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I a GENERAL SUMMARY 

A. l  n t r o d u c t  i on 

T h i s  r e p o r t  n o t  o n l y  b r i e f l y  summarizes t h e  work performed d u r i n g  

t h e  e n t i r e  d u r a t i o n  o f  g r a n t  NGR-47-005-093 b u t  a l s o  p resen t s  as an 

appendix a t h e s i s ,  presented by A. M. Barnwel l  i n  p a r t i a l  f u l f i l l m e n t  

o f  t h e  requirements f o r  t h e  Master o f  Science i n  E l e c t r i c a l  Eng ineer ing  

degree, which dea ls  w i t h  t h i s  work and most impor tan t  p resen ts  i n f r a r e d  

pho toconduc t i v i t y  r e s u l t s  f o r  semiconductor m a t e r i a l s  t es ted .  

B. System 

The f i r s t  system used t o  determine i n f r a r e d  p h o t o c o n d u c t i v i t y  o f  

h i gh  energy e l e c t r o n  i r r a d i a t e d  s i l i c o n  cons i s t ed  o f  a  l i q u i d  n i t r o g e n  

dewar which was f a b r i c a t e d  a t  t h e  Langley Research Center  and a b lack -  

body source which was f a b r i c a t e d  a t  t h e  U n i v e r s i t y  o f  V i r g i n i a .  Th i s  

system had t h r e e  main drawbacks which s e r i o u s l y  l i m i t e d  bo th  t h e  speed 

w i t h  which da ta  c o u l d  be taken  and t h e  accuracy o f  t h a t  data.  These 

drawbacks were: 

( I )  A dev ice  mount ing scheme which used a  conduc t i ve  epoxy which 

i n  t u r n  cou ld  n o t  s tand  thermal shock. 

(2) Screw t y p e  vacuum feed through i n s u l a t o r s  which p e r i o d i c a l l y  

developed leaks and which a l s o  shor ted  o u t  due t o  mo i s tu re  

p resen t  because o f  t h e i r  placement c l o s e  t o  t h e  l i q u i d  

n i t r o g e n  f i l l i n g  p o r t ,  



( 3 )  A cumbersome black-body source which c rea ted  d i f f i c u l t i e s  

d u r i n g  dev ice  change ope ra t i ons .  

A cut-away view o f  t h e  o r i g i n a l  dewar i s  shown i n  F ig .  3.3 on page 43 

o f  Appendix A. 

Because o f  t h e  r e l a t i v e  d i f f i c u l t y  exper ienced i n  u s i n g  t h e  o r i g i n a l  

system a new one was designed which incorpora ted  a d i f f e r e n t  black-body 

source, a s p e c t r a l  source, and a new commerc ia l ly  f a b r i c a t e d  l i q u i d  

h e l i u m  research  dewar. A b l o c k  diagram o f  t h i s  system i s  g i v e n  i n  F i g .  

3.8 on page 57 o f  Appendix A. 

C. Na tu re  o f  Obta i  ned Data 

So f a r  as t h e  dev ice  i s  concerned t h e  new system enabled one t o :  

(a )  Surround t h e  dev i ce  w i t h  a vacuum on t h e  o r d e r  o f  T o r r .  

( b )  Cool t h e  dev i ce  t o  n e a r l y  77OK. 

( c )  Determine t h e  temperature o f  t h e  upper dev ice  h o l d e r  t o  w i t h i n  

l o  abso lu te .  

( d )  Apply a b i a s  p o t e n t i a l  t o  t h e  dev ice  i n  excess o f  1000 v o l t s .  

( e l  Determine t h e  dev ice  r e s i s t a n c e  by means o f  a K e i t h l y  e l ec t r ome te r .  

The dewar c o n t a i n i n g  t h e  dev i ce  was f i t t e d  w i t h  two r a d i a t i o n  s h i e l d s  

and a germanium window and c o u l d  be p laced  i n  e i t h e r  o f  two p o s i t i o n s ,  One 

o f  t hese  p o s i t i o n s  a l lowed t h e  black-body source t o  be used w h i l e  t h e  o t h e r  

p e r m i t t e d  use o f  t h e  s p e c t r a l  source. 

Wi th  t h e  black-body source used one cou ld  o b t a i n  cu rves  o f  dev i ce  

o u t p u t  vo l tage ,  Vd, as a f u n c t i o n  o f  chopping frequency. A d i r e c t  r e s u l t  o f  

t h i s  da ta  were dev ice  black-body r e s p o n s i v i t y ,  Rbb, versus chopping frequency 



curves w i t h  b i a s  v o l t a g e  as a parameter. Device no ise  vo l tage ,  Vdn, 

was d i r e c t l y  o b t a i n a b l e  w i t h  t h i s  system s i nce  under measurement con- 

d i t i o n s  t h e  c i r c u i t  no ise  was immeasurably sma l l .  

The s p e c t r a l  source be ing  used, one cou ld  o b t a i n  bo th  dev ice  

o u t p u t  vo l tage,  Vds , and re fe rence  bo lometer  o u t p u t  vo l tages ,  Vbo 

T h i s  enabled one t o  determine t h e  dev i ce  r e l a t i v e  s p e c t r a l  r e s p o n s i v i t y ,  

L(X) .  

T h i s  s u b j e c t  i s  covered i n  much g r e a t e r  d e t a i l  i n  pp. 34-60 o f  

Appendix A. 

D. Process ing o f  Obtained Data 

The t o t a l  energy f l u x  o n t o  t h e  dev ice,  J ,  f rom t h e  black-body was 

c a l c u l a t e d  by means o f  t h e  Stef fan-Bol tzmann law knowing: 

( a )  Black-body temperature,  

( b )  E m i s s i v i t y  o f  o x i d e  cove r i ng  b l a c k  body, 

( c )  B l ack  body a p e r t u r e  and d i s t a n c e  f rom device,  

( d l  I n f r a r e d  t r ansm iss i on  o f  t h e  germanium dewar window as a 

f u n c t i o n  o f  wavelength, 

( e l  RMS o f  t h e  chopping r a d i a t i o n .  

As a consequence o f  t h i s  t h e  dev i ce  black-body r e s p o n s i v l t y  

was determined as mentioned above. 



The r e l a t i v e  s p e c t r a l  r e s p o n s i v i t y  

was e a s i l y  determined by means o f  t h e  s p e c t r a l  source. 

The dev i ce  abso lu te  b l a c k  body s p e c t r a l  r e s p o n s i v i t y ,  R(A), was 

determined by means o f  computer f rom t h e  r e l a t i o n  

F i n a l l y ,  t h e  dev i ce  s p e c t r a l  d e t e c t i v i t y ,  D* was determined f rom t h e  
A ' 

re1 a t  i on  

where A = t h e  dev i ce  adopeded area (cm2) 

A f  = t h e  bandwidth o f  t h e  v o l t a g e  measuring ins t rument  (Hz) 

The f o l l o w i n g  chap te r  w i l l  p resen t  one t y p i c a l  s e t  o f  cu rves  f o r  each 

o f  t h e  above mentioned q u a n t i t i e s  f o r  one dev ice  and w i l l  t h e n  p resen t  

t h e  b e s t  da ta  ob ta ined  f o r  bo th  n- and p-type s i l i c o n  and germanium 

as a v a i l a b l e .  



I I .  RESULTS 

A. l  n t r o d u c t  ion  

Th i s  chap te r  p resen ts  da ta  ob ta ined  w i t h  t h e  new system ment ioned i n  

t h e  p rev ious  chap te r  b u t  does not ,  however, r e f l e c t  t h e  t r e n d s  found most 

r e c e n t l y  s i n c e  it r e p o r t s  on work c a r r i e d  o u t  d u r i n g  t h e  p e r i o d  beg inn ing  

February 1 ,  1968 and ending June 30, 1969, As can be seen f rom t h e  

f o l l o w i n g  i n f o r m a t i o n  a  h i g h  degree o f  i n f r a r e d  p h o t o c o n d u c t i v i t y  has 

been observed f o r  h i g h  energy e l e c t r o n  i r r a d i a t e d  s i l i c o n .  The same i s  

n o t  t r u e  o f  germani um. 

B. n-Type S  i l  i con  

The da ta  ob ta ined  f rom dev i ce  number S13N.4, t h e  p r e - i r r a d i a t i o n  

r e s i s t i v i t y  o f  which was .4Q cm w i l l  se rve  as an example. F i g u r e  2.1 

c o n t a i n s  cu rves  o f  dev ice  black-body r e s p o n s i v i t y  as a  f u n c t i o n  o f  chopping 

frequency w i t h  b i a s  p o t e n t i a l  as a  parameter. F i gu re  2.2 bears  curves o f  

dev i ce  no ise  as a  f u n c t i o n  o f  f requency w i t h  b i a s  p o t e n t i a l  as a  parameter.  

I n  a l l  cases t h e  measured v o l t a g e  was t h e  a c t u a l  dev i ce  no ise  s i n c e  t h e  

c i r c u i t  no i se  was always immeasurably smal l  and hence n e g l i g i b l e .  

F i g .  2.3 e x h i b i t s  t h e  v a r i a t i o n  o f  t h e  r e l a t i v e  s p e c t r a l  r e s p o n s i v i t y ,  

L(A) ,  o f  t h e  dev ice  w i t h  wavelength. I t  should be remarked a t  t h i s  p o i n t  

t h a t  L ( X )  was b a s i c a l l y  t h e  same f o r  a l l  such n-type dev ices t es ted .  F ig .  

2.4 shows t h e  dev ice  abso lu te  s p e c t r a l  r e s p o n s i v i t y  w h i l e  F ig .  2.5 e x h i b i t s  

a  cu r ve  o f  dev ice  s p e c t r a l  d e t e c t i v i t y ,  D;, as a  f u n c t i o n  o f  wavelength. 
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C. p-Type S i l i c o n  

F igs .  2-6, 2.7, 2.8, 2.9, and 2,10 bear cu rves  o f  black-body 

r e s p o n s i v i t y ,  dev i ce  no ise,  r e l a t i v e  s p e c t r a l  r e s p o n s i v i t y ,  a b s o l u t e  

s p e c t r a l  r e s p o n s i v i t y ,  and s p e c t r a l  d e t e c t i v i t y  r e s p e c t i v e l y  f o r  

p- type dev ice  number 436P.l whose p r e - i r r a d i a t i o n  r e s i s t i v i t y  was . I n  cm. 

D. Germanium 

F ig .  2.11 bears  a cu r ve  o f  b l a c k  body r e s p o n s i v i t y  versus chopping 

f requency f o r  an n-type germanium dev ice.  F ig .  2.12 e x h i b i t s  t h e  

v a r i a t i o n  i n  dev i ce  n o i s e  w i t h  chopping frequency f o r  t h e  same dev ice .  

No o u t p u t  cou ld  be de tec ted  f rom i r r a d i a t e d  p-type germanium. I t  can 

be seen by comparing these  curves w i t h  t h e  cor responding ones f o r  s i l i c o n  

t h a t  t h e  e l e c t r o n  i r r a d i a t e d  germanium o f f e r s  l i t t l e  as an i n f r a r e d  

de tec to r .  
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i l l .  CONCLUSIONS 

As can be seen from t h e  s p e c t r a l  r e s u l t s  f o r  t h e  n-type s i l i c o n ,  

t h e  onse t  o f  increased p h o t o c o n d u c t i v i t y  occurs  f o r  a  wavelength t h e  

energy o f  which i s  approx imate ly  .42eV. T h i s  i s  t h e  d i s t a n c e  from t h e  

s i l i c o n  E-center (phosphorous-vacancy complex) t o  -the conduc t ion  band 

and hence i s  a t t r i b u t e d  t o  an inc rease  i n  conduc t ion  band e l e c t r o n  

p o p u l a t i o n  due t o  t r a n s i t i o n s  f r om  t h e  E-center t o  t h e  conduc t ion  

band. The spec t ra l  r e s u l t s  f o r  p- type s i l i c o n  show t h e  h i g h e s t  s p e c t r a l  

response f o r  i n f r a r e d  photons t h e  energy o f  which i s  g r e a t e r  t han  

approx imate ly  .27eV. T h i s  va l ue  o f  energy i s  t h e  same as t h e  spac ing  

between t h e  va lence band and a  r a d i a t i o n  induced donor t y p e  cen te r  

b e l i e v e d  due t o  an oxygen atom assoc ia ted  w i t h  an i n t e r s t i t i a l  atom. 

I t  can be concluded t h a t  s i n c e  t h e  black-body r e s p o n s i v i t y  o f  

s i l i c o n  i s  r a t h e r  h i g h  i n  comparison w i t h  t h a t  f o r  germanium t h e  former  

has much more p o t e n t i a l  as an i n f r a r e d  de tec to r .  With e l e c t r o n  

m o b i l i t i e s  i n  t h e  same o r d e r  o f  magnitude f o r  bo th  m a t e r i a l s  one would 

conc lude t h a t  i f  t h e  77OK r e s i s t i v i t i e s  o f  dev ices f rom bo th  m a t e r i a l s  

i s  n e a r l y  t h e  same then  t h e  i n f r a r e d  photon c ross  s e c t i o n  o f  t h e  s i l i c o n  

c e n t e r s  i s  g r e a t e r  t han  t h a t  f o r  those  o f  germanium. 

Fu tu re  work w i l l  deal w i t h  o p t i m i z a t i o n  o f  t h e  s p e c t r a l  d e t e c t i v i t y  

f o r  bo th  p- and n-type e l e c t r o n  i r r a d i a t e d  s i l i c o n .  D e t a i l s  o f  t h e  

o p t i m i z a t i o n  s teps  t o  be f o l l owed  can be found i n  t h e  proposal  submi t ted  

f o r  t h e  renewal o f  t h e  g r a n t  which suppor ts  t h i s  p r o j e c t .  
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ABSTRACT 

The f a c t  t h a t  i r r a d i a t e d  s i l i c o n  exh ib i t s  e x t r i n s i c  photoconduc- 

t i v i t y  i s  shown. Reasons t o  suspect t h i s  f a c t  a r e  presented,  a s  i s  a 

d iscuss ion of t h e  defect  l e v e l s  causing t h i s  photoconductivity. 

Experiment a 1  met hods f o r  determining t h e  degree of photoconductivity 

a r e  discussed,  and t h e  development of a system which enables t h e  

researcher t o  make t h i s  determination i s  described.  

Results  showing t h e  performance of t h e  detec tor  characterized 

by accepted f i g u r e s  of merit a r e  given. The response of t h e  photo- 

conductor t o  monochromatic r a d i a t i o n  i n  t h e  range from 1 p  t o  20p 

i s  shown, as  i s  t h e  response t o  changes i n  other parameters. An 

inves t iga t ion  of t h e  determination of t h e  dominant mechanism causing 

photoconductivity i n  i r r a d i a t e d  s i l i c o n  i s  made. 
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CHAPTER I 

INTRODUCTION AND SUMMARY 

This t h e s i s  r e f l e c t s  work accomplished i n  t h e  past  15  months 

on a research grant  supported by t h e  National Aeronautics and Space 

Administration. The main purpose of t h i s  grant  i s  t o  determine 

t h e  p o s s i b i l i t y  of using i r r a d i a t e d  s i l i c o n  a s  a photoconductive 

in f ra red  de tec to r .  Devices current ly  being used f o r  t h i s  purpose, 

t h e  most notable being t h e  l ead  s u l f i d e  c e l l ,  a r e  extremely d e l i c a t e  

and somewhat unstable.  Devices of comparable performance made of 

i r r a d i a t e d  s i l i c o n  would o f f e r  advantages i n  physical  s t r eng th ,  

economy of production, and low l e v e l  r a d i a t i o n  res i s t ance .  

This t h e s i s  c o n s i s t s  of t h r e e  chapters  and an Appendix i n  

addi t ion  t o  t h e  present chapter .  The second chapter  i s  devoted t o  

presenta t  ion of theory out l in ing reasons t o  suspect t h a t  i r r a -  

d ia ted  s i l i c o n  does exhibi t  photoconductivity. Included a r e  

sec t  ions  on t h e  theory of ex t r ins ic  phot oconduct ion i n  semiconduc- 

t o r s  and on f igures  of merit with which one assesses  t h e  r e l a t i v e  

value of photodetectors . Another sec t  ion discusses t h e  f a c t  t h a t  

i r r a d i a t i o n  introduces acceptor l e v e l s  i n  n-type s i l i c o n  and 

donor l e v e l s  i n  p-type s i l i c o n .  A synopsis of research done t o  

determine t h e  loca t ion  of these  energy l e v e l s  within t h e  forbidden 

gap ana t o  i d e n t i f y  t h e  mechanisms involved i n  producing these  

l e v e l s  w i l l  be presented f o r  t h e  two dominant cases ,  t h e  Si-A 



and Si-E c e n t e r s .  These c e n t e r s  w i l l  b e  idenc i f  i e d  a s  vacancy- 

impur i ty  complexes; t h e  impuri ty  atom being ctxygen i n  t h e  c a s e  of 

t h e  Si-A c e n t e r  and t h e  dopant atom f o r  t h e  Si-E c e n t e r .  The 

f i n a l  s e c t i o n  of t h i s  chapter  w i l l  r e l a t e  t h e  two p rev ious ly  

mentioned sub j e c t  s t o  exp la in  why photoconduct ivi ty  i n  i r r a d i a t e d  

s i l i c o n  was suspected.  

The t h i r d  chapter  p r e s e n t s  t h e  ins t rumenta t ion  used t o  

experimental ly  determine t h a t  i r r a d i a t e d  s i l i c o n  does i n  f a c t  

e x h i b i t  photoconduct i v i t y .  Procedures through which t h e  va r ious  

f i g u r e s  of mer i t  were determined a r e  explained.  Sec t ions  a r e  

devoted t o  a d e s c r i p t i o n  of t h e  development of t h e  o r i g i n a l  sys- 

tem which was used t o  o b t a i n  b lack  body d a t a  and t o  a d e s c r i p t i o n  

of t h e  subsequent development of an improved and consol ida ted  

system p r e s e n t l y  being used which incorpora tes  both s p e c t r a l  and 

b l ack  body c a p a b i l i t i e s .  

