieved detect iv i t ies  in the

2 to 8 x l O ~~ cm Hz 2/wa t t  range fo r  low-f requency  ope ration at 77°K .  These

detectors were neither BLIP limited nor detector thermal noise limited . The

dom inant noise  appeared to be in the ampl i f i e r  used for  d e t e c t i v i t y  m e a s u r e -

me nt S.
I

6) These de tec tors  could be operated at 192° K with s ome loss in

low-frequency detectivity, on the order of a factor of 2.

7) The high-frequency detectivity of these 2. 06-p.m detectors is in-

f e r i o r  to that of the 3. 85-p.m detec tors  because of the h i g h e r  junct ion capaci-

t ance. M eans to reduce the junc tion capacitanc e are known and c ould be

implemented in some future p rogram .
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RECOMMENDATIONS FOR FUTUR E WORK

The work accomplished on this program has demonstrated the feas i -

bi l i ty  of making large area (i. e. • 5 X 5 mm2 ) PV HgCdTe de tec tors  for

wavelength s of 3. 85 p.m and 2. 06 p.m. Crystals  grown b y e i the r  the zon e melt

or the solid-state recrystallization method were shown to provide la rge

enough s ing le-crystal  regions  with adequate compositional uni formi ty .  The

B+ ion implantation method demonstrated uniform p-n junct ions  over the

l a rge  areas .

Being of an exploratory development nature , the p resen t  p rog ram

could not proper ly address  all the problem areas  which were identified . The

purpose of this concluding section is to d i scuss  these f indings  and provide

recommendations for  possible future work . In addition, recommendat ions

are made conc e rning the poss ib i l i ty  of fu r ther  improvement in h ig h - f r e q u e n c y

performance and suggestions for  an engineering developm ent progr am des igned

to improve the producibility of large area quadrant array s.

High Junction Capacitance in 2. 06-p.m Detec tors

The problem of hig h junct ion capac itance in the 2 . 06-p .m detec tors  has

already been mentioned and the cause has been identif ied with an excess ive

acceptor  concentrat ion in the base region. Concentra t ions  of about 2 x b ’6

cm 3 were deduced from diode C -V  analysis. -

It is believed that base acceptor  c oncentrations can be reduced by about

two orders  of magnitude with a consequent reduction in junct ion capacitance

of one order  of magnitude. It is recommended that, instead of an Au diffu-

sion to provide base acceptor  dop ing, an Hg in-diffu s ion should be done on

as-grown p-type mater ia l  to reduce the Hg vacancy content  down to the low

i o 14 cm 3 range. An n -on-p  junction would then be made by the standard

B+ implantation process , A se r i e s  of annealing runs would have to be made

on a given HgCdTe crystal to de termine  the optimum anneal tempera ture  and

Hg p ressure  to accomplish this goal . Also, high puri ty  zone melted Hg CdT e

should be used to mi t iga te  poss ib le  compl ica t ions  due to compensating donor

) impurities .

8-4
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Since this Hg in-diffusion will not penetrate very  far  int o the base wafer ,

one will wind up with an n + - p - p+ s t ructure .  This s t ruc ture  is actually

p quite desirable , since the p~ base region serve s to decrease series resistance ,

while the lig htly p-type region provides low junction capacitance.

Anomalous Response  Time

Another problem area previously mentioned is the anomalously long

detec tor  response times as measured with a GaAs laser diode compared with

the calculated junct ion RC time. Recall that the measured  response  t imes

were roughl y a factor  of two g r e a t er  than expected f rom junct ion capaci tance

value s . An hypothesis was offered which attributed this problem to optical

excitation of charge carriers into deep states in the dep letion reg ion thereby

inducing an extra amount of fixed charge. This extra fixed charge  e f f ec t ive ly

decreases the width of the depletion region and, hence , increases capacitance.

