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Photoconductivity decay measurements on boron doped f l o a t i n g  zone 

grown s i l i c o n  i r r a d i a t e d  w i t h  Co60 gamma rays i n d i c a t e  t h a t  t he  l i f e t i m e  

i n  t h i s  material i s  controlibed by two recombination l e v e l s ,  one loca ted  

0 . 3  ev from the  conduction band edge, and one loca ted  t e n t a t i v e l y  0.17 ev 

from t h e  valence band edge. The former l e v e l ,  n o t  previously r e p o F d ,  

w a s  seen i n  a l l  materials ( p  = 25 t o  1150 ohm-a) and has a l a r g e r  cap- 

t u r e  c ros s  s e c t i o n  f o r  ho le s  than f o r  e l ec t rons .  I ts  ra te  of introduc- 

t i o n  appears t o  be i n h i b i t e d  by the  presence of oxygen. 

shallow level might poss ib ly  ar ise  from t h e  Si-A cen te r  ( s u b s t i t u t i o n a l  

Although t h e  

oxygen), t he  r e s u l t s  of t h i s  experiment and previous H a l l  e f f e c t  and 

l i f e t i m e  measurements suggest  t h a t  i t  i s  n e a r e r  t h e  valence band. 
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I. INTRODUCTION 

Much research  has  been done i n  r ecen t  years  on the  de fec t s  i n t r o -  

duced i n t o  s i l i c o n  by i r r a d i a t i o n .  

a genera l  p i c t u r e  of t h e  na tu re  of t he  damage i s  emerging, s i n c e  the 

earlier experiments w e r e  usua l ly  of an i n s u f f i c i e n t l y  broad na tu re ,  as  

w e l l  as being too  few i n  number, t o  permit much c o r r e l a t i o n  between t h e i r  

r e s u l t s .  H a l l  e f f e c t  photoconductivity and i n f r a r e d  absorpt ion,  

and s p i n  resonance measurements, 12-14 along wi th  l i f e t i m e  s t u d i e s  ,I5- 

now been performed on e l e c t r o n  and gamma-irradiated materials, n- and 

p-type, c ruc ib l e  grown and f l o a t i n g  zone grown. Electron s p i n  resonance 

s t u d i e s  have been p a r t i c u l a r l y  successfu l  i n  providing d e t a i l e d  models 

f o r  some of t hese  de fec t s .  

Only now, however, can one say t h a t  

7-1 1 

Knowledge of t h e  de fec t s  con t ro l l i ng  recombination i s  of p a r t i c u l a r  

i n t e r e s t ,  s i n c e  many important processes i n  semiconductor devices  a r e  

con t ro l l ed  by the  minori ty  c a r r i e r  l i f e t ime .  When the  recombination 

l e v e l s  coincide w i t h  t h e  major de fec t  levels,  as  appears t o  be  the  case 

i n  n-type s i l i c o n ,  l i f e t i m e  measurements y i e l d  the values  of t he  capture  

cross  sec t ions .  When t h e  recombination is con t ro l l ed  by de fec t s  which 

are n o t  e a s i l y ,  i f  a t  a l l ,  de tec ted  by o the r  techniques,  l i f e t i m e  

measurements may be the  only means of ob ta in ing  information about these  

defec ts .  This appears t o  be  the  case f o r  a t  least some of t he  recombi- 

na t ion  de fec t s  i n  p-type f l o a t i n g  zone grown s i l i c o n .  



3 

11. THEORY 

Recombination of e l e c t r o n s  and ho le s  through a s i n g l e  set of mono- 

v a l e n t  d e f e c t s  w a s  f i r s t  t r e a t e d  by and Shockley and Read,22 who 

obtained the following s o l u t i o n  f o r  t h e  l i f e t i m e ,  v a l i d  f o r  s t eady- s t a t e  

condi t ions and s m a l l  excess carrier d e n s i t i e s :  

Gn + nl> (Po + P,) + \ o  T = ' C  Trio n + po PO no + P, 0 

where T = u Nv = l i f e t i m e  of holes  i n  h igh ly  n-type material, T = 

Nv u = l i f e t i m e  of e l e c t r o n s  i n  h igh ly  p-type material, N is  the  con- 

c e n t r a t i o n  of recombination c e n t e r s ,  v and v are t h e  h o l e  and e l e c t r o n  

thermal v e l o c i t i e s ,  r e s p e c t i v e l y ,  cr and CJ are t h e  cap tu re  cross  s e c t i o n s  