Chapter fou r  p r e s e n t s  r e s u l t s  ob ta ined  i n  t h i s  i n v e s t i g a t i o n  

t o  d a t e .  D e f i n i t e  t r e n d s  have been e s t ab l i shed  concerning t h e  e f f e c t s  

of chopping frequency of i nc iden t  r a d i a t i o n ,  of b i a s  vo l t age  a c r o s s  

t h e  device ,  and of anneal ing on t h e  b lack  body r e s p o n s i v i t y ,  Rbb, 

of devices  of n-type i r r a d i a t e d  s i l i c o n  of va r ious  i n i t i a l  r e s i s t i -  

v i t i e s  (1 .0 ,  0,4, 0 .1 ,  and 0.03 ohm-cm.). S imi l a r ,  but  l e s s  

d e f i n i t e ,  observa t ions  have been made on p-type m a t e r i a l  wi th  i n i t i a l  

r e s i s t i v i t i e s  of 1 0 ,  1 . 0 ,  and 0 .1  ohm-cm. With t h e  f i n a l  development 

of t h e  consol ida ted  system, d a t a  concerning t h e  response t o  



incid-ent r a d i a t i o n  of wavelength Prom 1 u  t o  20u has become a y a i l a b l e .  

The pe r fec t ion  of a computer program which c a l c u l a t e s  var ious  spec- 

t r a l  f i g u r e s  of mer i t  has enabled t h e  researcher  t o  f i n d  s p e c t r a l  

d e t e c t i v i t y ,  D;, a s  a funct ion  of modulation frequency of inc ident  

r a d i a t i o n  and b i a s  vol tage  across  t h e  device  a s  we l l  a s  wavelength of 

inc ident  r a d i a t i o n .  From t h e  peak response one can i d e n t i f y  t h e  

dominant mechanism causing photoconductivi ty i n  t h i s  ma te r i a l .  

The Appendix d e a l s  with t h e  procurement, prepara t ion ,  i r r a d i a -  

t i o n ,  and mounting of samples. Included i s  a desc r ip t ion  of t h e  

acce le ra to r  used f o r  i r r a d i a t i o n ,  and t h e  procedures used t o  de ter -  

mine t h e  t o t a l  number of p a r t i c l e s  bombarding t h e  samples. 

Based on t h e  r e s u l t s  obtained t o  d a t e ,  i r r a d i a t e d  s i l i c o n  

promises d e f i n i t e  p o s s i b i l i t i e s  a s  a useable  photoconductor. The 

peak response f o r  n-type devices appears a t  a wavelength c l o s e  t o  

t h a t  of l e a d  s u l f i d e .  Although s p e c t r a l  d e t e c t i v i t i e s  f o r  t h e s e  

devices have been found t o  genera l ly  be a t  l e a s t  an order of magni- 

tude  l e s s  t h a n  those  of lead  s u l f i d e ,  f u r t h e r  work i n  noise  reduc- 

t i o n  i n  and i n  optimizat ion of i r r a d i a t e d  s i l i c o n  photoconductors 

should produce a competi t ive in f ra red  d e t e c t o r .  



CHAPTER I1 

THEORY 

2.1. PHOTOCONDUCTIVITY 

2 . l a .  Def in i t ion  and His tory  

A photoconductor i s  defined a s  a m a t e r i a l  whose e l e c t r i c a l  

conduct iv i ty  is  increased by t h e  absorpt ion  of r a d i a t i o n  inc ident  

upon t h e  ma te r i a l .  The d iscoverer  of t h i s  e f f ec t  i s  acknowledged 

t o  b e  Willoughby Smith [ I ] ,  who i n  1873 not iced  a decrease i n  t h e  

r e s i s t a n c e  of selenium when i l luminated .  Although t h i s  e f f e c t  was 

inves t iga ted  during t h e  following yea r s ,  c e l l s  s e n s i t i v e  enough t o  

be use fu l  f o r  most p r a c t i c a l  app l i ca t ions  were not developed u n t i l  

t h e  Second World War. The most notable  of t h e s e  c e l l s  were t h e  

l ead  s a l t  c e l l s  which even today f i n d  extens ive  use.  U n t i l  develop- 

ment of t h e s e  c e l l s  most photoconductors cons is ted  of one of t h r e e  

ma te r i a l s :  selenium, cuprous oxide,  o r  t h a l l o u s  s u l f i d e ,  Included 

i n  t h i s  category was Case's famous " tha lof ide"  c e l l  of t h a l l o u s  

s u l f i d e .  The development and rap id  growth of s o l i d - s t a t e  techno- 

logy has caused photoconductivity t o  assume a very  important r o l e  

i n  research  and i n  p r a c t i c a l  app l i ca t ions .  P r i o r  t o  t h e  l e a d  s a l t  

c e l l s  t h e  most widely used r a d i a t i o n  d e t e c t o r s  were thermally 

s e n s i t i v e  thermoelec t r ic  d e t e c t o r s ,  o r  bolometers. The l ead  

s a l t  and s o l i d  s t a t e  c e l l s  wi th  t h e i r  g r e a t e r  s e n s i t i v i t y  and 

f a s t e r  response times have v i r t u a l l y  replaced t h e s e  thermal 



de tec to r s  f o r  most use fu l  app l i ca t ions ,  Present ly  t h e  major i ty  of 

photoconductors a r e  based almost exclus ive ly  on t h e  t h r e e  l ead  s a l t s  

( l e a d  s u l f i d e ,  l ead  se l en ide ,  and l ead  t e l l u r i d e ) ,  compound semi- 

conductors (such a s  cadmium s u l f i d e  and cadmium s e l e n i d e ) ,  and 

impurity bulk semiconductors (such a s  doped kermanium). Uses f o r  

t h e s e  devices include r a d i a t i o n  d e t e c t o r s ,  c o n t r o l  devices ,  applica-  

t i o n s  i n  computer technology, t e l e v i s i o n  cameras, e lectrophoto-  

graphy, x-ray i n t e n s i f i e r s ,  and p i c t u r e  reproduction and d i sp lay .  

A s  previously s t a t e d  photoconductivity is  a proper ty  of a 

ma te r i a l  which causes i t s  e l e c t r i c a l  conduct iv i ty  t o  be  increased 

by t h e  absorpt ion of r a d i a t i o n ;  t h e  absorpt ion f r e e i n g  bound 

charge c a r r i e r s  which c o n t r i b u t e  t o  t h e  conduct iv i ty .  This  photo- 

e f f e c t  i s  t h e r e f o r e  an  important a i d  i n  t h e  determinat ion of such 

ma te r i a l  parameters a s  c a r r i e r  l i f e t i m e ,  c a r r i e r  mob i l i ty ,  t rapping 

l e v e l s ,  and imperfect ion  l e v e l  loca t ions .  There a r e  o the r  impor- 

t a n t  photoef f e c t s  , but t h e  photoconductor has been t h e  most ext en- 

s i v e l y  employed f o r  t h e  reasons of t h e  s i m p l i c i t y  of t h e  mechanism 

and of t h e  f a s t  speed of response,  Two of t h e  more important of 

t h e s e  o ther  photoeff e c t s  a r e  t h e  photovoltaic  e f f e c t  , i n  which 

t h e  a c t i o n  of photons produce a vol tage  which can be de tec ted  

d i r e c t l y  without need of ex te rna l  elements , and t h e  phot oe lec t ro-  

magnetic e f f e c t  which occurs i n  a semiconductor immersed i n  a 

magnetic f i e l d ,  

As t h e  t i t l e  of t h i s  t h e s i s  implies ,  t h e  m a t e r i a l  being 

inves t iga ted  f o r  poss ib le  photoconductive p roper t i e s  i s  i r r a d i a t e d  



s i l i c o n .  The f a c t  t h a t  i r r a d i a t i o n  produces acceptor o r  donor 

l e v e l s ,  depending upon s u b s t r a t e  type,  i n  t h e  forbidden gap w i l l  

be demonstrated i n  t h e  next sec t ion  of t h i s  chapter .  Thus t h e  

inves t iga t ion  w i l l  involve an e x t r i n s i c  semiconductor, and conse- 

quently from t h i s  point  t h e o r e t i c a l  development w i l l  be  toward t h a t  

of photoconduction i n  e x t r i n s i c  semiconductors. 

2. l b  . Elementary Mat hemat i c a l  Treatment 

An i n t r i n s i c  semiconductor i n  thermal equil ibrium contains 

c a r r i e r s  whose concentrat ions a r e  determined by such parameters 

a s  temperature, e f f e c t i v e  masses of e l ec t rons  and ho les ,  and gap 

energy of t h e  mater ia l .  The absorption of photons from incident  

r a d i a t i o n  exc i t e s  bound e lec t rons  i n  t h e  valence band across t h e  

forbidden energy gap t o  become f r e e  e l ec t rons  i n  t h e  conduction 

band, thereby c rea t ing  f r e e  e lec t rons  and f r e e  holes.  The absorbed 

photons must the re f  o re  have energies g r e a t  enough t o  e x c i t e  elec- 

t r o n s  across t h e  gap; t h e  minimum energy t o  meet t h i s  requirement 

i s  given by t h e  r e l a t i o n  

where E = gap energy 
g 

h = Planck's  constant  

c = speed of l i g h t  

v = frequency of inc ident  r a a i a t i o n  

X = wavelength of inc ident  r a d i a t i o n *  



I n  an e x t r i n s i c  semiconductor photon absorpt ion w i l l  cause t r an -  

s i 8 k r ~ n s ,  between impurity l e v e l s  l y i n g  wi th in  t h e  forbidden gap and 

t h e  conduction or  valence band. For t h i s  type  of ma te r i a l  e i t h e r  

f r e e  holes  and bound e l e c t r o n s ,  o r  bound ho les  and f r e e  e l ec t rons  

a r e  produced. For example, i n  an e x t r i n s i c  semiconductor wi th  donor 

l e v e l s  e l ec t rons  a r e  f r eed  through absorpt ion  of photons of minimum 

energy E t h e  energy d i f f e rence  between t h e  donor l e v e l  and t h e  
0 , 

bottom of t h e  conduction band. The corresponding minimum frequency,  

v and maximum wavelength, 
0 ' A o ,  of i nc iden t  r a d i a t i o n  a r e  thus  given 

by t h e  r e l a t i o n  

I n  an  e x t r i n s i c  semiconductor wi th  acceptor  l e v e l s ,  f r e e  holes  a r e  

formed when photons of energy g r e a t e r  than  t h e  energy d i f f e r e n c e  

between t h e  acceptor  l e v e l  and t h e  valence band a r e  absorbed, ELec- 

t r o n s  a r e  thus  exci ted  from t h e  va lence  band t o  t h e  acceptor  l e v e l  

c r e a t i n g  f r e e  ho les  i n  t h e  valence band. 

An elementary mathematical a n a l y s i s  can be performed t o  

determine mechanisms a f f e c t i n g  photoconductivity i n  a given ex t r in -  

s i c  semiconductor. Consider such m a t e r i a l  i n  which one type  of 

c a r r i e r  i s  considered t o  dominate t h e  conduct iv i ty .  Then 

where n = dens i ty  of f r e e  c a r r i e r s  

e = charge of f r e e  c a r r i e r s  

pn = mobi l i ty  of f r e e  c a r r i e r s  



Upon i l l umina t ion  t h e  conduc t iv i ty  w i l l  change, t h i s  change 

be ing  caused by e i t h e r  a  change i n  f r e e  c a r r i e r  d e n s i t y  o r  t h e  

c a r r i e r  mob i l i t y  o r  both.  

Then (2 .3)  becomes 

a  + Aa = ( n  + An) e  (p  + A P )  (2 .4 )  

where Ao, An, A D  r e f e r  t o  t h e  change from t h e  o r i g i n a l  va lues  i n  (2.3). 

Then 

a  + Aa = nep + Anep + Apen + AnApe ( 2 . 5 )  

l ead ing  t o  

Ao - Anep + Avene ( 2 . 6 )  

Thus a  change i n  conduc t iv i ty  can  r e s u l t  from a change i n  t h e  

d e n s i t y  of f r e e  c a r r i e r s  o r  a change i n  t h e i r  mob i l i t y .  

I l l umina t ion  causes c a r r i e r s  i n  excess  of t hose  produced by 

normal thermal  gene ra t ion ,  hence An r e f e r s  t o  t h o s e  excess  c a r r i e r s  

produced by i l l u m i n a t i o n  of t h e  m a t e r i a l .  The r a t e  a t  which t h e s e  

excess  c a r r i e r s  a r e  produced w i l l  b e  r e l a t e d  t o  t h e  i n t e n s i t y  of 

i nc iden t  r a d i a t i o n  through t h e  quantum e f f i c i e n c y  of t h e  process .  

The change i n  t h e  d e n s i t y  of f r e e  c a r r i e r s ,  An, i s  d i r e c t l y  

r e l a t e d  t o  t h e  i n t e n s i t y  of e x c i t a t i o n ,  G ,  through t h e  f r e e - c a r r i e r  

l i f e t i m e ,  ~g [ l ] .  

n  = GT: n  

where G = cm3secy1  

An = A G T ~  4 A T  G 
n 

g iv ing  

Ao = ( A G T ~  + k n G ) e p  + Apen 



Ao = AGT pe + A T  Gep + Apen. 
n n (2.10) 

Each of t h e  terms i n  t h e  above equation t h u s  r ep resen t s  a t  

l e a s t  one mechanism f o r  photoconductivity. The most important of 

t h e s e  terms i s  t h e  f i r s t ,  AGrnep, i n  which t h e  conduct iv i ty  i s  

changed because of a change i n  t h e  i n t e n s i t y  of photoexci ta t ion .  The 

genera t ion  r a t e  of f r e e  c a r r i e r s  inc reases ,  but t h e  c a r r i e r  l i f e t i m e  

remains t h e  same. This term w i l l  be t h e  dominant one i n  p r a c t i c a l l y  

a l l  cases .  The second term, epGATn, includes those  e f f e c t s  i n  which 

t h e  l i f e t i m e  i s  a func t ion  of photoexci ta t ion .  For example, i f  t h e  

p r o b a b i l i t y  of recombination becomes g r e a t e r  wi th  photoexci ta t ion ,  

 AT^ could become negat ive ,  decreasing t h e  s e n s i t i v i t y  of t h e  photo- 

conductor. The t h i r d  term, Aven, includes those  e f f e c t s  i n  which 

t h e  mobi l i ty  i s  a f f e c t e d  by photoexcitat ion.  An example of t h i s  

e f f e c t  would be  t h e  e x c i t a t i o n  of c a r r i e r s  from one s t a t e  wi th  a 

given mobi l i ty  t o  another s t a t e  wi th  a higher mobi l i ty .  

I n  order  t o  evalua te  t h e  performance of t h e  photoconductor 

some scheme of measurement of t h e  output must be found. To de tec t  
b 

t h e  change i n  conduct iv i ty ,  a change i n  vol tage  ac ross  or  cu r ren t  

through t h e  photoconductor must be de tec ted .  This  de tec t ion  could 

be accomplished by means of a de tec to r  c i r c u i t  cons i s t ing  of a 

b a t t e r y ,  or d . c .  vo l t age  source,  i n  s e r i e s  wi th  t h e  photoconductor 

and a load r e s i s t o r .  

Time varying r a d i a t i o n  absorbed by t h e  photoconductor w i l l  

cause a changing r e s i s t a n c e ,  Rd, giving r i s e  t o  a t ime varying 



Figure 2 . 1  An Elemental Detectfon Ci rcu i t  



vo l t age  ac ros s  RLe This  vo l t age  provides a measure of t h e  e f f e c t i v e -  

ness of t h e  photoconductor t o  convert  r a d i a n t  energy t o  e l e c t r i c a l  

energy. 

I n i t i a l l y  

Upon i l l u m i n a t i o n  R decreases  by ARd causing v t o  change by d R~ 

Equation 2.12 shows t h a t  t h e  time-varying vo l t age  AvR w i l l  b e  
L 

d i r e c t l y  p ropor t iona l  t o  t h e  change i n  dev ice  r e s i s t a n c e .  

For maximum s i g n a l  output  per  u n i t  of r a d i a n t  f l u x ,  RL should 

b e  chosen equal  t o  Rd s o  t h a t  2.12 becomes 

This  cons ide ra t ion  provides a means of measuring t h e  change of 

conduc t iv i ty  of t h e  photoconductor upon i l l umina t ion .  

2 . 1 ~ .  Noise i n  Semiconductors 

Another important  parameter t h a t  should be  d iscussed  be fo re  

cons ider ing  f i g u r e s  of mer i t  i s  no ise .  I n  semiconductors,  no i se  

p l o t t e d  as a func t ion  of frequency fo l lows  roughly t h e  shape of 

t h e  curve shown i n  F ig ,  2 .2,  

A t  h igh  f requencies  t h e  dominant no i se  i s  thermal  no i se  a r i s i n g  





from t h e  random motion of charge c a r r i e r s .  I n  t h e  in te rmedia te  

frequency range  generation-recombination no i se  becomes dominant. 

Th i s  no i se  i s  caused by f l u c t u a t i o n s  i n  t h e  ins tan taneous  va lues  

of t h e  f r e e  c a r r i e r  d e n s i t i e s  due t o  t h e  random cha rac t e r  of t h e  

gene ra t ion ,  recombination, and t r a p p i n g  processes .  The dominant 

n o i s e  a t  low f requencies  i s  c u r r e n t  no i se .  The power spectrum of 

c u r r e n t  no i se  resembles t h e  form of " f l i cke r1 '  no i se  i n  t ubes ,  

t h e  r e l a t i o n  determined exper imenta l ly  being [2]  

where 7 = t h e  power spectrum of cu r r en t  no i se  
N 

K1 = a constant  

A = no i se  bandwidth. f 

S e v e r a l  sources of t h i s  no i se  have been suggested,  bu t  t h e  most 

widely accepted t h e o r i e s  a s s o c i a t e  t h i s  no i se  wi th  e l e c t r i c a l  con- 

t a c t s  and wi th  su r f ace  e f f e c t s .  