Further  invest igat ions should be c onducted to elucidate  this  par t icular

behavior . If this hypothesis becomes reality, it could turn out that  l ittle can

be done to remove the deep states and eliminate the e f fec t . On the other hand ,

if deep state s are  created by ion- implantation damage , then it may be possible

to remove them by a suitable annealing operation . Sinc e a reduction of junc -

tion capac itance by a factor of two is at stake , it seems worth while to spend

an additional effort on this problem.

Optimization for TE Cooler Operat ion

Additional work is recommended on optimizing large area detec tor  per-

fo rmance at elevated tempera tures, namely those which can be achieved with

TE coole rs . This would grea tly s implif y the dep loyment of such de tec tors  in

military systems. The use of LN 2 fo r  de tec tor  cooling was used in the pre-

sent program as an expedient for meeting program design goals, but objec-

tions to the use of LN2 cooling fo r ope rat ional sys tems have sometimes been

expressed  because of Logis t ic s pro blems .

p The p r imary  cause f o r  degrada t ion  of the sens itivity of a PV HgCdTe

de tec tor  at elevated t empera tu res  is an inc rease  in the saturation cur ren t

p rodu ced by d iffusion of minority carriers to the p-n junction. As temnerature
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~s inc reased , the minor i ty  c a r r i e r  generat ion rate inc reases, leading to a

higher diffusion current. This higher current flow across the p-n junction

produces higher  noise , thereby d e c r e a s i n g  detector  sens i t iv i ty.

Theore t i ca l  calculations indicate that most of the d i f fus ion  cu r ren t  origi-

nates in the p- type base region of the PV detec tor . In - onventional detector

des igns , th is  base region is considerably th icker  than neces sa ry.  Thus , a

reduction in base thickness could conceivably lead to a reduction in the

volume from which the minority c a r r ie r s  or iginate  with a consequent reduc-

tion in d i f fus ion  cur ren t . It may be sho~~n that the general  equation fo r  base

region minority ca r r i e r  diffusion current  densi ty 
~d is

- 
eD nno r(Dn /L n ) tanh ( d/ L n ) + 

-3d L~ [(D n /Ln) + s tanh (d/L n) j - (~2)
kT . S -where  D~ = — electron d t f fusL on coeffic ient

Ln (D nl n) 2 = electron diffusion length

= electron mobility

= electron lifetime

n0 = equilibrium electron concentrat ion in base region

d = thickness of base region -

s = surface recornbination velocity

e electronic charge

k = Boltzmann’s constant

T = absolut e tempe rature

A better  understanding of the s ignif icance of this equation can be had

b y considering some special cases .

Case 1. d>>L~
In this case , tanh ( d / L~~) ~ I and

eDnno
Ln 

( 5 3 )

This  is the equation for  e lectron d i f fus ion  cu r ren t  for  a thick base PV

d etector  and is an exp res s ion  we are more familiar with .

8-6
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Case 2. s = 0

In this  case

eD~ n0 [ tanh (d/L~~)~
L 

(~~4)
n

Case 3, s =
— leD~ n0 [ tanh (d/L  )J

L 
I’ ( 5 5 )

n

We see that Case 2 is the most i n t e r e s t i n g  p o s s i b i l i t y.  If c ondi t ions

can be arranged such that d<<L~ and s is small, then the diffusion current

can be substantial ly reduced f rom the th ick  base value. Detai led calculat ions

show th at substantial  reduct ions in d i f f u s i o n  c u r r e n t  may be real ized (more

than one order  of magni tude)  provided that d / L ~ can be mad e less  than 0. 1

and s ~ 100 c m/ s e c .  The fo rmer  r e q u i r em e n t  s e a s y  to ach ieve  s ince it

can be met with d values of about 10 p .m, well  wit h in  the  c u r r e n t  ~ r o c e s s i n~
state of the art for HgCdTe detectors . The latter requirement may not be so

easy to achieve because the state of HgCdTf~ ~irface technology is still in the

primative s tages.  Fur ther  i nves t i ga t i on  in t o  t h t n - o a s e  t e c h n o l o g y  fo r  3. 85-

p .m and 2 . 06-p .m PV HgCdTe detectors is warranted and may result in si gni-

f icant  improvement in the de tec t iv i ty  of such de t ec to r s  at TE cooler  tempe ra-

tures .