PO P P no 

n n  

P n 

P n 

of the recombination c e n t e r  f o r  holes  and e l e c t r o n s ,  n 

thermal equ i l ib r ium concentrat ions of f r e e  e l e c t r o n s  and h o l e s ,  and n 

and p1 are usua l ly  def ined as t h e  thermal equ i l ib r ium concentrat ions of 

e l e c t r o n s  and ho le s  when t h e  Fermi level l i e s  a t  t h e  recombination c e n t e r  

energy level (nl = Nc exp [ (ER - EC)/kT], p1 = Nv exp [ (Ev - ER>/kT], 

and po are t h e  

1 

0 

N and N are t h e  e f f e c t i v e  d e n s i t i e s  of states i n  t h e  conduction and 

valence bands, and E 

n a t i o n  c e n t e r ,  t h e  energy l e v e l s  of t h e  valence and conductor band edges, 

r e spec t ive ly ) .  

C V 

and Ec a r e  the  energy levels of t h e  recombi- R' 

n w i l l  be n e g l i g i b l e  i n  p-type material except a t  high 
0 

w i l l  be  given , Po temperatures and i f  no deep-lying acceptors  are p resen t  

by Na, t h e  acceptor  concentrat ion,  

It should be pointed ou t  t h a t  t h e  foregoing d e f i n i t i o n  of nl and 

p1 does n o t  t a k e  i n t o  account t he  f a c t  t h a t  t h e  ( e l ec t ron )  occupied state 
I 
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of t h e  recombination c e n t e r  contains  only one more e l e c t r o n  than t h e  

unoccupied state. Because of s p i n  degeneracy, t h e  e l e c t r o n  t h a t  i s  added 

t o  f i l l  t h e  level is assumed t o  go i n t o  an o r b i t a l  which may o r  may no t  

a l ready cpn ta in  another e l e c t r o n .  I f  the o r b i t a l  contains  another  elec- 

t r o n ,  then t h e  l e v e l  can be  f i l l e d  i n  only one way ( s p i n  opposi te  t o  

t h a t  of t h e  o t h e r  e l e c t r o n ) ,  b u t  can be  emptied i n  two ways ( l o s i n g  e i t h e r  

a spin-up o r  spin-down e l e c t r o n )  so  t h a t  t h e  r a t i o  of t h e  degeneracies 

of t he  f u l l  t o  t he  empty level i s  2. Likewise, i f  t he  o r b i t a l  does n o t  

con ta in  an e l e c t r o n ,  i t  can b e  f i l l e d  i n  two ways b u t  emptied only i n  

one, s o  t h a t  t h e  degeneracy r a t i o ,  w, i s  now 1 / 2 .  Thus, a f a c t o r  of w 

should be  included i n  t h e  d e f i n i t i o n  of nl. 

employed i n  t h e  foregoing argument, i t  can be shown t h a t  a f a c t o r  of l/w 

I f  t he  ho le  formalism i s  

1' should be  used i n  the  d e f i n i t i o n  of p 

S a n d i f ~ r d , ~ ~  and Wertheim24 showed t h a t  under condi t ions of small 

recombination c e n t e r  concentrat ions t h e  Shockley-Read r e s u l t  w i l l  be 

v a l i d  f o r  t r a n s i e n t  condi t ions such as are found i n  photoconductivity 

decay experiments. Wertheim a l s o  showed t h a t  f o r  s m a l l  enough d e f e c t  

concentrat ions t h e  n e t  l i f e t i m e ,  T, i n  the presence of 2 sets of mono- 

v a l e n t  d e f e c t s  w i l l  be  given by 

j 

1/T = 1 . 2 / T i  (2) 

i=l 

where t h e  l i f e t i m e  T~ is  t h e  Shockley-Read l i f e t i m e  f o r  t h e  i t h  set of 

de fec t s .  This equation most probably a p p l i e s  f o r  j > 2 ,  provided none 

of t h e  c e n t e r s  act  as t r a p s  f o r  an apprec i ab le  f r a c t i o n  of t he  minori ty  
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carriers. 

t r a t i o n  of recombination cen te r s  f o r  which t h e  Shockley-Read equat ions 

Nomura and BlakemoreZ5 have given a c r i t e r i o n  f o r  t he  concen- 

are v a l i d .  Shockley has shown t h a t  t he  s u r f a c e  recombination i s  descr ib-  

ab le  as a t e r m  i n  Fig. 2 ,  provided only the  fundamental s u r f a c e  decay 

mode i s  present .  