The importance of achiev ing  a low l e v e l  of no i se  i n  photo- 

conductors cannot be  overemphasized. This  f a c t  w i l l  become even 

more apparent upon p r e s e n t a t i o n  of t h e  f i g u r e s  of mer i t  which show 

the u l t i m a t e  l i m i t i n g  f a c t o r  of t h e  photoconductor performance t o  be 

no i se .  



2.1d, Figures  of Merit 

I n  eva lua t ing  a  photodetec tor  t h e  r e sea rche r  a s se s ses  i t s  r e l a -  

t i v e  va lue  by means of g e n e r a l l y  accepted f i g u r e s  of m e r i t .  By 

p r e s e n t a t i o n  of t h e s e  f i g u r e s  of mer i t  one should be  a b l e  t o  judge 

t h e  c a p a b i l i t i e s  of t h e  device .  Kruse e t  a 1  [2] s t a t e s  t h a t  t h e  most -- 
important  of t h e s e  f i g u r e s  of m e r i t  can b e  grouped i n t o  f o u r  ca te -  

g o r i e s  : 

(1) t h o s e  f i g u r e s  of mer i t  which show t h e  minimum i n t e n s i t y  

of r a d i a n t  power f a l l i n g  on a  d e t e c t o r  which w i l l  g i v e  r i s e  

t o  a s i g n a l  v o l t a g e  equal  t o  t h e  no i se  v o l t a g e  a c r o s s  

t h e  d e t e c t o r   he s i g n a l  vo l t age  being t h a t  t ime- 

vary ing  v o l t  age ,  A v ~ L  , appearing ac ros s  R i n  t h e  c i r c u i t  L 

of Fig.  2 . 1 ) ;  

( 2 )  t h o s e  f i g u r e s  of mer i t  which provide a measure of t h e  

s i g n a l  vo l t age  obta ined  per  u n i t  of r a d i a n t  power f a l l i n g  

on t h e  d e t e c t o r  ; 

( 3 )  t h o s e  f i g u r e s  of mer i t  t h a t  r e l a t e  s i g n a l  output  t o  wave- 

l e n g t h  of t h e  r a d i a t i o n  ; 

(4) t h o s e  f i g u r e s  of mer i t  which provide a  measure of t h e  

d e t e c t o r ' s  response t o  t h e  modulation frequency of t h e  

inc iden t  r a d i a t i o n ,  

I n  p re sen t ing  f i g u r e s  of m e r i t ,  c e r t a i n  parameters should a l s o  

be  s p e c i f i e d  due t o  t h e  f a c t  t h a t  i n  most cases  t h e  output  s i g n a l  i s  

h igh ly  dependent upon opera t ing  cond i t i ons .  These s p e c i f i c a t i o n s  



should inc lude ,  a s  a  minimum, t h e  type  and s p e c t r a l  d i s t r i b u t i o n  

of t h e  r a d i a t i o n  source, t h e  device opera t ing  temperature,  t h e  

device r e s i s t a n c e ,  and t h e  device a rea  exposed t o  r a d i a t i o n .  

Other opera t ing  condi t ions  could be  included f o r  more complete 

assessment of t h e  d e v i c e ' s  performance. 

A common f i g u r e  of mer i t  used t o  r e l a t e  t h e  r a d i a t i v e  power 

necessary t o  produce a  s ignal- to-noise r a t i o  of u n i t y  i s  t h e  no i se  

equivalent  power, NEP. It i s  def ined  a s  t h e  r.m.s.  value of modu- 

l a t e d  r a d i a t i o n  f a l l i n g  on a  de tec to r  necessary t o  cause t h e  r . m . s ,  

s i g n a l  vo l t age  t o  be  equal t o  t h e  r . m . s .  no ise  vol tage .  The noise  

equivalent  power is  given by t h e  r e l a t i o n  [2]  

where H = r . m . s .  value of t h e  i r r ad iance  ( t h e  r a d i a t i o n  power 

watt  s  
inc ident  per u n i t  of sur face  a r e a ,  ---- 

m2 1 

= a r e a  of device 

vn/vS = t h e  r a t i o  of t h e  r .m.s ,  noise  vo l t age  i n  t h e  bandwidth 

Af t o  t h e  r .m.  s o  s i g n a l  vol tage .  

A l e s s  widely used f i g u r e  of mer i t  i s  t h e  d e t e c t i v i t y ,  D, not 

t o  be mistaken f o r  D*. This f i g u r e  of mer i t  expresses t h e  s ignal -  

to-noise vo l t age  r a t i o  obtained per watt  of r a d i a n t  power, t h e  

r e c i p r o c a l  of t h e  NEP. The general  p r a c t i c e  p resen t ly  i n  use  i s  

t o  r e f e r  t o  D* , which w i l l  be discussed s h o r t l y ,  a s  "de tec t iv i ty"  

s ince  D i s  no longer a  widely used f i g u r e  of mer i t .  Any f u t u r e  



X 
r e f e rence  t o  d e t e e t i v i t y  w i l l  t h e r e f o r e  r e f e r  t o  D . 

I n  order  t o  d i s c u s s  D', a  p r e s e n t a t i o n  of t h e  no i se  equivalent  

i n p u t ,  NEI, must be  made. NEI i s  t h e  r a d i a n t  power pe r  u n i t  of 

d e t e c t o r  a r e a  r equ i r ed  t o  produce a s igna l - to-noise  r a t i o  of  

u n i t y .  Hence [ 2 ]  

NEP 1 - -  NEI = - - wat t s  

*o  "oD cm2(cps) 1 / 2 '  

I 
D (pronounced dee - s t a r )  i s  an  a r e a  independent f i g u r e  of m e r i t  

found by t h e  r e l a t i o n  [ 2 ]  

This  f i g u r e  of mer i t  provides an a r e a  independent measure of t h e  

r . m . s .  s ignal- to-noise r a t i o  per  u n i t  of r a d i a n t  power. 

The preceding f i g u r e s  of m e r i t  could b e  b e s t  c l a s s i f i e d  a s  

f a l l i n g  i n t o  t h e  f i r s t  of t h e  four  mentioned ca t egor i e s .  I f  t h e  

magnitude of t h e  output  s i g n a l  per  u n i t  r a d i a n t  power i s  cons idered ,  

a  f i g u r e  of mer i t  f a l l i n g  i n t o  t h e  second ca tegory  i s  found. The 

f i g u r e  of m e r i t ,  r e s p o n s i v i t y ,  R ,  i s  de f ined  as t h e  r.m.s.  s i g n a l  

v o l t a g e ,  vs ,  per  u n i t  r . m . s .  r a d i a n t  power, P ,  i nc iden t  upon t h e  

d e t e c t o r  [2]. 

V 
s  v o l t s  R = -  
P w a t t '  

For t h e  f i g u r e s  of mer i t  a l r eady  l i s t e d ,  t h e  response was con- 

s ide red  due t o  a source wi th  known s p e c t r a l  d i s t r i b u t i o n  such a s  

a  b l ack  body opera ted  a t  a  known temperature.  These f i g u r e s  of 



of mer i t  can a l s o  be expressed i n  terms of t h e i r  response t o  mono- 

chromatic r a d i a t i o n ,  becoming NEPI, NEIh, DI ,  D:, and R I .  The 

t h i r d  category i s  most adequate ly  por t rayed  by one of t h e  a fore-  

mentioned f i g u r e s  of mer i t  g iven  as a func t ion  of wavelength. 

Re la t ive  response given a s  t h e  r e l a t i v e  s i g n a l  vo l t age  per  u n i t  

monochromatic r a d i a n t  power as a func t ion  of t h e  wavelength a l s o  

f a l l s  i n t o  t h i s  category.  The f o u r t h  category can b e s t  be descr ibed  

by t a k i n g  t h e  r e s p o n s i v i t y  as a f u n c t i o n  of t h e  frequency of modu- 

l a t e d  inc iden t  r a d i a t i o n ,  ~ ( f ) .  

Before proceeding t o  t h e  next  chapter  t h e r e  a r e  d e t a i l s  t h a t  

r e q u i r e  f u r t h e r  explana t ion .  The f i g u r e s  of mer i t  p resented  

c h a r a c t e r i z e  not only photoconductors but  t h e  e n t i r e  range  of 

photodetec tors .  Other f i g u r e s  of mer i t  e x i s t  exc lus ive ly  f o r  photo- 

conductors ,  but  t h e  f i g u r e s  of mer i t  chosen were so  s e l e c t e d  because 

of t h e i r  g e n e r a l i t y  and widely accepted use.  From t h e  d i scuss ions  

t h u s  f a r  it i s  seen t h a t  t h e r e  a r e  many v a r i a b l e s  which can a f f e c t  

any f i g u r e s  of mer i t  determined. To ga in  a complete a n a l y s i s  of 

t h e  photoconductor under i n v e s t i g a t i o n  t h e  e f f e c t s  of t h e s e  

v a r i a b l e s  on device  s i g n a l  output  should be i n v e s t i g a t e d  and op t i -  

mum ope ra t ing  condi t ions  determined, 

2 .1e0  Comparative Analysis  of Some Presen t ly  Used Photoconductors 

Having d iscussed  t h e  means by which t h e  r e l a t i v e  va lue  of a  

photoconductor i s  assessed  a  comparison of t h e  c h a r a c t e r i s t i c s  

of and of t h e  performance of some of t h e  more widely used types  i s  



given.  These photoconductors a r e  gene ra l ly  prepared i n  one of two 

forms, t h i n  f i l m  o r  s l i c e d  s i n g l e  c r y s t a l .  The t h i n  f i l m s  have 

th i cknesses  u s u a l l y  on t h e  order  of l p ,  while  t h e  s l i c e d  c r y s t a l s  

g e n e r a l l y  have th icknesses  exceeding lmm. The t h i n  f i l m s  e x h i b i t  

l e s s  d e s i r a b l e  c h a r a c t e r i s t i c s  i n  t h a t  t h e  p o l y c r y s t a l l i n e  depos i ted  

s t a t e  r e s u l t s  i n  nonuniformity and has  a tendency t o  be  more c u r r e n t  

n o i s e  l i m i t e d  t h a n  t h e  s l i c e d  c r y s t a l s .  Reproduc ib i l i t y  of s i m i l a r  

dev ices  i s  poorer i n  t h e  t h i n  f i lms  i n  a d d i t i o n  t o  t h e  obvious 

p h y s i c a l  s t r e n g t h  def ic iency  [2] . I n t r i n s i c  photoconduct i on  

g e n e r a l l y  e x h i b i t s  b e t t e r  q u a l i t i e s  t h a n  t h e  e x t r i n s i c  case .  

Con t ro l l i ng  of doping i s  not a seve re  l i m i t a t i o n  i n  i n t r i n s i c  detec-  

t o r s ,  and t h e  r e s p o n s i v i t y  and o p t i c a l  absorp t ion  c o e f f i c i e n t  a r e  

g e n e r a l l y  higher  i n  t h i s  type .  The r e s i s t a n c e  of t h e  photocon- 

duc tor  i s  another  important comparison a s  t h i s  parameter determines 

ampl i f i e r  needs. Devices a r e  grouped i n t o  t h r e e  c a t e g o r i e s  when 

cons ider ing  t h i s  parameter:  low r e s i s t a n c e  d e t e c t o r s ,  Rd  c 100W; 

medium r e s i s t a n c e  d e t e c t o r s ,  102W-106W; and h igh  r e s i s t a n c e  detec-  

t o r s ,  2 1 0 6 ~ .  I n  a d d i t i o n  t o  a m p l i f i e r  requirements ,  t h e  r e s i s t a n c e  

a l s o  determines no i se  l e v e l s  t o  some degree. High r e s i s t a n c e  may 

cause RC t ime cons t an t s ,  due t o  t h e  low capac i tance  p re sen t  i n  

t h e  d e t e c t i o n  c i r c u i t ,  cons iderably  g r e a t e r  t h a n  t h e  m a t e r i a l  l i f e -  

t ime r e s u l t i n g  i n  reduced frequency response.  The temperature of 

ope ra t ion  i s  another  important comparison. Most of t h e  photo- 

conductors i n  wide use  show a much improved performance a t  reduced 



tempera.tures,  General ly  t hey  a r e  maintained a t  one of four  tempera- 

t u r e s  : room tempera ture ,  295O~;  d ry  i c e  temperature,  1 9 5 ' ~ ;  l i q u i d  

n i t rogen  tempera ture ,  7 7 ' ~ ;  o r  l i q u i d  helium temperature,  h ' ~ ,  

Having d i scussed  a number of g e n e r a l i z a t i o n s ,  p a r t i c u l a r  t ypes  

of photoconductors w i l l  be  examined: 

A. Lead s u l f i d e  ( P ~ s )  i s  used ex tens ive ly  f o r  a p p l i c a t i o n s  

involv ing  d e t e c t i o n  of r a d i a t i o n  of wavelength below 3 p .  It i s  

prepared i n  two ways, e i t h e r  by chemical depos i t i on  o r  by sublimina- 

t i o n  i n  a vacuum. C e l l s  made of t h i s  m a t e r i a l  a r e  considered t o  

be  t h e  b e s t  p h o t o c e l l s  a v a i l a b l e .  These c e l l s  a r e  t h i n  f i l m ,  

i n t r i n s i c  (0.37ev band gap)  d e t e c t o r s  u s u a l l y  operated below room 

tempera ture ,  bu t  a l s o  extremely u s e f u l  at room temperature.  D; 

i s  u s u a l l y  i n  t h e  lo1 '  ( Hz"2) range a t  optimum opera t ion  condi- 
w a t t  

t i o n s .  I ts  r e s i s t a n c e  remains i n  t h e  l o 6  ohm range f o r  tempera- 

t u r e s  as low as 7 7 ' ~  [2 ,  3, 41.  

B. Lead s e l e n i d e  ( P b ~ e )  i s  another  l e a d  s a l t  t h i n  f i l m  

opera ted  a t  room temperature o r  below. It i s  prepared s i m i l a r l y  

t o  PbS and i s  used mainly a s  an uncooled d e t e c t o r  of r a d i a t i o n  

i n  t h e  3v t o  4v range o r  a s  a 77OK d e t e c t o r  of 4 p  - 6v wavelength 

r a d i a t i o n .  Typica l  d e t e c t i v i t i e s  range from l o 8  f o r  uncooled 

d e t e c t o r s  t o  l o i 0  a t  77OK. Typica l  r e s i s t a n c e s  range from l o 4  

t o  l o 7  ohms i n  t h e  same temperature i n t e r v a l  [ 2 ,  3 ,  4 1 ,  

C. Lead t e l l u r i d e  ( ~ b ' i ' e )  i s  an  i n t r i n s i c  (0,30ev band gap)  

t h i n  f i l m  photoconductor u s e f u l l y  s e n s i t i v e  a t  7 7 ' ~  o r  below only.  



It i s  usua l ly  prepared by vacuum subl i ininat ion and has  a much h igher  

r e s i s t a n c e  than  PbS o r  PbSe. I t s  peak response. occurs  f o r  r a d i a t i o n  

of wavelength 4 . 0 ~  [ 2 ,  3,  41,  

D. Germanium (Ge) i s  not  used as an i n t r i n s i c  photoconductor 

because of i t s  wide band gap ( 0 ~ 6 7 e v ) .  Considerable  u s e  has been 

found a s  an e x t r i n s i c  photoconductor w i th  dopants inc luding  gold ,  

gold-antimony , z inc ,  zinc-antimony , copper,  and cadmium. These 

e x t r i n s i c ,  s l i c e d  c r y s t a l  photoconductors a r e  u s u a l l y  opera ted  

a t  cryogenic tempera tures  and e x h i b i t  d e t e c t i v i t i e s  i n  t h e  l o E 0  

range  a t  peak responses occuring a t  r a d i a t i o n  wavelengths of 

5p - 2 0 ~ .  Res is tances  l i e  i n  t h e  1o6L? r eg ion  [2 ,  3 ,  41, 

E. Indium Antimonide ( 1 n ~ b )  i s  a compound semiconductor 

formed by mel t ing  s to i ch iome t r i c  amounts of indium and antimony. 

It i s  a s i n g l e  c r y s t a l  opera ted  a t  room temperature o r  below 

e x h i b i t i n g  d e t e c t i v i t i e s  on t h e  order  of l o 7  a t  295OK t o  lo1 '  at 

7 7 ' ~ .  I t s  r e s i s t a n c e  i s  low ( " 1 0 0 ~ )  above 1 9 5 ' ~ ,  b u t  reaches  

" l o 5  at [2, 4 ] +  

F. Indium Arsenide (1nAs) i s  another  i n t e r m e t a l l i c  compound 

semiconductor, bu t  i s  more d i f f i c u l t  t o  manufacture t han  InSb, 

It i s  gene ra l ly  opera ted  a t  295 '~ ,  e x h i b i t i n g  a d e t e c t i v i t y  on 

t h e  o rde r  of l o 8  a t  a wavelength of 3 . 6 ~  [ 2 ] .  

G. Tel lur ium ( ~ e )  i s  a s i n g l e  c r y s t a l  photoconductor 

* 
e x h i b i t i n g  a peak DA i n  t h e  order  of 101° a t  3*5p .  Res is tance  

i s  on t h e  order  of l o 3  a t  i t s  ope ra t ing  temperature o f  7 7 O ~ .  



It i s  prepared from c r y s t a l s  grown by t h e  Czochralslri method [ 2 ] .  