Achieving Fas t e r  Response  Times

Because these  large area  PV HgCdTe d e t e c t o r s  have response  t imes

limited by junction capacitance, the technical-  approach to inc reas ing  response

time has been to reduce junct ion capaci tance by means of reducing the base

acceptor  concentration.  Another means is to inc rease  ~he reverse bias ap-

plied to the junction. The de tec to r s  made on the presen t  p rogram could not

take very h ig h reverse  bias . This is thoug ht to be due to su r face  leakage

resistance. If better surface passivation coatings can be devised so that sur-

face leakage is greatly reduced , then much larger reverse bias  can be app lied

with a consequent further reduction in junction capacitance.

~~~~~~ 7

- ~~~~~~~~  . IS~~~~~~~~~



- SW

The de tec tors  mad e on the p resen t  p rogram were  opera ted at r everse

bias of I volt or less . With improved sur face  p a s s i v a t i o n  t r ea tm ents , it

should be possible  to operate with 5 to 10 volts of r e v e r s e  bias . Since junc-

t ion capacitance v a r i e s  inverse l y as the square root of bias vol tage , one

could hope f o r  a reduct ion in junct ion capaci tance by a f ac to r  on the o r d e r  of

1/ 3  to 1/ 10 . This is a s igni f icant  reduct ion and could well jus t i f y the expense

of addit ional  e f fo r t  in this  area .

Eng inee r ing  Developm ent P r o g r a m

Following fur ther  research  and development along the lines p rev ious l y

d iscussed, it would be appropriate to begin an engineer ing  development phase

to increase  the producibi l i ty  and rel iabi l i ty ,  and dec rease  the product ion costs

of large area PV H g CdTe de tec tors . In this section, some spec i f i c  recommenda-

tions for  such a program are put for th .

To s implif y f ab r i ca t ion  of quadrant a r r a y s , the c omplete a r r ay  should

be constructed on one chi p instead of p iecing four  separate chi ps toge the r.

This not only would save in f abr ica t ion  costs , it would also allow a c lose r

spacing between individual quadrants . Such an approach would pose no pro-

blem for  quadrants up to 2 x 2 mm 2 per element with p resen t  day HgCdTe

mate r ia l. Quadrants of 5 x 5 mm 2 per element would provide a g r e a t e r

challenge . It would be of in teres t  to tes t  present  day HgCdT e grown by e i t h e r

the zone melt or so l id -s ta te  recrys ta l l iza t ion  method to see if the un i fo rmi ty

and crystal  pe r fec t ion  are adequate for  this approach to quadrant fabr ica t ion.

HgCdTe ingots produced at SBRC are cy l indrical  in shape with a i- inch

d iame te r  and a leng th of 6 to 8 inches . The s ing l e - c rys t a l  r eg ions  in t hese

ingots  often extend an inch or so along the ingot axis . If such reg ions  are

cut in slab form rather than slices , wafers  may be obtained on which 2 or  3

la rge  area quadrant a r ray s may be fabr ica ted  at the same t ime.  This  is

i l lus t ra ted in Fi gure 8- 1 .
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(B~
Figure  8-1 . (A) I l lus t ra t ion of the Me thod of Cu t t i ng  an H g C d T e  Ingot

into Slab s to Provide Mate r ia l  f o r  Simultaneous Fab r i ca -
t ion of; (B)  Three  5 x 5 mm2 Quadrant  A r r a y s , or ( C )
Eig ht 2 x 2 mm2 Quadrant  A r r a y s

To obtain even l a rger  wafe r s , it may be des i r ab le  to continue develop-

ment of the p re s su re -con t ro l led  r ec rys t a l l i za t ion  method of c rys ta l  growth

which has been shown to be capable of produc ing ingot s up to 1 inch in diam-

ete r . Although the c r y s t a l s  grown on this  p rogram su f f e r ed  f rom alloy non-

l t rl i formi ty  and o ff - st o i c h r o me t r y  ( i . e, ,  e xcess  Hg or Te in va r ious  r e g i o n s)

:t is  now known that  these  proble m s were caused b y inadequate mixing of the

melt  and an improper  quench technique . Improved meth od s for  melt s t i r r i n g

and q u e nch :n ~ h ay - :  b een  d e v i s e d  but have yet  to be put into p rac t i ce .