111. PROCEDURE 

A. Measurement 

Lifet imes ( a c t u a l l y  half-decay times) of excess carriers w e r e  

measured by t h e  photoconductivity decay method. A spa rk  discharge lamp, 

similar t o  the  one used by Swank,27 wi th  a h a l f  decay t i m e  of less than 

0.6 microseconds w a s  used t o  create electron-hole  p a i r s .  The l i g h t  was 

f i l t e r e d  by s i l i c o n  f i l t e r s  varying i n  thickness  from 1.5 mm t o  7.5 mm, 

t o  i n s u r e  uniform p e n e t r a t i o n  of t h e  e x c i t i n g  l i g h t .  The 1.5 mm f i l t e r  

w a s  used only when t h e  l i f e t i m e s  obtained wi th  i t s  use d id  n o t  d i f f e r  

from those obtained wi th  a much t h i c k e r  f i l t e r ,  i n d i c a t i n g  t h a t  i n j e c t i o n  

l e v e l  e f f e c t s  were no t  present .  This w a s  u sua l ly  t h e  case f o r  t he  &ower 

res i s t i v i  t y  s amp l e  s . 
The samples w e r e  connected i n  series w i t h  a cu r ren t - l imi t ing  

r e s i s t o r  and a b a t t e r y ,  and the  t r a n s i e n t  po r t ion  of t h e  sample vo l t age  

w a s  amplif ied by a Tektronix type 1121  a m p l i f i e r  be fo re  being passed 

i n t o  a Tektronix type 5358 osc i l l o scope ,  using Tektronix type  L o r  1 A l  

ver t ica l  plug-in u n i t s .  The s&ep-delay f e a t u r e  of t he  type 535Awas 

used t o  prevent d i sp l ay  of a t  least t h e  f i r s t  half-decay of t he  s i g n a l ,  

i n  o rde r  t o  minimize the  e f f e c t s  of h ighe r  o rde r  modes of s u r f a c e  decay 
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than t h e  fundamental and t h e  e f f e c t  of the f i n i t e  decay t i m e  of t h e  l i g h t  

pulse.  The osc i l l o scope  trace w a s  photographed wi th  a Po la ro id  camera 

and t h e  photographs of t h e  traces were measured and p l o t t e d  on semilog 

paper t o  o b t a i n  t h e  l i f e t i m e .  Several  d i f f e r e n t  sweep rates were used 

on each photograph s o  t h a t  the ze ro  s i g n a l  level could be  determined. 

Discs 5 mm i n  thickness  were c u t  from c y l i n d r i c a l  boules.  Rectangu- 

lar  pa ra l l e lop ipeds  wi th  dimensions t y p i c a l l y  5 x 5 x 20 m m w e r e  c u t  from 

the d i s c s .  A t  least two of t h e  l a r g e r  f aces  w e r e  pol ished t o  reduce 

r e f l e c t i o n  lo s ses  and the  o t h e r  f aces  were ground. The e f f e c t i v e  s u r f a c e  

recombination l i f e t i m e s  (def ined as t h e  r e c i p r o c a l  of t h e  carrier decay 

ra te  due t o  d i f f u s i o n  i n t o  s u r f a c e  recombination cen te r s )  were found t o  

be  very l a rge .  The e lec t r ica l  con tac t s  were made by u l t r a s b n i c a l l y  

so lde r ing  indium t o  the  samples, and t h e  con tac t s  were found t o  be ohmic 

i n  the temperature region where t rapping d id  no t  prevent measurement of 

t h e  l i f e t i m e .  