H. Thallous s u l f i d e  ( ~ 1 ~ s )  i s  a  t h i n  f i l m  i n t r i n s i c  photocon- 

ductor  used mainly as  a  de tec to r  i n  in f ra red  communications systems 

and i s  use fu l  only a t  wavelengths l e s s  than  1 . 3 ~ .  It i s  prepared 

f 
by vacuum deposi t ion ,  and e x h i b i t s  a  peak Dh va lue  i n  t h e  l o 1  

range a t  0 . 9 ~  a t  room temperature [ 2 ] .  

I. S i l i c o n  ( ~ i )  doped wi th  group I11 or  V impur i t i e s  e x h i b i t s  

e x t r i n s i c  photoconductivi ty a t  wavelengths ranging from 2~ t o  3 8 ~ .  

Only r e c e n t l y  have use fu l  c e l l s  been produced. These c e l l s  exh ib i t  

d e t e c t i v i t i e s  on t h e  order  of 1 0 l 0  while  opera t ing  a t  temperatures 

of 23OK t o  4 0 ' ~  [ h ,  51. 

2,2. RADIATION DEFECTS I N  SILICON 

R .  A.  Soreff [5]  has shown t h a t  e x t r i n s i c  in f ra red  photoconduc- 

t i v i t y  i s  exhib i ted  i n  chemically doped s i l i c o n ,  and t h a t  t h e  peak 

response l i e s  i n  t h e  i n f r a r e d  range ( 2 ~  t o  3 8 ~ ) .  This  p a r t i c u l a r  

i n v e s t i g a t i o n  a l s o  involves t h e  use  of e x t r i n s i c  s i l i c o n  but  i s  

unusual i n  t h e  f a c t  t h a t  t h e  s i l i c o n  was "doped" by i r r a d i a t i o n .  

Work done by E. Sonder and L. C .  Templeton [6 - 81 of t h e  Sol id  

S t a t e  Division of t h e  Oak Ridge National  Laboratory and G. Watkins 

and J .  W. Corbett  [g - 1 1 1  of t h e  General E l e c t r i c  Research Labora- 

t o r y  proved t h a t  e l ec t ron  or  y-ray i r r a d i a t i o n  of s i l i c o n  produces 

net  acceptor  l e v e l s  wi th in  t h e  forbidden gap i n  n-type s i l i c o n  

and net  donor l e v e l s  i n  p-type s i l i c o n .  



The author f e e l s  t h a t  a  b r i e f  synopsis  of t h e  work of t h e  afore-  

mentioned men w i l l  b e  b e n e f i c i a l  t o  a  more complete understanding 

of t h i s  inves t iga t ion .  D e t a i l s  involved wi th  t h e  l o c a t i o n  of t h e s e  

l e v e l s  and wi th  t h e  models of t h e  mechanisms causing them w i l l  be 

d iscussed ,  while  d iscuss ion  of t h e  techniques used t o  a r r i v e  a t  

t h e s e  f ind ings  w i l l  be neglected due t o  t h e  f e e l i n g  t h a t  such a 

d i scuss ion  i s  beyond t h e  scope of t h i s  t h e s i s ,  

I n  1960, Sonder and Templeton [6]  noted t h a t  t h e  predominant 

e f f e c t  of i r r a d i a t i n g  oxygen-containing n-type s i l i c o n  was t h e  pro- 

duct ion  of a  s i n g l e  d i s c r e t e  ne t  acceptor  level .0.17ev below t h e  

conduction band. This r e p o r t  subs tan t i a t ed  t h e  f ind ings  of a  

number of r e sea rche r s  i n  t h i s  f i e l d .  Addit ional  acceptor l e v e l s  

l y i n g  deeper i n  t h e  gap were noted being introduced a t  a  r a t e  50 

t imes l e s s  t h a n  t h a t  of t h e  Ec-0. l7ev  l e v e l .  Cobalt 60 gamma-ray 

bombardment, which crea ted  Compton e l ec t rons  of energies  of 1 Mev 

o r  l e s s  wi th in  t h e  s i l i c o n  l a t t i c e ,  was used f o r  t h e  i r r a d i a t i o n ,  

These e l ec t rons  were uniformly d i s t r i b u t e d ,  thereby causing a 

uniform d i s t r i b u t i o n  of damage s i t e s  wi th in  t h e  l a t t i c e .  The 

r e sea rche r s  noted t h a t  a  r a t e  of in t roduc t ion  of t rapping s i t e s  

would have been approximately an order  of magnitude higher  with 

t h e  use of acce le ra to r  e l ec t rons  ( t h e  r a t e  being t r a p /  

~ m ? / ~ h o t o n / c m ?  or  i n  terms of t h e  Compton e l ec t rons  t r a p /  

cm?/photon/cm?). 

I n  1961, Corbett  and Watkins [9 ]  proposed a model of t h e  



mechanism causing t h e  l e v e l  a t  E -0.17ev based upon s p i n  resonance 
C 

measurements. Subsequent work involv ing  t h e  i d e n t i f i c a t i o n  of an 

abso rp t ion  band a t  12v i n  t h e  i r r a d i a t e d  m a t e r i a l  confirmed t h e  

proposed model [ l o ] .  These r e s e a r c h e r s  a l s o  found t h a t  t h e  in t ro -  

duc t ion  r a t e  of  t h e  Si-A c e n t e r ,  t h e  mechanism causing t h e  Ec-0. 17ev 

l e v e l ,  w a s  lower i n  vacuum f l o a t i n g  zone s i l i c o n  t h a n  i n  pu l l ed  

c r u c i b l e  s i l i c o n  ( t h e  f l o a t i n g  zone s i l i c o n  has an  oxygen concentra- 

t i o n  some 100 t imes  lower t h a n  t h a t  of p u l l e d  c r u c i b l e ) .  The 

d e t a i l e d  model proposed by t h e s e  r e s e a r c h e r s  i s  shown i n  F ig .  2.3 

and c o n s i s t e d  of a vacancy a s soc i a t ed  wi th  an oxygen atom. The 

oxygen atom bonds w i t h  two of t h e  fou r  bonds broken by t h e  

vacancy, whi le  t h e  remaining two broken bonds forms a molecular 

bond which could t r a p  an  a d d i t i o n a l  e l e c t r o n .  This  t r app ing  s t a t e  

w a s  t h e  l e v e l  a t  Ec-0.17ev. The v e r i f i c a t i o n  of t h i s  model t h u s  

implied t h a t  t h e  s i l i c o n  l a t t i c e  vacancy introduced by  t h e  i r r a -  

d i a t i o n  was mobile a t  room temperature.  

Sonder and Templeton [6 ]  r epo r t ed  f i n d i n g s  on l e v e l s  i n  

n-type f loa t -zone  s i l i c o n  i n  1963. The Si-A c e n t e r  was aga in  

found be ing  in t roduced  a t  a r a t e  comparable t o  t h a t  i n  oxygen- 

conta in ing  ( p u l l e d  c r u c i b l e )  s i l i c o n  as long  a s  t h e  donor concen- 

t r a t i o n  of t h e  f l o a t  zone s i l i c o n  was l e s s  t h a n  1016 donors/cm3. 

An a d d i t i o n a l  acceptor  l e v e l  was found at 0.47ev below t h e  conduc- 

t i o n  band i n  phosphorous-doped s i l i c o n  and E -0.43ev i n  antomony- 
C 

doped s i l i c o n .  This  deeper l e v e l  was found t o  annea l  between 



Figure 2 . 3  A Model of  the SI-A C e n t e ~  



1 0 0 ~ ~  and 150°c but  even higher  temperatures  would not remove a l l  

t h e  acceptors  i n  t h i s  l e v e l .  

Corbet t  and Watkins concluded t h a t  t h i s  l e v e l  a t  E -0.47ev 
C 

was t h e  dominant l e v e l  i n  f l o a t  zone n-type s i l i c o n  I l l ] .  Again 

a model w a s  proposed f o r  t h e  mechanism, t h e  Si-E c e n t e r ,  causing 

t h e  acceptor  l e v e l .  The model f o r  t h i s  cen te r  cons i s t ed  of a 

mobile vacancy c rea t ed  by i r r a d i a t i o n  t r apped  by a n  impuri ty  

phosphorous ( t h e  dopant) atom. The model proposed t h a t  two of t h e  

t h r e e  s i l i c o n  atoms ad jacent  t o  t h e  vacancy pu l l ed  toge the r  t o  form 

a p a i r  bond wi th  t h e  unpaired e l e c t r o n  l e f t  p r imar i ly  t o  t h e  t h i r d  

s i l i c o n  atom. 

Sonder and Templeton a l s o  r epo r t ed  f ind ings  on t h e  l o c a t i o n  of  

l e v e l s  i n  p-type m a t e r i a l s  [8]. They found t h a t  i r r a d i a t i o n  

introduced donor l e v e l s  i n  t h e  lower h a l f  of t h e  forbidden gap. 

For pu l l ed  c r u c i b l e  p-type s i l i c o n  a l e v e l  0.3.5e-v above t h e  va lence  

band was l o c a t e d ;  i n  f l o a t  zone maater ia l  a dominant l e v e l  a t  

Ev + 0.21ev and a weak l e v e l  a t  E + 0,28ev were found. S imi la r  v 

mechanisms a s  t hose  i n  n-type m a t e r i a l  were thought t o  cause t h e s e  

l e v e l s  bu t  no formal proof was o f f e red .  

The two c e n t e r s ,  t h e  Si-A and Si-E, were by no means t h e  only 

ones found i n  i r r a d i a t e d  s i l i c o n .  Spin resonance techniques 

poin ted  out  t h a t  i r r a d i a t i o n  caused many complex e f f e c t s  i n  t h e  

s i l i c o n  l a t t i c e .  The two ment Toned, however, were t h e  dominant 

ones f o r  t h e  given types  of s i l i c o n .  The Si-A was dominant i n  



pul led  c r u c i b l e ,  t h e  Si-E center  not being present .  The Si-E 

cen te r  app.eared dominant i n  f loat-zone mate r i a l  although t h e  Si-A 

center  was present  i n  t h i s  type  of i r r a d i a t e d  s i l i c o n .  

2.3. PHOTOCONDUCTIVITY I N  IRRADIATED SILICON 

Thus f a r  t h i s  chapter  has been concerned with two sub jec t s  , 

photoconductivity and defec t  l e v e l s  i n  i r r a d i a t e d  s i l i c o n .  The 

only r e l a t i o n  shown or implied between t h e  two has been t h e  f a c t  

t h a t  e x t r i n s i c  photoconduction depends upon impurity l e v e l s  wi th in  

t h e  forbidden gap. It i s  t h e  purpose of t h i s  sec t ion  t o  f u r t h e r  

r e l a t e  t h e  two sub jec t s ,  t o  show why e x t r i n s i c  photoconductivity 

i n  i r r a d i a t e d  s i l i c o n  i s  thought t o  b e  super ior  t o  i n t r i n s i c  photo- 

conductivi ty i n  a ma te r i a l  whose gap energy i s  t h e  same a s  t h e  

energy d i f fe rence  between t h e  valence band and acceptor l e v e l  i n  

t h e  e x t r i n s i c  case ,  and f i n a l l y  t o  pose an experimental quest ion.  

I n  phosphorous doped f loat-zone i r r a d i a t e d  s i l i c o n  t h e  energy 

l e v e l s  appear as i n  Fig. 2,4. One would thus  expect t o  observe 

e x t r i n s i c  photoconductivity i n  i r r a d i a t e d  s i l i c o n .  

The quest ion should a r i s e  a s  t o  why e x t r i n s i c  photoconduction 

would be of g rea te r  degree than i n t r i n s i c  photoconduction i n  a 

ma te r i a l  whose band gap i s  equal t o  t h a t  of t h e  energy d i f fe rence  

involved i n  t h e  t r a n s i t i o n s  i n  t h e  e x t r i n s i c  case.  One would 

suspect from previous d iscuss ion t h a t  t h e  i n t r i n s i c  case would be 

prefer red .  However previous research  has shown t h a t  t h e  r e s i s t i v i t y  
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Figure 2.4 Energy Level Diagram of I r r a d i a t e d  Silicon 



of i r r a d i a t e d  s i l i c o n ,  u n l i k e  non- i r rad ia ted  s i l i c o n ,  a c t u a l l y  

increased  s i g n i f i c a n t l y  at cryogenic temperatures  [12]  . Fig .  2.5 

shows t h e  t e m p e r a t u r e - r e s i s t i v i t y  c h a r a c t e r i s t i c s  of a 100 ohm-cm. 

sample be fo re  and a f t e r  i r r a d i a t i o n .  Th i s  f a c t  l e a d s  one t o  

suspec t  t h a t  a change i n  conduc t iv i ty  i n  t h e  h igher  r e s i s t i v i t y  

m a t e r i a l  would be  more s i g n i f i c a n t  t han  a change i n  t h e  much lower 

r e s i s t i v i t y  one. 

Consider t h e  d i f f e r ence  i n  t h e  thermal equi l ibr ium d e n s i t y  of 

e l e c t r o n s  a t  7 7 ' ~  f o r  t h e  two cases  mentioned: 

1. An i n t r i n s i c  m a t e r i a l  w i t h  0.47ev a s  t h e  band gap '  ( t h e  

Si-E c e n t e r  i s  assumed dominant ) . 
2. An e x t r i n s i c  m a t e r i a l  w i th  E = l . 1 5 e v y  Nd a t  Ed = 

g 

Ec - 0.05evy and Na a t  Ec - 0.47ev. 

I n  t h e  i n t r i n s i c  ca se ,  Maxwell Boltzmann s t a t i s t i c s  can b e  

app l i ed  g iv ing  

n = N exp. { - ( E ~  - Ef)/kT) 
0 C 

= N exp. { ( E ~  - Ef ) /kT) -  Po v 

Now 

where 

N = 2 ( 2 s  m kT/h2) 3 / 2  
c e 

Nv = 2 ( 2 s  mh k ~ / h ~ ) ~ / ~ .  
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Figure  2-5 Temperature v s .  R e s i s t i v i t y  C h a r a c t e r i s t i c s  
f o r  a  100 ohm-em. n-Type Device 



I n  t h e  e x t r i n s i c  c a s e ,  i f  we l e t  Na = KNd, 

n  = Nc exp. 
0 { - ( E ~  - E~ ) h ~ l ,  

lead ing  t o  no = 2 (2n m k ~ / h ~ ) ~ / ~  e-Ef'kT e  

where E i s  t aken  i n  r e f e rence .  
C 

Now, 

n  o = ~ ~ - f  N~ (2 .27 )  

s i n c e  t h e  e l e c t r o n s  i n  t h e  conduction band must come mainly from t h e  

impuri ty  l e v e l  (minus t h o s e  t rapped  by t h e  t r app ing  l e v e l  a t  E ) ;  a  

is  t h e  p r o b a b i l i t y  of  an  e l e c t r o n  occupying a p a r t i c u l a r  l e v e l .  

Equations (2 .26)  and (2 .27)  l e a d  t o  

where 



Let 

where x < < l ,  now 

(1 + x F 2  = 1 + x/2  f o r  x < < l  

s o  t h a t  

[1 + B (Bra - N d ) l  I 4~ Nd - 
no - 2B 

- 1 + 1 +  (2 .31)  

o r  

But N > > N  so  B(N, - Nd)>>l and 
a d '  

and 

We def ined  E = -Ea, hence 
g 

Now comparing t h e  two by t ak ing  the r a t i o  of t h e  i n t r i n s i c  c a s e  t o  



t h a t  of t h e  e x t r i n s i c  case. 

f o r  m 
e ' %  

A t  7 7 O K ,  2kT - .012ev t h e  r a t i o  becomes 

From equation (2.38) one sees  t h a t  t h e  dens i ty  of e l ec t rons  a t  

7 7 ' ~  f o r  t h e  i n t r i n s i c  case i s  extremely higher than t h a t  of t h e  

e x t r i n s i c  case ,  e spec ia l ly  s ince  K w i l l  u sua l ly  be approximately 1 0  

o r  more. Thus f o r  t h e  same i n t e n s i t y  of r a d i a t i o n  inc ident  upon t h e  

two mate r i a l s ,  t h e  change i n  conductivi ty of t h e  e x t r i n s i c  ma te r i a l  

w i l l  be  much g r e a t e r .  

This sec t ion  has shown t h a t  t h e r e  was good reason t o  suspect  

t h a t  e x t r i n s i c  photoconductivity was exhibi ted i n  i r r a d i a t e d  s i l i c o n ,  

and t h a t  t h e  degree t o  which it was exhibi ted  was g rea te r  than i n  

one a l t e r n a t e  case.  The resea rcher ,  t h e r e f o r e ,  endeavored t o  

determine t h e  presence of t h i s  photoconductivity, and i f  it were 

p resen t ,  t o  determine t h e  degree t o  which it was present .  H i s  

primary concern was t o  determine whether or  not t h e  magnitude of t h e  



change i n  conductivi ty was g rea t  enough t o  be detec ted ,  and whether 

o r  not t h e  l i f e t i m e  of t h e  exci ted  c a r r i e r s  was long enough f o r  t h e  

phot oconduct i v i t y  t o  be observed. 



CHAPTER I11 

INSTRUMENTATION 

3.1. THE DETECTION SYSTEM 

The de tec t ion  of t h e  photoconductive process depends upon t h e  

de tec t ion  of t h e  change i n  conductivi ty of t h e  device. Assuming 

a p e r f e c t l y  r e s i s t i v e  device, one could obta in  t h i s  r e s u l t  by detec- 

t i o n  of a change of vol tage  across t h e  device when t h e  device i s  

placed i n  s e r i e s  wi th  a r e s i s t o r  of comparable s i z e  and a d.c .  b i a s  

source. Changing t h e  conductance of a device i n  such a c i r c u i t  by 

pe r iod ica l ly  i r r a d i a t i n g  t h e  device would r e s u l t  i n  a vol tage  con- 

t a i n i n g  a per iodic  component t o  appear across  t h e  r e s i s t o r .  This 

c i r c u i t  would thus  provide an elementary de tec t ion  system a s  shown 

i n  Fig. 3.1. 