A n o t h e r  po ss ib l e  method fo r  HgCdTe c rys t a l  g rowth  is to emp loy the

epit ax ia l  app roach  i t i l~ z in ~ Ca T e  as the subs t r a t e  mater ia l. CdTe can be

grown nv large stni~1e crystals ~n the o r d e r  of 1 inch or more  in d i a m e t e r .

‘V a r I - ) u ~ m e t h o d s -if H~zCdTe  ep it ax ia l  growt h have been demons t ra t ed  such as
30 . - 1  3~ - - 33 , 34

plasma sputtering, vapor transport , and liquid phase epitaxy.

A. Zoz -5rn e and C. ell a, T h i n  SoLd F i l m s  13  373 ( 1 ~7 2 , .
31 R . C o m el y, ‘H g .  - i Te  Sp u t t e r i n g  R e s e a r c h , In t e r im Sc i en t i f i c  R ep o r t

f o r  AFOSR by New J e r s e y  in s t i t u t e  of T e c h n o l o g y ,  May 25 , 1 1~73~
32 p~ Vohi and C. M. ~V j 1~ e , J. E l e c t r o n i c  Mate rials , 7 , 65~ (1 978) .

J. A. Mroczkowski, -~ t al., Hcneywell Radiation Center , Final Report -
LLquid Phase Epitaxial Development of (Hg,  Cd)Te , Con t r ac t  No . DAAG4b -
T o - C- 0 0 30 , J a n u a r y  1 ~ 77 .

A. H . Lockwood , unpub l i shed  r e s u l t s  at the Santa B a r b a r a  R e s e a r c h  C e n t e r .
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H o w e v e r , f u r t h e r  development  work would be n e c e s s a r y  to p e r f e c t  a method

which  would re l iabl y p roduce  the l aye r  qual i ty  n e c e s s a r y  f o r  l a r g e  a r e a  quad-

rant a r r ay  f a b r i c a t i o n .

The quadrant a r r a y  f a b r i c a ti o n  p r o c e d u r e s  c ould r ema in  b a s i c a l l y  the

same as developed on th is  p rogram. However , some imp roveme nts wou ld be

d e si rable .  Attachment  of the wi re  lead s to the top contac ts  should be done b y
standard mic robond ing technique s r a the r  than by the conduct ing  epoxy.  It
may also be de s i r ab l e  to  add a guard r ing  or ga te  c o n t r o l  e l e c t r o d e  around

the pe r iph e r y  of the quadran ts  to inhibi t  s u r f a c e  leakage  c u r r e n t .

F inally, a suitable assembl y i nco rpo ra t i ng  the quadrant  a r r a y  and TE

coole r  in an evacuated package should be des igned  and qual if ied as to relia-

b i l i t v  and p roduc ib il ity .  Th is  is not a ma jo r  task  because  s imi la r  packages

have  p r e v i o u s l y been des igned  and qual i f ied  fo r  o ther  de t e c t o r  types  such as

PbSe. Thus , the basic  des ign  p r i n c i ples have alread y b een e s t ab l is h ed .
What needs to be done is to optimize the package desi gn specificall y for

l a r g e - a r e a  quadrant detector arrays and to develop parts handling and bake-
Out p r o c e d u r e s  which will a s sure  a long vacuum l i fe  without degrada t ion  of

de t ec to r  performanc e . The c ompleted d e t e c t o r- c o o l e r  a s sembl y should then

be subjec ted  to the usual envi ronmenta l  t e s t ing  p rocedures  to e s t ab l i sh  its

r e l i a b i l i ty  fo r  f i e l d  s e rv i ce.
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