< 

Each sample w a s  given a code l e t t e r  and number, and i t s  pre- 

i r r a d i a t i o n  c h a r a c t e r i s t i c s  were measured. The le t ter  designated the  

boule t h e  sample w a s  c u t  from and the  number w a s  used t o  d i s t i n g u i s h  

between samples c u t  from t h e  same boule.  The l i f e t i m e  w a s  measured as a 

func t ion  of p o s i t i o n  along t h e  sample l eng th ,  and i n  those samples where 

s i g n i f i c a n t  v a r i a t i o n s  w e r e  found, a region of nea r ly  constant  l i f e t i m e  

w a s  s e l e c t e d  f o r  measurement. Voltages were chosen such t h a t  t h e  excess 

carrier p u l s e  d i d  no t  d r i f t  o u t  of t h i s  region. 

The samples were glued onto copper sample mounts w i t h  G.E. #7031 
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i n s u l a t i n g  va rn i sh ,  w i th  l aye r s  of 1/2 m i l  mylar between t h e  sample and 

the mount, and t h e  sample and t h e  copper-constantan thermocouple. The 

sample mounts were f i x e d  t o  t h e  bottom of a vacuum dewar, b u t  s epa ra t ed  

from i t  by several r e s i s t o r s  inbedded i n  a copper block. The temperature 

was va r i ed  by changing t h e  power d i s s i p a t e d  i n  t h e  hea te r .  For below 

room temperature measurements a cooling mixture w a s  placed i n  t h e  dewar. 

The samples were i r r a d i a t e d  a t  t h e  U. S. Naval Research Laboratory 

i n  Washington, D. C. ,  a t  approximately room temperature. The exposure 

rate w a s  approximately 2 x lo6  roentgens p e r  hour. 

The p o s t - i r r a d i a t i o n  l i f e t i m e  measurements were done from low t o  

high temperature. 

note  w a s  taken of t h e  temperature a t  which annealing f i r s t  occurred, and 

measurement of t h e  o t h e r  c r y s t a l ( s )  of t h a t  material was % r e s t r i c t e d  t o  

1 owe r temp e r a t  u r  es . 

On t h e  f i r s t  sample of each r e s i s t i v i t y  t o  be  measured, 

Once t h e  lifetime had been determined f o r  a sample as a func t ion  

of i nve r se  temperature,  t h e  d a t a  were p l o t t e d  on semilog paper ,  and a 

smoothed curve drawn through the  d a t a  po in t s .  

(10 / T , T ~ ) ,  where T 

number a f f i x e d  a f t e r  t he  sample number, i n d i c a t i n g  t h e  t o t a l  number of 

Each set  of p o i n t s  

3 i s  the  measured l i f e t i m e ,  w a s  i d e n t i f i e d  by a code m 

measurements taken a f t e r  i r r a d i a t i o n ,  including t h a t  set. Thus E5-0 ind i -  

cates a p r e - i r r a d i a t i o n  measurement, and E5-2 i n d i c a t e s  t he  second post- 

i r r a d i a t i o n  measurement. The value of T of the  smoothed curve w a s  

read from t h e  curve f o r  equa l ly  spaced i n t e r v a l s  of i n v e r s e  temperature. 

I f  t h e  l i f e t i m e  w a s  seen t o  be a s t r o n g l y  varying func t ion  of i n v e r s e  

1 / 2  
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3 temperature,  t h e  i n t e r v a l  chosen w a s  A ( l 0  /T) = 0.05, otherwise an i n t e r -  

val  of A(l0 /T) = 0.10 w a s  chosen. A t a b l e  w a s  then constructed l i s t i n g  

the  half-decay t i m e  f o r  t hese  values of i nve r se  temperature. This set 

of p o i n t s  w a s  a l s o  given t h e  same code as the  o r i g i n a l  set  f o r  which t h e  

smoothed curve w a s  drawn. A f t e r  a d d i t i o n a l  d e f e c t s  had been introduced 

i n t o  the material  by i r r a d i a t i o n ,  the l i f e t i m e  was again measured as a 

3 

func t ion  of i n v e r s e  temperature,  t he  d a t a  p l o t t e d ,  t h e  smoothed curve 

drawn, and t h e  values  of T entered i n t o  the  t a b l e  mentioned above. m 

Using t h e  m u l t i l e v e l  l i f e t i m e  formula Eq.  ( Z ) ,  which can be  

r e w r i t t e n  as 

where T- i s  the  l i f e t i m e  which would b e  measured i f  t h e  r a d i a t i o n  induced 

de fec t s  were the  only recombination cen te r s  p r e s e n t ,  T i s  the pre- 

i r r a d i a t i o n  l i f e t i m e ,  and T i s  t h e  l i f e t i m e  measured a f t e r  i r r a d i a t i o n .  