One bas ic  problem with t h i s  c i r cu ik  i s  t h e  l a c k  of a b i l i t y  

t o  d e t e c t  very small changes i n  t h e  r e s i s t a n c e .  Typical ly one might 

expect s i g n a l  outputs  across Rc on t h e  order  of microvolts .  This 

problem w i l l  n e c e s s i t a t e  t h e  addi t ion  of some type of ampl i f ie r .  

This ampl i f ie r  should be se lec ted  t o  f i t  t h e  requirements of t h e  

p a r t i c u l a r  case a t  hand. The requirements w i l l  be  d ic ta t ed  by t h e  

r e s i s t a n c e  of t h e  device, a s  mentioned previously,  and t h e  s i z e  

of t h e  s i g n a l  output .  The r e s i s t a n c e  w i l l  determine t h e  necessary 

input  impedance of t h e  ampl i f ie r  t o  insure  proper coupling between 

R and t h e  measurement instrument, The s i z e  of t h e  output s igna l  L 
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w i l l  determine t h e  necessary gain.  With t h i s  modification t h e  pro- 

blem of c a l i b r a t i o n  appears. W. L. Eisenman [13] suggests t h e  

addi t ion  of a r e s i s t o r  whose res i s t ance  i s  neg l ig ib le  i n  comparison 

t o  t h a t  of t h e  load and device r e s i s t o r s  i n t o  a ground l e g  of t h e  

c i r c u i t .  An external  s igna l  vol tage  in jec ted  i n t o  t h e  system 

through t h i s  r e s i s t o r  can be  used t o  determine t h e  system gain  over 

t h e  des i red  frequency range. 

A means of r e a l i z i n g  t h e  per iodic  i r r a d i a t i o n  i s  a l s o  necessary. 

A widely used method i s  t o  p lace  a motor driven notched d i sk ,  

c a l l e d  a "chopper," i n  t h e  o p t i c a l  path between source and device. 

Additional discussion of t h i s  device i s  deferred t o  a l a t e r  sec t ion  

of t h i s  chapter .  I n  addi t ion ,  a source of r a d i a t i o n  of known 

s p e c t r a l  d i s t r i b u t i o n  i s  a l s o  a necessary p a r t  of t h e  system. 

The mentioned items thus  comprise a somewhat more sophis- 

t i c a t e d  de tec t ion  system than t h a t  of t h e  c i r c u i t  shown i n  

Fig. 3.1. This more complete system, shown i n  Fig.  3 .2 ,  forms a 

b a s i s  f o r  evaluating t h e  performance of a photoconductor. 

Addit ional  modifications may be necessary due t o  unusual de tec to r  

c h a r a c t e r i s t i c s ,  but  t h i s  bas ic  system, through t h e  use of 

procedures out l ined by Eisenman [13] and R .  Clark Jones [ l h ] ,  

can be used t o  determine t h e  f igures  of meri t  necessary t o  

charac te r i ze  t h e  performance of t h e  given photoconductor. 





3 .2 ,  PROBLEMS ENCOUNTERED 

Three b a s i c  problems a rose  when t h e  g iven  d e t e c t o r  system was 

cons t ruc t ed  f o r  u se  wi th  t h e  i r r a d i a t e d  s i l i c o n  samples. These 

problems were : 

(1 .) t h e  d e t e c t i o n  and measurement of s m a l l  s i g n a l  v o l t a g e s ,  

on t h e  order  of microvol t s ,  a c ros s  device  r e s i s t a n c e s  

ranging  from 106L? t o  10llL? ; 

(2) t h e  r educ t ion  of no i se  i n  such a c i r c u i t  t o  a l e v e l  where 

device  no i se  i s  d e t e c t a b l e  from c i r c u i t  no i se ;  

( 3  ) t h e  c a l i b r a t i o n  of t h e  output  s i g n a l  vo l t age  aga ins t  

t h e  g a i n  of t h e  ampl i f i e r  i n  order  t o  ob ta in  t h e  t r u e  

device  s i g n a l  ou tput .  

The extremely h igh  device  r e s i s t a n c e  (-10" ohms) caused t h e  

g r e a t e s t  problems. A Tektronix t y p e  122 p reampl i f i e r  modified f o r  

low no i se  and having an input  impedance of 1o7i2 was f i r s t  used as 

t h e  d e t e c t i o n  system ampl i f i e r .  No success  w a s  obtained from t h i s  

arrangement, and a t tempts  were made t o  couple t h e  c i r c u i t  and t h e  

122 by means of  a cathode fol lower suggested by Eisenman [16,  17 1 . 
These a t tempts  were a l s o  not succes s fu l ,  aga in  due t o  high device  

r e s i s t a n c e .  Another f a c e t  of t h e  h igh  r e s i s t a n c e  problem was t h e  

RC t ime cons tan t  problem posed by t h e  h igh  device  r e s i s t a n c e  and 

low capac i tance  of t h e  l e a d s  ; t h i s  t ime cons tan t  was low enough 

t o  cause a cu tof f  frequency below 100 Hz. Both of t h e s e  problems 

were solved wi th  t h e  development of a low-noise, t r a n s i s t o r i z e d  
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preampl i f ie r  having t h e  necessary  input  impedance ( > >  5 x l o 8  ohms) 

and employing a c a p a c i t i v e  feedback loop  t o  provide "negat ive" 

capac i tance  t o  " tune  out"  capac i tance  i n  t h e  device  l e a d s .  The com- 

p l e t e  preampl i f ie r  and b i a s i n g  c i r c u i t  were small  enough t o  be 

mounted d i r e c t l y  t o  t h e  cryogenic conta iner  housing t h e  dev ice ,  

thereby  reducing l e a d  l e n g t h  and hence capac i tance .  A more complete 

d e s c r i p t i o n  of t h e  preampl i f ie r  w i l l  b e  given i n  t h e  fol lowing 

s e c t  i on .  

Noise d i d  not  p re sen t  as b i g  a problem as a n t i c i p a t e d .  

B a t t e r i e s  were f i r s t  used a s  t h e  b i a s  supply,  b u t  as h igher  b i a s  

vo l t ages  were needed t h e  switch t o  t h e  Fluke model 407 power supp l i e s  

descr ibed  i n  t h e  next s e c t i o n  w a s  n e c e s s i t a t e d .  These power supp l i e s  

w i th  a n  a d d i t i o n a l  RC f i l t e r  combined wi th  t h e  use  of sh i e lded  

l e a d s  and "mini bv%$esl' and wi th  t h e  f i n a l  mounting of t h e  d e t e c t i o n  

c i r c u i t  and ampl i f i e r  as c l o s e  t o  t h e  device  as p o s s i b l e  lowered 

t h e  no i se  t o  a l e v e l  low enough t o  be n e g l i g i b l e  i n  comparison t o  

dev ice  no i se  i n  most i n s t ances .  

The c a l i b r a t i o n  w a s  accomplished by t h e  a d d i t i o n  of a 50 ohm 

r e s i s t o r  t o  t h e  b i a s  c i r c u i t .  F i r s t  a t tempts  p laced  R between 
c a 1  

t h e  b i a s  source and load  r e s i s t o r .  The e x t e r n a l  s i g n a l  v o l t a g e  

was i n j e c t e d  through an i s o l a t i o n  t ransformer .  A b e t t e r  arrangement 

was found t o  b e  t h a t  a s  shown i n  F ig .  3.2. I n  t h i s  con f igu ra t ion  

was placed i n  a ground l e g  wi th  t h e  "commonl~ s i d e  of R d ,  t h e  

cryogenic con ta ine r ,  " f l o a t i n g "  50 ohms above ground. 



3.3. BLACK BODY RESPONSIVITY EQUIPMENT AND SYSTEM 

Having descr ibed  t h e  genera l  d e t e c t i o n  system and t h e  problems 

a r i s i n g  i n  i t s  modif icat ion f o r  t h i s  inves t iga t ion ,  a  desc r ip t ion  

of t h e  two developed systems,the o r i g i n a l  and a subsequent improved 

one, is  presented.  The f i r s t  system, incorpora t ing  a black body 

source,  was used f o r  t h e  measurement of r e spons iv i ty ,  chopping 

frequency response,  and noise  vol tage .  The improved system pro- 

v ided  not only t h e  b lack  body c a p a b i l i t i e s  of t h e  f i r s t  system, bu t  

a l s o  s p e c t r a l  c a p a b i l i t i e s  through t h e  use  of a  monochromatic source 

of r a d i a t i o n  contained i n  t h e  system. This  sec t ion  w i l l  be con- 

cerned wi th  t h e  development of t h e  o r i g i n a l  system, while  t h e  

following s e c t i o n  w i l l  d i scuss  t h e  improved system. 

Devices which were prepared and mounted on brass  pads a s  out- 

l i n e d  i n  t h e  Appendix were mounted on t h e  end of t h e  cold  f i n g e r  o f  

a  dewar s p e c i a l l y  f a b r i c a t e d  f o r  photoconductive s t u d i e s  a t  t h e  

N.A. S.A. Langley Research Center .  The dewar cons is ted  of two con- 

c e n t r i c  f langed cy l inde r s ,  t h e  inner  of which contained a r e s e r v o i r  

f o r  l i q u i d  n i t rogen  and had a t tached t o  it t h e  cold  f i n g e r .  The 

two cy l inde r s  when bol ted  together  through t h e  f langes  formed an 

empty space which was evacuated by means of a  vent  through t h e  wa l l  

of t h e  outer  cy l inde r .  A pressure  of l o m 5  t o  mrn. of mercury 

was maintained i n  t h e  dewar providing i n s u l a t i o n  f o r  l i q u i d  n i t ro -  

gen i n  t h e  r e s e r v o i r  and allowing t h e  device t o  reach l i q u i d  

n i t rogen temperature.  A germanium window, which t ransmi ts  -50% 



of t h e  inc ident  r a d i a t i o n  i n  t h e  range of approximately 1 . 6 ~  t o  

201.1 a s  v e r i f i e d  by spectrophotometric t e s t s  was mounted i n  t h e  outer  

cylinder wa l l  i n  t h e  o p t i c a l  pa th  between t h e  source coll imator and 

t h e  de tec to r .  A r a d i a t i o n  s h i e l d  enclosing t h e  device except f o r  

an aper tu re  i n  t h e  o p t i c a l  pa th  was used t o  l i m i t  background rad ia -  

t i o n  from t h e  outer  cylinder w a l l s .  E l e c t r i c a l  contact was made 

with t h e  device by means of a  vacuum BNC connector i n s t a l l e d  i n  t h e  

dewar with t h e  common s ide  being t h a t  of the  brass  pad. A thermo- 

couple fas tened t o  t h e  cold f i n g e r  ac ted  as  a monitor of t h e  device 

temperature. The vacuum system used consis ted  of a  converted b e l l  

j a r  evaporation system employing both mechanical and d i f fus ion  

pumps. Fig.  3.3 shows a cut-away view of a sample mounted i n  t h e  

d ewar . 
The black body source was constructed from a c y l i n d r i c a l  

block of copper a s  out l ined i n  Kruse -- e t  a 1  [ 2 ] .  A conical  cavi ty  

of h a l f  angle 1 5 O  w a s  cut  from one end of t h e  cylinder which was 

then placed i n  a c y l i n d r i c a l  bore furnace. A water cooled brass 

coll imator was placed a t  t h e  end of t h e  furnace bore and was 

maintained a known d i s t ance  from t h e  copper cyl inder .  Three b o l t s  

through t h e  col l imator  not only maintained t h e  d is tance ,  but a l s o  

insured t h a t  t h e  apex of t h e  conical  c a v i t y  was col inear  with t h e  

center  of t h e  coll imator aper tu re .  The cylinder was heated t o  

500°C and allowed t o  oxidize,  a f t e r  which it was maintained a t  

500°K by a con t ro l  system employing an A P I  Instrument Company 



"~emptender" temperature c o n t r o l l e r .  A thermocouple i n s t a l l e d  i n  

t h e  back f a c e  of t h e  copper cyl inder  con t ro l l ed  t h e  power flow i n t o  

t h e  furnace through t h e  c o n t r o l l e r .  F ig .  3.4 shows a cut-away 

view of t h e  b lack  body source.  

The dewar and b lack  body source were mounted such t h a t  t h e  

o p t i c a l  path between t h e  source and de tec to r  was maintained a t  a 

d i s t ance  of 0 .1  m. The t o t a l  black body output a t  500°K was de ter -  

mined t o  be 0.449 wat ts  [181 according t o  t h e  Steffan-Boltzmann 

r e l a t i o n .  The de tec to r  had an  a rea  of m 2 ,  g iv ing  a r a t e  of 

energy flow of 2.24 x wat ts  onto t h e  device su r face  with t h e  

cons idera t ion  of t h e  germanium window t r a n s m i s s i v i t y .  

A chopper was mounted i n  t h e  o p t i c a l  pa th  between source and 

de tec to r  f o r  t h e  purpose of modulating t h e  source r a d i a t i o n .  The 

chopper was f ab r i ca ted  from 1 / 8  inch aluminum s tock  a s  a notched 

d i s k  having a 3 1 / 4  inch r ad ius .  Twelve notches were c u t  i n  t h e  

d i s k ,  leaving twelve " tee th"  t o  pass i n  f r o n t  of t h e  c i r c u l a r  

b l ack  body col l imator  a p e r t u r e .  The chopper was mounted on t h e  

s h a f t  of a Lamb E l e c t r i c  Company motor and was capable of reaching 

chopping f requencies  of up t o  1350 Hz. The work of McQuistan [19] 

enabled t h e  author t o  determine t h e  amplitude of any harmonic of 

t h e  chopping frequency by considerat  ion  of t h e  aperture-radius-to- 

tooth-width r a t i o .  For t h e  case  of a t o o t h  width g r e a t e r  than  

t h e  col l imator  ape r tu re  diameter ,  McQuistan der ived  t h e  following 

expression f o r  t h e  number of photons per u n i t  time s t r i k i n g  t h e  
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Figure 3.4 A Cut-Away View of t h e  Black Body Source 



de tec to r ,  ~ ( t )  , 

where Ra = radius  of coll imator aper ture  

r = half  t h e  chopping too th  width where t h e  tooth-notch r a t i o  

i s  u n i t y  

J1 = f i r s t - o r d e r  Bessel funct ion 

IO = r a d i a t i o n  incident  on t h e  chopper 

w = chopping frequency. 

As mentioned previously,  t h e  development of an ampl i f ier  capable 

of meeting t h e  needs of t h i s  inves t iga t ion  proved t o  be a  d i f f i c u l t  

problem. Besides t h e  schemes mentioned i n  a  previous sec t ion ,  a  

preamplif ier  u t i l i z i n g  a  K&M Electronics Corporation FET Operational 

Arnplif i e r  with an input impedance of l o 1  ' 5 2  was being considered. 

The f i n a l  design,  however, was t h a t  of a  low noise ,  t r a n s i s t o r i z e d  

p r e m p l i f  i e r  f ea tu r ing  a  capaci t ive  feedback loop,  permit t ing 

"negative" capacitance feedback t o  cancel  t h e  e f f e c t s  of capaci- 

t ance  i n  t h e  dewar and i n  t h e  device l eads .  The input impedance of 

t h i s  preamplif ier  was g rea te r  than 5 x 1o8i2 and an output imp,edance was 

of 1o4L2. With a  f ixed  5 x l o 7  load r e s i s t o r ,  t h i s  preamplif ier  was 

found t o  be s u i t a b l e  f o r  t h e  majori ty of samples inves t igated .  

The bias ing c i r c u i t  and preamplifier were mounted i n  an aluminum 

box and were connected d i r e c t l y  t o  t h e  dewar by means of a  vacuum 

BNC connector i n  t h e  dewar. Fig.  3 . 5  shows a  schematic diagram of 







t h e  b ia s ing  c i r c u i t  and preampl i f ie r .  Note t h a t  t h e  "negative" 

capaci tance feedback i s  c a l i b r a t e d  by means of a  square wave fed  

i n t o  " t e s t " .  

The b i a s  supply used f o r  t h e  b i a s  c i r c u i t  was a low-noise Fluke 

model 407 power supply. A four-stage RC f i l t e r  was added t o  reduce 

60 cyc le  r i p p l e  and harmonics t h e r e o f .  

With t h e  mentioned components assembled, t h e  system appeared 

a s  shown i n  Fig .  3.6. Addit ional  components shown i n  t h i s  f i g u r e  

inc lude  : 

(1 j a  Hewlett-Packard H21-521C counter  which was used t o  

monitor chopping frequency; 

( 2 )  a  Tektronix type  317 osc i l loscope  which monitored t h e  

output of t h e  preamplif ier  ; 

( 3 )  a Hewlett-Packard model 302A wave analyzer  which was 

used a s  t h e  frequency s e n s i t i v e  voltmeter  ; 

(4) a BNC switch connecting t h e  wave analyzer  t o  one of two 

inpu t s ,  t h e  preamplfier output or  t h e  s i g n a l  generator  

output ,  was i n s t a l l e d  t o  f a c i l i t a t e  r a p i d  c a l i b r a t i o n  

measurements . 
The black body re spons iv i ty  system thus  developed provided a 

means of obta in ing  t h e  noise  roo t  power spectrum a s  well  a s  t h e  

b lack  body re spons iv i ty  a s  a  funct ion  of chopping frequency and 

b i a s  vo l t age  across  t h e  device.  The following procedures were 

used t o  ob ta in  t h e  above mentioned information and t o  c a l c u l a t e  

va r ious  f i g u r e s  of meri t  from t h i s  da ta :  



1. The device output s igna l  vol tage  was taken without regard 

t o  system gain .  Bias vol tage  ac ross  t h e  device was s e t ,  

and t h e  output s igna l  vol tage ,  v was taken a s  a  func t ion  s ' 
of chopping frequency. 

2. The chopper was stopped and pos i t ioned so t h a t  no inc ident  

source r a d i a t i o n  f e l l  on t h e  device.  Device and c i r c u i t  

noise ,  ET, was taken as  a  funct ion  of frequency with t h e  

wave analyzer .  

3.  The s i g n a l  generator  was used t o  supply an ex te rna l  

s i g n a l  vol tage  t o  t h e  b i a s  c i r c u i t  which caused an output 

s i g n a l  vol tage  equal i n  magnitude and frequency t o  t h a t  

obtained i n  s t e p  ( 1 ) .  The BNC switch was then used t o  

quickly f i n d  t h e  output of t h e  s i g n a l  genera tor ,  Veal. 

'c a 1  not only gave t h e  t r u e  device s i g n a l  output vol tage ,  

but a l s o  enabled one t o  f i n d  t h e  system gain ,  g ,  a s  a  

funct ion  of frequency . 
4. Circu i t  no i se  was obtained by following s t e p  ( 2 )  with t h e  

device l eads  shor t -c i rcui ted .  

5. The b i a s  vol tage  was changed and s t e p s  (1) - ( 4 )  were 

repeated  f o r  each succeeding change i n  b i a s  vol tage .  

These procedures yielded t h e  device output s i g n a l  vol tage ,  

'cal t h e  ga in  of t h e  system, g ,  t h e  device noise ,  ~ ( f ) ,  and 

t h e  c i r c u i t  no i se ,  Nee These values were found a s  funct ions  of 

chopping frequency and device b i a s  vo l t age ,  and t h e  vol tage  values 



were given i n  r .m.s .  v a l u e s .  

The n o i s e  r o o t  power spectrum was t h e n  found by means of t h e  

r e l a t i o n  due t o  Eisenman El31 

~ ~ ~ ( f )  - Ecir ( f ) 2  
~ ( f )  = . A f 

g 

where Af i s  t h e  n o i s e  bandwidth of t h e  wave ana lyze r .  

Black body r e s p o n s i v i t y  was obta ined  by means of t h e  r e l a t i o n  

[13 I 

- - V ( r m s )  
J( r m s  )Ao 

w h e r e ~ ( r m s ) = V  orthecorrecteddeviceoutput 
c a1 

~ ( r m s )  = r m s  va lue  of t h e  fundamental component of t h e  inc iden t  

energy f l u x  

A. 
= adopted a r e a  of t h e  d e t e c t o r .  

The r e l a t i v e  f r e q u e k y  response ,  ~ ( f ) ,  w a s  t h e n  found by 

where K = cons tan t  of p r o p o r t i o n a l i t y .  

3 .4.  IMPROVED AND CONSOLIDATED SYSTEM 

The o r i g i n a l  p lans  f o r  determining s p e c t r a l  response c a l l e d  

f o r  t h e  u s e  of a  converted Baird Assoc ia tes ,  I n c . ,  I n f r a r e d  Recording 

Spectrophotometer.  However, t h e  procurement of a Ja r r e l l -Ash  

model 82-410 monochrometer l e d  t o  t h e  des ign  of an  improved and 

consol ida ted  system which was used i n  t h i s  i n v e s t i g a t i o n .  A new 



r e s e a r c h  dewar was purchased from S u l f r i a n  Cryogenics, I n c . ,  and 

a smal le r  b l ack  body source  was f a b r i c a t e d  f o r  u s e  w i t h  t h i s  system. 

The sources were s i t u a t e d  s o  t h a t  one could ga the r  s p e c t r a l  o r  

b l a c k  body d a t a  by choosing t h e  r o t a t i o n a l  p o s i t i o n  of t h e  dewar . 
The new dewar of fe red  t h r e e  dis t i l lc i ;  advantages over t h e  

o r i g i n a l  dewar : 

(1) l i q u i d  helium tempera ture  c a p a b i l i t y ;  

(2) a hea ted  device  holder  a l lowing device  ope ra t ion  at a 

temperature ranging from near  4'~ t o  approximately 400'~; 

( 3 )  a s p r i n g  loaded dev ice  holder  and e l e c t r i c a l  c o n t a c t .  

The l a s t  advantage e l imina ted  t h e  need f o r  mounting t h e  devices  on 

s e p a r a t e  b r a s s  pads wi th  conducting epoxy. Quite  a d e a l  of t r o u b l e  

was encountered i n  us ing  t h i s  epoxy s i n c e  it had t o  be  changed a f t e r  

t h e  device  was annealed a t  an e l eva t ed  temperature.  The dewar i t s e l f  

c o n s i s t e d  of two l i q u i d  gas r e s e r v o i r s ;  t h e  innermost was intended 

f o r  l i q u i d  helium use  whi le  t h e  ou te r  was used f o r  l i q u i d  n i t r o g e n  

u s e  a s  i n s u l a t i o n , f o r  t h e  helium. The dewar co ld  f i n g e r  was 

thermal ly  connected t o  t h e  l i q u i d  helium r e s e r v o i r ,  and a t t a c h e d  

t o  t h e  device c o l d  f i n g e r  con ta in ing  t h e  hea ted  device  holder  men- 

t i o n e d  previous ly .  This  co ld  f i n g e r  was made at t h e  N.A.S.A.  

Langley Research Center and was i d e n t i c a l  t o  one used i n  a s i m i l a r  

dewar a t  t h a t  l o c a t i o n .  The sample holder  cons i s t ed  of a base  i n  

t h e  co ld  f i n g e r  and a spring-loaded c o n t a c t ,  t h e  s h a f t  of which w a s  

embedded i n  t e f l o n  i n s u l a t i o n .  One r a d i a t i o n  s h i e l d  f i t  over t h e  



sample holder  co ld  f i n g e r  and was thermal ly  connected t o  t h e  l i q u i d  

helium r e s e r v o i r .  A l a r g e r  second r a d i a t i o n  s h i e l d  f i t  over t h e  

dewar co ld  f i n g e r  and f i rs t  r a d i a t i o n  s h i e l d  and was thermal ly  

connected t o  t h e  l i q u i d  n i t rogen  r e s e r v o i r .  Both r a d i a t i o n  s h i e l d s  

had fou r  a p e r t u r e s  which were a l igned  wi th  t h e  f o u r  windows on t h e  

removable e x t e r n a l  bottom of t h e  dewar t h u s  provid ing  fou r  o p t i c a l  

pa ths  from t h e  o u t s i d e  of t h e  dewar t o  t h e  sample holder .  P r e s e n t l y  

t h r e e  of t h e  e x t e r n a l  windows a r e  s t e e l ,  and t h e  f o u r t h  i s  t h e  

germanium window. Leads f o r  t h e  device  ho lde r ,  h e a t e r ,  and a  

temperature monitor ing thermocouple mounted on t h e  co ld  f i n g e r  were 

brought through e x t e r n a l  lead- ins  i n  t h e  dewar. 

The b i a s i n g  c i r c u i t  and p reampl i f i e r  were mounted d i r e c t l y  

on t h e  s i d e  of t h e  dewar by means of a nylon screw. This  arrange- 

1t ment separa ted"  t h e  dewar e x t e r i o r  and ground by t h e  50 ohm 

c a l i b r a t i o n  r e s i s t o r .  

The Jarrel-Ash model 82-410 monochrometer when used wi th  four  

d i f f e r e n t  d i f f r a c t i o n  g r a t i n g s  provided a  u sab le  ou tpu t ,  t h e  wave- 

l e n g t h  of which v a r i e d  from 1 . 0  t o  20 microns. 1 . 0  m i l  en t rance  

and e x i t  s l i t s  were used wi th  t h e  monochrometer . 
The source  used f o r  s p e c t r a l  measurements was an  e l e c t r i c a l l y  

hea ted  s i l i c o n  ca rb ide  rod a v a i l a b l e  under t h e  t r a d e  name Globar. 

It was maintained a t  1 1 0 0 ' ~  and was enclosed i n  a  water cooled 

j acke t .  A t  t h i s  temperature it emi t ted  maximum energy a t  a wave- 

l e n g t h  of about 2 microns, and i t s  energy d i s t r i b u t i o n  with r e spec t  



t o  wavelength was approximately t h a t  of a b l ack  body heated t o  t h e  

same temperature.  A curve of t h e  emission from a b l ack  body source 

a t  l l O O ° C  versus  wavelength i s  shown i n  F ig .  3.7 [161. The Globar 

was mounted d i r e c t l y  i n  f r o n t  of t h e  monochrometer en t rance  s l i t ,  

and a water cooled copper p l a t e  conta in ing  an  a p e r t u r e  a l i g n e d  

wi th  t h e  Globar cool ing  j acke t  a p e r t u r e  and t h e  monochrometer 

en t rance  s l i t  was i n s e r t e d  between t h e  two t o  prevent  heat  damage 

t o  t h e  monochrometer. This  p l a t e  and t h e  cool ing  jacke t  were 

suppl ied  by t h e  same water source.  

Rad ia t ion  from t h e  source was inc iden t  upon t h e  monochrometer 

en t r ance  s l i t .  The r a d i a t i o n  l e f t  t h e  e x i t  s l i t  a s  monochromatic 

r a d i a t i o n  a f t e r  which it w a s  modulated by a 1 0  Hz. chopper. This  

chopper c o n s i s t e d  of a c i r c u l a r  d i s k ,  one ha l f  of which was 

s i l v e r e d ,  t h e  o the r  ha l f  empty, Hence t h e  monochrometer ou tput  

was s p l i t  i n t o  two 1 0  Hz. chopped beams, The beam passing through 

t h e  empty h a l f  of t h e  chopper was focused on t h e  germanium window 

of t h e  dewar by t h e  use  of two m i r r o r s ,  one a concave f r o n t  m i r r o r ,  

t h e  o the r  a f l a t  f r o n t  su r f ace  mir ror  f a b r i c a t e d  by aluminum 

depos i t i on  on g l a s s .  The second beam ( r e f l e c t e d  by t h e  s i l v e r e d  

h a l f  of t h e  chopper) was focused on a bolometer element by means 

of a concave f r o n t  su r f ace  mi r ro r .  

The bolometer provided an  approximately uniform response t o  

a l l  wavelengths of i n f r a r e d  r a d i a t i o n ,  The s e n s i t i v e  element of 

t h e  bolometer was a t h i n  s t r i p  of platinum which was coated on 



Wavelength i n  Microns 

F igure  3.7 Distribution of Radia t ion  from a 
One Cm, Square Black Body Source 
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i t s  r ece iv ing  s i d e  wi th  a t h i n  l a y e r  of gold b lack  which served a s  

a h igh ly  e f f i c i e n t  r a d i a t i o n  absorber  uniformly e f f e c t i v e  a t  a l l  

wavelengths.  The bolometer element was mounted i n  a vacuum t i g h t  

housing maintained at low p res su re  t o  prevent  "swish" no i se  [20] .  

The housing w a s  provided w i t h  a potassium bromide window which was 

t r a n s p a r e n t  t o  i n f r a r e d  r a d i a t i o n  out t o  a wavelength of 28 microns. 

The bolometer opera ted  by v i r t u e  of a change i n  t h e  r e s i s t a n c e  of 

t h e  plat inum s t r i p  due t o  a change i n  temperature.  The s t r i p  was 

connected a s  one a r m  of a balanced Wheatstone b r idge  exc i t ed  by 

cu r ren t  from a 6 v o l t  b a t t e r y .  A change i n  t h e  temperature of t h e  

s t r i p  a s  l i t t l e  a s  ~ o - ~ O C  was measurable [20] .  

The 1 0  Hz, s i g n a l  developed by t h e  bolometer br idge  was f e d  

i n t o  a h i g h  g a i n ,  low no i se  W, S o  McDonald Company t y p e  37A v o l t a g e  

ampl i f i e r  having a bandwidth of approximately one cyc le  cen te red  

a t  1 0  cyc le s .  The bolometer b r idge  was loca t ed  wi th in  t h e  ampli- 

f i e r  c h a s s i s  and was connected t o  t h e  bolometer by sh ie lded  l e a d s .  

The power supply used was a Fluke model 407 converted t o  t a k e  

t h e  p l ace  of t h e  n o i s i e r  o r i g i n a l  supply. The ampl i f i e r  ga in  was 

ad jus t ed  from about l o 3  t o  l o 6 .  The manufacturer s t a t e d  t h a t  t h e  

bolometer was f l a t  a t  i n f r a r e d  wavelengths and had a s e n s i t i v i t y  

of 4 v o l t s / w a t t ,  Hence by knowing t h e  ga in  of t h e  system, t h e  

power inc iden t  on t h e  bolometer element could be found. 

The smal le r  b lack  body incorpora ted  t h e  use  of t h e  same 

copper cy l inde r  and water cooled co l l ima to r ,  bu t  used a smal le r  



housing t h a n  t h e  o r i g i n a l  black body source.  The copper cyl inder  

was placed i n  a  small alundum tube  which was then  wound wi th  

Kanthal wire  insu la t ed  and he ld  by alumina cement. The tube  was 

then  mounted i n  a  housing having a r a d i u s  of approximately 3 1 / 2  inches  

and a length  of 4 1 / 2  inches.  F iberglass  i n s u l a t i o n  was placed 

between t h e  tube  and t h e  housing. The e l e c t r i c a l  l eads  were brought 

t o  an  e x t e r n a l  t e rmina l  s t r i p .  The o r i g i n a l  thermocouple c a v i t y  i n  

t h e  back f a c e  of t h e  cyl inder  w a s  enlarged so t h a t  t h e  alundum 

tube  encased thermocouple was approximately 1 / 8  inch from t h e  apex 

of t h e  con ica l  cavi ty .  The thermocouple was secured i n  t h i s  posi- 

t i o n  wi th  s a u t e r i z i n g  cement. The c o n t r o l  system f o r  maintaining 

a constant  temperature was t h e  same a s  t h a t  described f o r  t h e  

o r i g i n a l  b lack  body source. 

An add i t iona l  Fluke 407 power supply was procured t o  permit 

higher b i a s  vo l t ages  across  t h e  device.  The second supply was 

connected i n  s e r i e s  with t h e  o r i g i n a l  g iv ing  t h e  c a p a b i l i t y  of 

b i a s  vol tages  up t o  1100 v o l t s .  The f i l t e r  was a l s o  changed so 

t h a t  it cons is ted  of four  conf igura t ions  of t h r e e ,  125pf, 

400v capac i to r s  i n  s e r i e s  ; each p a r a l l e l  conf igura t ion  separated 

by a s e r i e s  1.8KQ r e s i s t o r .  Shielded 58/u cable  was used f o r  

l eads  t o  t h e  b i a s  c i r c u i t .  

A block diagram of t h e  improved system i s  shown i n  Fig .  3 .8 .  

For s p e c t r a l  d a t a  t h e  dewar was r o t a t e d  so  t h a t  it received 10  H z ,  

r a d i a t i o n  from t h e  monochromatic source,  Bias vo l t age  across  
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Legend f o r  F igure  3.8 
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t h e  device was s e t ,  and t h e  output  s i g n a l  vo l t age  was taken a s  a  

func t ion  of wavelength. A Hewlett Packard 3410~ phase lock  v o l t -  

meter was used ins t ead  of t h e  wave analyzer  f o r  measurement s ince  

it appeared t o  g ive  b e t t e r  performance a t  t h i s  low frequency. 

Likewise, t h e  bolometer output s i g n a l  vol tage  was taken a s  a  func- 

t i o n  of wavelength. The wavelength was then  adjus ted  t o  t h e  peak 

response wavelength, and output s i g n a l  vol tage  was taken a s  a  

func t ion  of b i a s  vol tage .  

The dewar was then  r o t a t e d  t o  r ece ive  r a d i a t i o n  from t h e  b lack  

body source,  and t h e  procedures f o r  ga ther ing  b lack  body d a t a  

ou t l ined  i n  t h e  l a s t  s ec t ion  were followed. Since t h e  d i s t ance  

from source t o  de tec to r  had changed s l i g h t l y ,  t h i s  f a c t  had t o  be  

taken i n t o  account i n  determining b lack  body f i g u r e s  of m e r i t .  

The improved system t h e n  gave t h e  information obtained by 

use  of t h e  o r i g i n a l  system, namely, N( f )  , Rbb ( f  , V o )  , and ~ ( f )  . 
I n  a d d i t i o n ,  t h e  r e l a t i v e  s p e c t r a l  response,  absolu te  s p e c t r a l  

r e spons iv i ty ,  and d e t e c t i v i t y  could b e  found from da ta  given by t h e  

s p e c t r a l  response.  

The r e l a t i v e  s p e c t r a l  response was ca lcu la t ed  by 

where El = device output due t o  a  s p e c t r a l  source 

E2 = bolometer output due t o  a  s p e c t r a l  source: 

"The suppl ier  of t h e  bolometer guaranteed it t o  have inva r i an t  
s p e c t r a l  response from 1 t o  20 microns. 



The absolute  s p e c t r a l  responsiv i ty  was then given by 

~ ( 8 )  prms 

R(" = 'bb / I L ( A )  ~ ( h )  dh 
r m s  

where P (A) , ,~  i s  t h e  s p e c t r a l  power of P t h e  black body power. 
r m s  ' 

Spect ra l  de tec t  i v i t y  , D; , w a s found by means of 

where A. = t h e  adopted device a rea  

Af = t h e  noise bandwidth 

and N r m s  = t h e  noise vol tage  a t  t h e  maximum b i a s ,  maximum chopping 

frequency values .  



CHAPTER I V  

RESULTS AND CONCLUSIONS 

4.1 .  RESOLVING THE EXPERIMENTAL QUESTION 

Through t h e  use  of t h e  two systems mentioned i n  t h e  l a s t  

chapter t h e  f a c t  t h a t  i r r a d i a t e d  s i l i c o n  does exh ib i t  photoconduc- 

t i v i t y  has been es t ab l i shed .  The degree of photoconduct i v i t y  has 

been es tabl i shed i n  a widely accepted manner by means of t h e  

procedures ou t l ined  f o r  determining t h e  var ious  f i g u r e s  of mer i t .  