The set  of p o i n t s  (10 / T , T  ) is def ined as a d a t a  set ,  and i s  i d e n t i f i e d  

I 

P r e  

m 
3 

Y 
by t h e  sample code followed by t h e  two code numbers of t he  smoothed 

curves. Thus E5-2-0 denotes t h e  da t a  set  desc r ib ing  t h e  l i f e t i m e  change 

caused by d e f e c t s  introduced between t h e  p r e - i r r a d i a t i o n  measurement 

( t h e  -0) and t h e  second p o s t - i r r a d i a t i o n  measurement ( t h e  -2). 

It w a s  noted ea r l i e r  t h a t  t h e  s u r f a c e  states c o n t r i b u t e  t o  t h e  l i f e -  

t i m e ,  and hence t h e r e  are more terms than  i n d i c a t e d  above i n  t h e  formula 

r e l a t i n g  p r e - i r r a d i a t i o n  and p o s t - i r r a d i a t i o n  l i f e t i m e s .  

a t i o n  l i f e t i m e  w i l l  be given by 

The pre- i r radi-  
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wdtere T~~ i s  t h e  l i f e t i m e  due t o  bulk de fec t s  p re sen t  be fo re  i r r a d i a t i o n ,  

and T i s  t h e  e f f e c t i v e  p r e - i r r a d i a t i o n  s u r f a c e  l i f e t i m e .  Af t e r  i r r a d i -  

a t i o n  the  lifxztirne. w i l l  be given-by-  

so 

l / T m  = l / T b o  + l/T + l / T s f  (5) Y 

where T i s  t h e  e f f e c t i v e  s u r f a c e  l i f e t i m e  f o r  t h e  p o s t - i r r a d i a t i o n  

measurement. I f  t h e  two s u r f a c e  l i f e t i m e s  are g r e a t l y  d i f f e r e n t ,  and 

are comparable w i t h  the o t h e r  l i f e t i m e s  involved, l a r g e  e r r o r s  can arise 

i n  t h e  measurement of t he  r a d i a t i o n  induced l i f e t i m e .  

s f  

I n  t h i s  experiment, 

the s u r f a c e  l i f e t i m e s  were much longer than any of t h e  o t h e r  l i f e t i m e s .  

The e r r o r s  introduced by consider ing t h e  two s u r f a c e  l i f e t i m e s  t o  be  

equal i s  small. The e r r o r  introduced by the  d i f f e r e n c e  i n  s u r f a c e  decay 

t i m e s  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  moderate changes i n  the  post- i r radia-  

t i o n  l i f e t i m e ,  i f  t h a t  l i f e t i m e  i s  much less than t h e  p r e - i r r a d i a t i o n  

l i f e t i m e .  The e r r o r  i n  the  r a d i a t i o n  induced l i f e t i m e  due t o  s u r f a c e  

l i f e t i m e  d i f f e r e n c e s  w a s  c a l c u l a t e d  from t h e  d a t a  given by Blakemore and 

Nomura28 and w a s  found t o  be  usua l ly  1% o r  less. 

B. Analysis of Lifetime-Temperature Data 

The changes i n  t h e  l i f e t i m e  due t o  r a d i a t i o n  induced d e f e c t s  were 

analyzed on an IBM 7094 computer f o r  those cases where measurements could 

be  made over a temperature range l a r g e  enough t o  allow meaningful i n t e r -  

p r e t a t i o n  of computer f i t s  t o  t h e  S-R theory.  

The computer program can be  described as a "lesser squares  f i t t i n g  

program," i n  t h a t  i t  a d j u s t s  t h e  parameters A 

suppl ied t o  i t ,  s o  t h a t  t h e  quan t i ty  

of t h e  l i f e t i m e  formula 
j 
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i s  cons tan t ly  reduced. I n  the  abqve expression the  sum runs over t he  N 

3 d a t a  po in t s  (10 /T .  , T  .) W .  i s  the  est imated probable e r r o r  of t h e  j t h  

value of T 

10 /Tj .  