By i n t e r p r e t a t i o n  of s p e c t r a l  d a t a  t h e  wavelength g iv ing  peak 

response has  been found, and t h e  f a c t  t h a t  t h e  photoconductivi ty 

does r e s u l t  from de fec t  c e n t e r s  has been asce r t a ined .  

4 2.  BLACK BODY RESPONSIVITY AS A FUNCTION OF BIAS VOLTAGE ACROSS 

THE DEVICE AND MODULATION FREQUENCY OF INCIDENT RADIATION 

The t e s t  procedures ou t l ined  i n  t h e  previous chapter  were used,  

and Rbb a s  a func t ion  of b i a s  vol tage  across  t h e  device  and of 

r a d i a t i o n  modulation frequency was taken.  A device output was 

found from a l l  seven of t h e  r e s i s t i v i t i e s  and types  of s i l i c o n  

t e s t e d .  These were 10 ,  1, and 0.1 ohm-cm. p-type and 1 . 0 ,  0 .4 ,  

0 .1,  and 0.03 ohm-cm. n-type, Shown i n  Figs .  4 . 1  through 7 a r e  

sample curves of r e spons iv i ty  versus  black body r a d i a t i o n  modula- 

t i o n  frequency f o r  each of t h e  r e s i s t i v i t i e s  used. The modulation 

frequency was taken over t h e  range 30 - 1100 Hz.,  while  t h e  t o t a l  



b i a s  across  device and load r e s i s t o r  was s e t  a t  va lues  of 100,  

300, and 500 v o l t s  f o r  those  samples t e s t e d  with t h e  o r i g i n a l  

system and a t  va lues  of 200, 400, 600, 800, and 1000 v o l t s  

f o r  those  t e s t e d  with t h e  improved system. Fig.  4 . 1  shows a curve 

of b l ack  body re spons iv i ty  versus  changing frequency f o r  a 1 . 0  

ohm-cm. n-type device and i s  t y p i c a l  of a l l  curves of t h e  devices 

t e s t e d  i n  t h a t  t h e  r e spons iv i ty  increased  wi th  decreasing r a d i a t i o n  

modulation frequency. As an  example of t h e  black body re spons iv i ty  

c a l c u l a t i o n s ,  t h e  case  of device number 329N1.0 shown i n  Fig .  4 . 1  

i s  considered.  A t  100 Hz. chopping frequency and with 500 v o l t  

t o t a l  b i a s  t h e  c a l i b r a t e d  output  was 9.52 x v o l t s ,  and t h e  

r.m.s,  va lue  of power inc ident  on t h e  device was 2.24 x 

wa t t s  y i e ld ing  a b lack  body re spons iv i ty  of 4.7 x l o 3  v o l t s  watt- ' ,  

The l i q u i d  n i t rogen r e s i s t a n c e  of 329N1.0 was found t o  be 

7.7 x l o 8  ohms. F igs .  4 ,2 ,  4 ,3 ,  4 .4 ,  4.5, 4.6, 4.7 show curves of 

F$b versus  f f o r  a 0 . 1  ohm-cm. n-type device with a 7 7 O K  r e s i s t a n c e  

of 3 . 3  x l o 8  ohms, 10  ohm-em. p-type device with a 7 7 ' ~  r e s i s -  

t ance  of 8 x 1011 ohms, 1 . 0  ohm-cm. p-type device whose 7 7 ' ~  

r e s i s t a n c e  was nonlinear ,  0 . 1  ohm-cm. p-type device with a 77OK 

r e s i s t a n c e  of 7 . 0  x l o 4  ohms, 0.03 ohm-cm, n-type device wi th  a 

77'K r e s i s t a n c e  of 2.2 x 1011 ohms, and a 0.4 ohm-cm. n-type device 

whose 7 7 ' ~  r e s i s t a n c e  was 3 .5  x l o 9  ohms. 

*bb 
a s  a funct ion  of b i a s  vo l t age  across  t h e  device was 

l i n e a r  i n  t h e  major i ty  of samples t e s t e d .  F ig .  4.8 shows Rbb 
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versus b i a s  vo l t age  ac ross  t h e  device f o r  a t y p i c a l  1 ohm-cm. n-type 

device having a 77OK r e s i s t a n c e  of 3.2 x l o 8  ohms. This  p a r t i c u l a r  

device ( 3 3 3 ~ 1 . 0 )  was used i n  annealing s t u d i e s  and t h e  c.urves shown 

i n  Fig .  4.8 were taken a f t e r  24 hours of anneal ing a t  1 7 5 ' ~ .  The 

curves ,  however, a r e  t y p i c a l  f o r  t h e  v a s t  ma jo r i ty  of samples 

t e s t e d  whether they  were annealed or  no t .  The curves f o r  samples 

t e s t e d  wi th  t h e  improved system showed l i n e a r i t y  through t h e  

1100 v o l t  b i a s  c a p a b i l i t y  of t h e  system. 

4.3. BLACK BODY RESPONSIVITY AS A FUNCTION OF ANNEALING 

Devices f a b r i c a t e d  from 1 . 0  ohm-cm. n-type m a t e r i a l  were used 

almost exclus ive ly  i n  anneal ing s t u d i e s  due t o  t h e  f a c t  t h a t  t h e  

current-voltage c h a r a c t e r i s t i c s  a t  7 7 ' ~  made f o r  a t  l e a s t  one 

p-type device were s l i g h t l y  nonlinear .  Annealing was f i r s t  

employed a s  a means of reducing t h e  77OK device  r e s i s t a n c e  t o  t h e  

l o 8  ohm range i n  some devices whose i n i t i a l  77OK r e s i s t a n c e  was 

some two or  t h r e e  orders  of magnitude higher .  Annealing a t  175OC 

was used t o  remove Si-E cen te r s  while  a higher  275OC was needed 

f o r  anneal ing t h e  Si-A cen te r s  [ 7 ] .  The 100 Hz. b lack  body respon- 

s i a i t y  of devices made from 1 ohm-cm. n-type m a t e r i a l  genera l ly  

ranged from l o 2  t o  l o 4  wat ts /vol t  with t h e  h ighes t  r e s p o n s i v i t i e s  

usua l ly  coming from devices with 77OK r e s i s t a n c e  i n  t h e  l o 8  range. 

The black body re spons iv i ty  t r ends  f o r  t h r e e  d i f f e r e n t  devices a t  

100 H z .  chopping frequency and 500 v o l t s  t o t a l  b i a s  a r e  summarized 



i n  Table 4 - 1 ,  

Device Rbb Before Rbb Af ter  Temperature and Dura- 
Number Annealing Annealing t i o n  of Annealing 

3 0 4 ~ 1 . 0  3.55 x l o 2  9 . 1  x l o 2  1 7 5 ' ~  - 25 hours 
303N1.0 0.88 x l o 2  1 .02  x l o 2  1 7 5 ' ~  - 23 hours 

1 .23  x l o 2  1 7 5 O C  - 47 hours 
2 7 5 ' ~  - 10 minutes 

301N1.0 9.8 x l o 2  17.8 x l o 2  175'C - 41.5 hours 
2 7 5 ' ~  - 10  minutes 

Table 4 , 1  
Summary of Annealing Ef fec t s  on t h e  Black Body 

Responsivi ty of 1 ohm-cm., n-type Devices 

Two 1 ohm-cm. n-type devices ,  332Nl.0 and 333N1.0, were care-  

f u l l y  examined a f t e r  success ive  anneal  per iods .  F ig .  4.9 and 4 .10 

show t h e  e f f e c t s  of annealing t h e s e  two devices a t  175'C. A 

d e f i n i t e  peak i s  observed i n  t h e  b lack  body re spons iv i ty  of each 

of t h e  devices a f t e r  a t o t a l  anneal ing time of from 18  t o  24 hours;  

t h i s  peak i s  more pronounced f o r  lower chopping frequencies.  Thus 

t h e  Rbb of these  devices seems t o  inc rease  f o r  increased  anneal ing 

t ime up t o  a c e r t a i n  l i m i t  beyond which it begins t o  decrease.  

Unfortunately device no i se  a l s o  inc reases  i n  most cases  with 

g r e a t e r  periods of anneal ing,  but t h i s  e f f e c t  i s  be l ieved t o  b e  one 

t h a t  can be reduced o r  el iminated wi th  f u r t h e r  work. The peak 

i s  be l ieved i n d i c a t i v e  of t h e  exis tence  of an optimum defec t  dens i ty .  

4+4, NOISE AS A FUNCTION OF BIAS VOLTAGE ACROSS THE DEVICE AND 

FREQUENCY OF MODULATED INCIDENT RADIATION 

Noise has been mentioned a s  playing an important r o l e  i n  any 
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photodetec t ive  s t u d i e s  due t o  t h e  f a c t  t h a t  it i s  t h e  u l t i m a t e  

l i m i t i n g  f a c t o r  of any d e t e c t o r ' s  performance. I n  t h e  chopping 

frequency range  being used i n  t h i s  i n v e s t i g a t i o n  t h e  devices  a r e  

cu r r en t  no i se  l i m i t e d .  The ma jo r i t y  of devices  have no i se  over 

t h e  chopping frequency and b i a s  vo l t age  ranges mentioned on t h e  o rde r  

of 1 x t o  1 x v o l t s  r . m . s . ;  t h i s  n o i s e  being found by 

use  of equat ion 3.2 given i n  t h e  previous chap te r .  I n i t i a l  no i se  

l e v e l s  r i s e  w i t h  annea l ing ,  increased  b i a s  v o l t a g e s ,  and decreased 

chopping frequency. F ig ,  4 . 1 1  shows a  t y p i c a l  no i se  r o o t  power 

spectrum f o r  an  0.4 ohm-cm. n-type device .  

4.5.  SPECTRAL RELATIVE RESPONSE 

The r e l a t i v e  s p e c t r a l  response was def ined  i n  t h e  l a s t  chapter  

a s  given by t h e  r e l a t i o n  (3.5 ) 

where E1(X) = t h e  d e t e c t o r  s i g n a l  

~ ~ ( h )  = t h e  bolometer s i g n a l .  

This  equat ion w i l l  b e  necessary f o r  f i nd ing  D;, t h e  most important 

f i g u r e  of m e r i t .  L ( X )  appears  i n  both  t h e  numerator and denominator 

of t h e  r e l a t i o n  f o r  D; s o  t h a t  any cons tan ts  such a s  ampl i f i e r  g a i n s  

w i l l  b e  s u p e r f i c i a l  i n  c a l c u l a t i n g  t h i s  f i g u r e  of m e r i t .  Thus i n  

t h e s e  c a l c u l a t i o n s  L ( X )  was taken  simply a s  t h e  r a t i o  of t h e  output  

of t h e  d e t e c t o r  t o  t h e  output  of t h e  bolometer of s p e c t r a l l y  f l a t  

c h a r a c t e r i s t i c s ,  



1 Bias Across Device = 6 6 7 ~  
2 Bias Across Device = 400v 
3 Bias  Across Device = 133v 

Chopping Frequency ( cps 

F igure  4 . 1 1  A Typica l  Nofse Root Power Spectrum 
( ~ e v i c e  ~ - 1 2 - ~ . 4 )  



To d a t e  s p e c t r a l  d a t a  has been t aken  only on n-type devices  

which show t h e i r  peak response t o  i nc iden t  r a d i a t i o n  of wavelength 

of approximately 2 microns. This  response i s  i n d i c a t i v e  of e x t r i n -  

s i c  photoconduction i n  t h a t  f o r  t h e  ca se  of i n t r i n s i c  photoconduc- 

t i o n  one would expect a peak response i n  t h e  neighborhood of 

1 micron. Th i s  aspec t  of t h e  i n v e s t i g a t i o n ,  however, w i l l  b e  

d iscussed  i n  g r e a t e r  d e t a i l  i n  a l a t e r  s e c t i o n .  F ig .  4.12 shows 

t h e  r e l a t i v e  s p e c t r a l  response f o r  a 1 . 0  ohm-cm. n-type device .  

4.6.  SPECTRAL DETECTIVITY 

As was mentioned i n  Chapter 3, t h e  s p e c t r a l  d e t e c t i v i t y  can 

b e  found from t h e  r e l a t i v e  s p e c t r a l  response ,  t h e  b l ack  body 

r e s p o n s i v i t y ,  and t h e  s p e c t r a l  and i n t e g r a t e d  b l ack  body power out- 

pu t .  I n  terms of t h e s e  parameters t h e  r e l a t i o n  f o r  s p e c t r a l  

d e t e c t  i v i t y  becomes 

where now N i s  t h e  r . m . s .  no i se  vo l t age  at t h e  b i a s  vo l t age  and 

%+ chopping frequency a t  which DA i s  being eva lua ted .  

Th i s  system of c a l c u l a t i o n  has  t h e  advantage t h a t  t h e  accuracy 

of t h e  system i s  s o l e l y  dependent on t h e  de te rmina t ion  of b l ack  

body r e s p o n s i v i t y .  I f  t h e  d e t e c t o r  s i g n a l  output  and bolometer 

output  a r e  taken  almost s imultaneously t h e  c a l c u l a t i o n  scheme i s  

independent of t ime v a r i a t i o n s  i n  t h e  s p e c t r a l  output  of t h e  

monochrometer . 
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A computer program has been perfec ted  which w i l l  make t h e  

f 
ca lcu la t ions  f o r  D i  a s  a funct ion  of chopping frequency, t o t a l  b i a s  

* vol tage ,  and wavelength. Ordinar i ly ,  DX i s  ca lcu la ted  a t  optimum 

chopping frequency and b i a s  vol tage  condi t ions ,  but a more complete 

ana lys i s  was sought f o r  use  i n  f u t u r e  optimizat ion work. The 

program was perfec ted  t o  compute D* i n  s t eps  of 0.2 micron from X 

1 . 0  t o  4.0 microns f o r  each of t h e  chopping frequencies 1000, 

900, 800, 700, 600, 500, 400, 300, 200, 150, 100, 50, and 30 Hz. 

and f o r  b i a s  vol tages  of 1000, 800, 600, 400, and 200 v o l t s .  

R ( A )  was a l s o  computed f o r  t h e  same parameter va lues .  

Thus f a r  t h e  d e t e c t i v i t i e s  of only n-type samples have been 

computed. D e t e c t i v i t i e s  have usua l ly  been on t h e  order  of l o 9  
HZ. 

t o  101Ocm.watt although one 0 .4  ohm-cm. type  device was found t o  

* have a DAma, 
11 cm. H Z . ' / ~  

of 1.047 x 10  watt a t  a chopping frequency of 

800 Hz. and t o t a l  b i a s  of 1000 v o l t s .  A t y p i c a l  curve of D; a t  

t h e  peak wavelength (D; ) versus chopping frequency a t  optimum 
,m 

b i a s  vol tage  i s  shown i n  Fig .  4.13. 

The b e t t e r  d e t e c t i v i t i e s  f o r  a l l  devices a r e  shown by t h e  

computer read-out t o  genera l ly  be a t  higher chopping frequencies 

and/or lower b i a s  vol tages .  The increased respons iv i ty  a t  low 

chopping frequencies and h igh b i a s  vol tages  does not o f f s e t  t h e  

noise  l e v e l  increase .  This f a c t  once again points  out t h e  impor- 

t ance  of noise  reduction.  
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4.7.  REMARKS 

4.7a. General Trends Noted 

I r r a d i a t e d  s i l i c o n  samples have thus been shown t o  exhibi t  

e x t r i n s i c  photoconductivity, t h e  degree of which i s  comparable t o  

cur ren t ly  used detec tors .  Present ly  t h e s e  samples show detect  i v i -  

t i e s  genera l ly  an order of magnitude l e s s  then t h e  widely used l e a d  

s u l f i d e  c e l l s ,  although extensive optimization work w i l l  probably 

narrow or  c l o s e  t h i s  d i f ference  gap. The de tec to r s  have been shown 

t o  have respons iv i t i e s  which increase  with decreasing chopping 

frequencies and which a r e  l i n e a r  a s  a  funct ion of b i a s  voltage 

across t h e  device,  Noise has a l s o  been found t o  increase  with 

decreasing chopping frequency and higher b i a s  vol tages .  The high 

r e s i s t i v i t y  n-type samples having l i q u i d  niitxogen res i s t ances  i n  

t h e  l o 8  ohm range have been found t o  exh ib i t  t h e  bes t  responses 

on t h e  average. The peak response has been found t o  be a t  approxi- 

mately 2 microns, and a t  t h a t  wavelength t h e  d e t e c t i v i t i e s  have 

HZ. l / 2  been found t o  genera l ly  be i n  t h e  order of 10' t o  10" 

Annealing a t  elevated temperatures t o  remove defect  centers  has 

been shown t o  have a marked e f f e c t  on black body responsivi ty ,  

leading t o  t h e  expectation t h a t  an optimum i r r a d i a t i o n  dosage 

e x i s t s .  

4.7b, Areas t o  be Further Invest igated 

It was t h e  purpose of t h i s  work t o  show whether or not 



i r r a d i a t e d  s i l i c o n  exh ib i t s  photoconductivity and i f  so ,  t o  what 

degree. The f a c t  t h a t  photoconductivity does e x i s t  t o  a f a i r l y  

considerable degree has been shown. Optimization s tud ies  should 

improve t h e  performance of these  devices g r e a t l y .  The most 

important work it appears would be t h a t  of noise reduction.  By 

reducing t h e  noise l e v e l  by an order of magnitude devices of 

performance comparable t o  l ead  s u l f i d e  c e l l s  should be praauped. 

The main a reas  of i n t e r e s t  f o r  t h i s  work seem t o  be  t h e  e l e c t r i c a l  

contacts  and t h e  device s i z e .  It a l s o  appears t h a t  t h e  black 

body responsivi ty  could be optimized. The optimization of r e s i s -  

t i v i t y  type  and of r a d i a t i o n  dosage appear t o  be t h e  most probable 

a reas .  The black body responsivi ty  i s  a l s o  l i n e a r  a s  a  funct ion 

of b i a s  vol tage  up t o  1000 v o l t s  so  higher b i a s  vol tages  i n  combina- 

t i o n  with improvements i n  t h e  previously mentioned areas  could 

r e s u l t  i n  s i g n i f i c a n t l y  improved performance. 

4.8. CONCLUSIONS 

Natural ly,  t h e  bas ic  conclusion a r r ived  a t  during t h i s  

inves t iga t ion  was t h e  f a c t  t h a t  i r r a d i a t e d  s i l i c o n  exh ib i t s  ext r in-  

s i c  photoconductivity, and t o  such a degree t h a t  it i s  comparable - 

i n  performance t o  some de tec to r s  i n  use today. The f a c t  t h a t  t h i s  

photoconductivity r e s u l t s  from r a d i a t i o n  induced defect  centers  

can be r e a l i z e d  by considerat ion of t h e  energy l e v e l s  i n  t h e  

i r r a d i a t e d  s i l i c o n  and t h e  wavelength of t h e  rad ia t ion  causing 



response.  

Certain explanat ions and d iscuss ions  a r e  necessary before  

at tempting t o  i d e n t i f y  t h e  dominant mechanism causing photoconduc- 

t i v i t y  i n  t h e s e  devices.  It should be noted t h a t  even though t h e  

m a t e r i a l  used i n  t h i s  experiment i s  pul led  c r u c i b l e  type  s i l i c o n ,  

one should expect t o  f i n d  E-centers produced. Recent r e sea rch  

a t  t h e  N.A.S.A. Langley Research Center [21] has  shown t h a t  t h e  

A and E cen te r  d e n s i t i e s  a r e  highly dependent upon t h e  doping of 

t h e  s i l i c o n  a s  wel l  a s  t h e  method used t o  produce t h e  s i l i c o n .  

For example, one would expect t o  f i n d  i n  a 1 ohm-cm. n-type device 

made of pu l l ed  c r u c i b l e  s i l i c o n  and of 77'~ r e s i s t a n c e  of l o 8  ohms 

d e n s i t i e s  on t h e  order  of 3 x 1015 f o r  t h e  Si-E cen te r  and 

3 x 1015 f o r  t h e  Si-A center  [22] .  A new value  has a l s o  

been found f o r  t h e  E-center l e v e l  due t o  r ecen t  r e sea rch .  This  

l e v e l  i s  now placed a t  Ec - 0.40ev [23] ins t ead  of t h e  Ec - 0.47ev 

l o c a t i o n  given by Sonders and Templeton [ 7 ] .  

An energy l e v e l  diagram of n-type i r r a d i a t e d  s i l i c o n  would 

appear a s  it was shown i n  Fig .  2 ,4 .  

Fig.  4.12 shows t h e  r e l a t i v e  s p e c t r a l  response of a t y p i c a l  

1 ohm-cm. n-type device f o r  inc ident  r a d i a t i o n  wavelengths from 

1 p  t o  4p. This information was obtained through t h e  use  of a 

2 . 1 ~  d i f f r a c t i o n  g r a t i n g  i n  t h e  monochrometer. Re la t ive  peaks were 

observed a t  4~ and 8 p  with t h e  use of t h e  5~ and 1 0 ~  g ra t ings .  

However, t h e  v a l i d i t y  of t h i s  da ta  was questioned f o r  two reasons:  



(1) While t h e  5y g r a t i n g  showed a r e l a t i v e  peak near by, 

t h e  2 . 1  g r a t i n g  showed no i n d i c a t i o n s  of t h i s  peak. 

(2) Opt i ca l  f i l t e r s  such as qua r t z ,  aluminum oxide,  and 

v a r i o u s  g l a s s e s  w i th  o p t i c a l  c u t  off wavelengths i n  t h e  

4u t o  6u range  (as v e r i f i e d  by spectrophotometr ic  t e s t $ )  

p laced  i n  t h e  o p t i c a l  pa th  between t h e  monochromatic 

source  and t h e  device  a t t e n u a t e d  t h e  higher  wavelength 

response  ( 8 p )  bu t  d i d  not  e l imina te  t h e  response a s  it 

should have done. 

The responses found wi th  t h e  2 . 1  g r a t i n g  were taken  t o  be  

c o r r e c t  due t o  t h e  f a c t  t h a t  t h e  monochrometer was c a l i b r a t e d  w i t h  

t h e  2 . 1  g r a t i n g  by means of a helium-neon l a s e r .  

The u s e  of t h e  germanium window a l s o  l i m i t e d  t h e  useable  

p o r t i o n  of t h e  monochrometer ou tput .  The window was chosen t o  s t o p  

a l l  v i s i b l e  r a d i a t i o n  and has a low c u t  o f f  wavelength of approxi- 

mately 1 . 6 ~  t o  1 . 7 ~ .  

The shape of t h e  curve shown i n  F ig .  4.12 i s  t y p i c a l  of t h e  

r e l a t i v e  s p e c t r a l  responses found. A " threshold" energy seems t o  

e x i s t  a t  approximately 3 . 1 ~ .  A " l eve l ing  o f f "  of t h e  r a p i d  

i n c r e a s e  of ~ ( h )  appears a t  about 2 . 2 ~  a f t e r  which another  i n c r e a s e  

i s  seen  t o  t a k e  p l ace  a t  approximately 1 . 8 ~  t o  2 . 0 ~ .  Data t aken  

below t h i s  va lue  i s  thought t o  be i n c o r r e c t  due t o  t h e  low cut o f f  

wavelength of t h e  germanium window, 

Based on t h e  r e l a t i v e  s p e c t r a l  response curves obtained thus  



f a r  and on o the r  cons ide ra t  i ons  t h e  mechanism causing photoconduc- 

t i v i t y  i n  i r r a d i a t e d  s i l i c o n  i s  thought  t o  be e l e c t r o n  t r a n s i t i o n s  

from t h e  Si-E c e n t e r  l e v e l  t o  t h e  conduction band. Furthermore, 

t h e  inc rease  i n  L ( A )  noted s l i g h t l y  below 2v i s  be l i eved  t o  be  

a s s o c i a t e d  wi th  t h e  1.811 absorp t ion  band noted by numerous 

r e s e a r c h e r s ,  many of  whom d i s a g r e e  on t h e  mechanism causing t h i s  

band. 

F ig .  4 .14 which shows t h e  energy of i nc iden t  r a d i a t i o n  as a 

f u n c t i o n  of t h e  wavelength of t h e  r a d i a t i o n  shows t h a t  r a d i a t i o n  of 

wavelength l e s s  t h a n  3 . 1 ~  would be  r equ i r ed  t o  cause t r a n s i t i o n s  

from t h e  E -0.4ev l e v e l  t o  t h e  conduction band. 
C 

Ca lcu la t ion  of t h e  Fermi l e v e l  and of t h e  d e n s i t y  of e l e c t r o n s  

a t  t h e  donor, Si-A and Si-E l e v e l s  seem t o  r u l e  out  t r a n s i t i o n s  

from t h e  va lence  band t o  de fec t  l e v e l s  o r  between de fec t  l e v e l s .  

For example, cons ider  a  device  wi th  a  77OK r e s i s t a n c e  of 108 

~hrns .  

R = pR ( 3 . 6 )  

and 

a = q p n  
n ( 3 . 7 )  

g iv ing  

R 
n  = 

'n R A 

For a  t y p i c a l  device  wi th  a 77°K r e s i s t a n c e  of l o 8  ohms, J? = 

5 x 10- I  cm., A = 4 x ems2 g iv ing  



Energy of Incident Radiation (ev) 



' n 
has been found by means of H a l l  measurements t o  be approximately 

8000 v-I see.-'  [24]. Thus n = 9.76 x l o 7  

Now, 

A t  t h e  donor l e v e l ,  t h e  number of e l e c t r o n s  per  u n i t  volume 

occupying t h e  donor l e v e l  i s  

The Fermi l e v e l  c a l c u l a t e d  l i e s  near  t h e  Si-A c e n t e r  l e v e l ,  and 

work conducted a t  t h e  N.A.S,A. Langley Research Center has  placed 

t h e  Fermi l e v e l  a t  t h e  Sf-A cen te r  l e v e l  f o r  an n-type device  



with  a 7 7 O K  r e s i s t a n c e  of l o 8  ohms. One would the re fo re  expect t h a t  

t h e  Si-A cen te r  acceptor l e v e l  would not be f i l l e d ,  but t h a t  t h e  

Si-E cen te r  l e v e l  would. This  f a c t  tends t o  support t h e  idea  t h a t  

t h e  t r a n s i t i o n s  t a k e  p lace  from t h e  Si-E l e v e l  t o  t h e  conduction 

band s ince  t h e  Si-E l e v e l  i s  f i l l e d  preventing t r a n s i t i o n s  from 

t h e  valence band t o  t h e  Si-E l e v e l .  T rans i t ions  from t h e  Si-E 

cen te r  l e v e l  t o  t h e  Si-A center  l e v e l  should not g ive  t h e  response 

noted . 
The inc rease  i n  L ( A )  a t  approximately 1 . 8 ~  i s  bel ieved t o  be 

a s soc ia t ed  wi th  a  1.811 absorpt ion  band observed by var ious  

r e sea rche r s  [23, 251. The cause of i the  band has been t h e  subjec t  

of many t h e o r i e s .  Fan and Ramdas [25] were of t h e  opinion t h a t  

t h i s  band i s  associa ted  wi th  energy l e v e l s  i n  t h e  neighborhood of 

Ec-0. 2lev.  Plotnikov [261 a t t r i b u t e d  t h e  1 . 8 ~  band t o  e l ec t ron  

t r a n s i t i o n s  from t h e  valence band t o  t h e  E -0.4ev l e v e l .  This 
C 

explanat ion appears suspect because neutron i r r a d i a t e d  s i l i c o n  

was used f o r  t h i s  p a r t i c u l a r  work, and a s  of 1966 no one had 

observed t h e  E -0.4ev l e v e l  i n  neutron i r r a d i a t e d  s i l i c o n  [26].  
C 

However, Lotkova [26] and Kurski i  [27] agree  t h a t  t h e  1.811 band 

i s  a s soc ia t ed  wi th  t h e  e x c i t a t i o n  of t h e  Si-A cen te r s  and i s  

observed whenever t h e  E -0.17ev l e v e l  i s  f r e e  of e l ec t rons .  
C 

The 1 . 8 ~  absorpt ion band has not been inves t iga ted  f u l l y  due 

t o  t h e  cutof f  wavelength imposed by t h e  germanium window. 

Research involving t h i s  band i s  foreseen  i n  t h e  immediate f u t u r e .  



I n  a d d i t i o n  t o  t h e s e  conclus ions ,  t h e  g e n e r a l  t r e n d s  noted i n  

a preceeding s e c t i o n  of t h i s  chapter  would s u f f i c e  f o r  conclus ions  

a r r i v e d  a t  i n  regard  t o  dev ice  performance and c h a r a c t e r i s t i c s  . 
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APPENDIX 

PREPARATION OF SAMPLES 

S i l i con  wafers one inch i n  diameter and 2mm t h i c k  of s i x  

d i f f e r e n t  r e s i s t i v i t i e s  were purchased from t h e  General Diode 

Corporation. These wafers were procured under t h e  s t i p u l a t i o n  t h a t  

they would be produced by t h e  pulled quartz c ruc ib le  method. The 

wafers had one surface  highly polished t o  insure  t h a t  each device 

would have one face  with a r e l a t i v e l y  low recombination ve loc i ty .  

The wafers were mounted on t h e  chuck of a t h i n  sect ioning 

machine manufactured by t h e  South Bay Technological Group, and 

2mm x 2mm x 5mm bars  were cut  from them. The sect ioning machine 

used a slow moving 5 m i l  or 10 m i l  wire with an abras ive  s l u r r y  

(no. 600 g r i t )  which e f fec t ive ly  lapped t h e  unwanted areas  between 

devices without producing deep work damage microcracks i n  t h e  

c r y s t a l .  The devices were then washed f i r s t  i n  d i s t i l l e d  water, 

then boi l ing  acetone,  and f i n a l l y  d i s t i l l e d  water again t o  remove 

a l l  t r a c e s  of t h e  glycerine-based s l u r r y .  The samples were then 

s to red  i n  methyl alcohol before being sent  t o  t h e  N.A.S.A. Langley 

Research Center where t h e i r  ends were covered with vapor deposited 

indium or  arsenic  doped gold,  depending upon t h e  bar type.  The 

gold was then al loyed i n t o  t h e  bars  a t  6 5 0 ' ~  f o r  5 minutes, a f t e r  

which a l ayer  of t h e  same type gold was vapor deposited on t h e  bar 

ends. The devices were returned and were n ickel  p la ted  by chemical 



solut ion.  Their ends were masked i n  p i c e a l  wax, a f t e r  which t h e  

devices were etched i n  a  95% HN03, 5% HF' solut ion f o r  3 minutes. The 

devices were then r insed  with d i s t i l l e d  water, methyl a lcohol ,  and 

f i n a l l y  t r i ch lo roe thy lene  t o  remove t h e  wax end masks. 

The devices were then ready f o r  i r r a d i a t i o n  a t  t h e  N.A.S.A. 

Space Radiation Effects  Laboratory ( SREL) a t  Newport News, Virginia .  

A l i n e a r  accelera tor  capable of producing a  beam of 10 Mev elec-  

t r o n s  was used f o r  t h e  major i ty  of t h e  i r r a d i a t i o n s  ( a  2 Mev 

Dynamitron was used shor t ly  while t h e  l ineac  was out of opera t ion) .  

A t a r g e t  set-up such a s  t h a t  shown i n  Fig.  A . l ,  was used. The beam 

of e lec t rons  was focused by t h e  bending magnetic on a  c i r c u l a r  

aluminum p l a t e  held i n  t h e  beam path.  The p l a t e  had an aper ture  

and ac ted  a s  a collimator focusing t h e  beam only on samples held 

by a  t e f l o n  insula ted  spring loaded sample holder.  A Faraday 

cup completed t h e  beam c i r c u i t ,  and a  current  in tegra to r  in tegra ted  

t h e  beam current  incident  on t h e  Faraday cup. 

The approximate number of p a r t i c l e s  incident  on t h e  samples 

could be determined from geometrical considerat ions involving t h e  

col l imator ,  t h e  device exposed area  and from t h e  number of p a r t i c l e s  

indica ted  by t h e  current  i n t e g r a t o r .  The device res i s t ance  was 

monitored by means of f inding t h e  vol tage  across t h e  device with 

a  constant  current  of 1 ma driven through it by t h e  constant  

current  source. The beam was turned off  pe r iod ica l ly ,  and t h e  

r e s i s t a n c e  and r e s i s t i v i t y  of t h e  device checked, This information 



Col l imator  

Figure A , l  Diagram of  Target  Area f o r  Sample I r r a d i a t i o n  



allowed t h e  author t o  make an order-of-magnitude ca lcu la t ion  a s  t o  

t h e  number of de fec t s  introduced i n t o  t h e  device c r y s t a l l i n e  s t ruc -  

t u r e  per u n i t  volume. 

The beam cur ren t  was maintained a t  a current  on t h e  order  of 

t o  ampere wi th  t h e  e lec t rons  having energy of approximately 

8 Mev. During t h e  f i r s t  i r r a d i a t i o n  t h e  beam cur ren t  had t o  be  

kept a t  low values  t o  prevent annealing t h e  d e f e c t s  introduced. 

The coll imator  was a i r  cooled f o r  t h e s e  i r r a d i a t i o n s ,  but  r e c e n t l y  

N.A.S.A. personnel have developed a water cooled coll imator  enabling 

more samples t o  be i r r a d i a t e d  a t  once using higher beam cur ren t s .  

The devices were separated before i r r a d i a t i o n  and numbered 

according t o  a system whereby each device was i d e n t i f i e d  by t h r e e  

numerals, i t s  type  ( a  l e t t e r ) ,  and i- ts  r e s i s t i v i t y .  

For use with t h e  o r i g i n a l  system one end of each sample was 

mounted on a separa te  one-half inch brass  pad cu t  t o  f i t  t h e  end of  

t h e  dewar cold  f i n g e r .  A 5 m i l  t i nned  copper wire was at tached t o  

t h e  o ther  end, The mounting and wire attachments were accomplished 

by means of Dynaloy 320 conductive s i l v e r  epoxy. Several  types of 

conductive epoxies were t r i e d ,  and while t h e  above mentioned i s  f a r  

from s a t i s f a c t o r y  i n  t h e  extreme temperature range used it i s  t h e  

bes t  of t h e  products t r i e d ,  For t h e  improved system no mounting had 

t o  be done f o r  t h e  spr ing  loaded holder .  Addit ional  samples of 

0 . h  ohm-em. n-type s i l i c o n  and 1 ohm-em. n-type germanium were 

supplied by N , A e S , A e  



DISTRIBUTION L I S T  

Copy No. 

1-10 Nat ional  Aeronautics and Space Admin is t ra t ion  
S c i e n t i f i c  and Technical ln fo rmat ion  D i v i s i o n  
Code US, A t tn :  Winnie M. Morgan 
Washington, D.C. 20546 

Nat ional  Aeronautics and Space Admin is t ra t ion  
Lang l ey Research Center 
Langley S t a t i o n  
Hampton, V i r g i n i a  23365 

A t tn :  Instrument Research D i v i s i o n  

A. R. Kuhlthau 

C. M. Siegel 

R. H. Aus t in  
Science/Technology Informat ion Center 
Alderman L i b r a r y  

R. J .  Mattauch 

RLES F i  Ies 