J YJ J 
and T i s  t h e  l i f e t i m e  ca ldula ted  f o r  t h e  temperature of 

y j  ' j 
3 The W .  w e r e  chosen t o  be equal t o  T /20, s i n c e  the  e r r o r  i n  

J y j  

the  l i f e t i m e  measurement is  a percentage e r r o r .  It was a l s o  poss ib le  t o  

weight a given temperature region by inc reas ing  the  dens i ty  of d a t a  

poin ts  i n  t h a t  reg ion ,  s o  t h a t  t h a t  region cont r ibu ted  more t o  x2 than 

the  o the r  reg ion(s ) .  

the  number of po in t s  less the  number of parameters i f  the random e r r o r  

i s  5%. 

With the  weights as chosen, x2 should be equal  t o  

For the  p-type ma te r i a l  used i n  t h i s  experiment, the  Shockley- 

Read equat ion becomes 

Unless the  de fec t  l e v e l  i s  very close t o  the  cen te r  of the  gap, one of 

the  terms p T and n T w i l l  be  much smal le r  than the  o ther .  Thus, i f  

the  d e f e c t  l e v e l  i n  p-type s i l i c o n  i s  i n  the  lower h a l f  of the  gap, the  

no 1 PO 

l i f e t i m e  w i l l  be given by 

T = T  (1 no 

while  i f  i t  i s  i n  the  upper 

T = T  (1 no 

+ P1/NA) (8) 

h a l f  of the  gap, i t  w i l l  be given by 

+ 'Po T nl/NA) 
no 

(9) 

The s imples t  approximation t o  Eqs. (8) .and (9) i s  given by 
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(10) 
3 

T = Al[l + (lo- /T) -Io5 exp (A2 - 11.6(10 /T)A3)] 

where A w i l l  be T and A the  energy sepa ra t ion  of the  recombination 

l e v e l  from the n e a r e s t  band edge i n  e l e c t r o n  v o l t s .  The f a c t o r  of 11.6 

arises from the  conversion 1 ev = 11,600'K. 

valence band, t h e  cons tan t  A2 w i l l  be equal t o  ln[NV(10 /T) 3/2/%p)~ - B 

with Nv(103/T)3/2 equal  t o  7.1 x 10 

1 no ' 3 

I f  t he  l e v e l  i s  nea res t  t he  

1gOK-1.5 -3 cm . The quan t i ty  B arises 

from the  assumption t h a t  t h e  energy l e v e l  has a l i n e a r  temperature depend- 

ence 

I f  B is  g r e a t e r  than zero,  the l e v e l  w i l l  approach the  conduction band 

as  the temperature inc reases .  

I f  t he  l e v e l  i s  nea re r  t he  conduction band, A w i l l  b e  given by 2 

20 3 -1.5 -3 where N = 1 . 7 3 ~ 1 0  (10 /T) cm . The above f i t  w a s  given the code 

PFZ-1, s ince  i t  appeared i t  would f i t  p-type f l o a t  zoned material. 

C 

I n  most cases, i t  w i l l  be poss ib l e  t o  determine which energy band 

t he  l e v e l  i s  n e a r e s t ,  i f  a l l  t h ree  cons tan ts  can be determined. Previous 

s t u d i e s  enable  us t o  determine reasonable  limits f o r  these  q u a n t i t i e s .  

The r a t i o  T /T o r  i t s  r e c i p r o c a l  has been determined to  be  about 
no PO 

20. l5,I7 The f a c t o r  eB, from H a l l  e f f e c t  measurements on t h e  Si-A centeq  193 

i s  about 1 / 2  s o  t h a t  t he  product w e B  can range from 4 t o  1/4.  Thus, i f  

A d i f f e r s  by more than ln4  from ln(NV(10 3 /T)Ie5/NA), t h e  l e v e l  most 
2 

probably lies i n  t h e  upper h a l f  of t he  gap. I f  i t  i s  wi th in  ln4 ,  i d e n t i -  
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f i c a t i o n  i s  more 

NA is  ca l cu la t ed  

d i f f i c u l t .  Since N i s  not known very accura te ly ,  and 

from the  conduct ivi ty  using published m o b i l i t i e s ,  there  

V 

e x i s t s  an u n c e r t a i n t y  of as much as a f a c t o r  of two i n  the  r a t i o  of 

NV/NA. I f  T ~ ~ / T ~ ~  = 20 and we' = 4 i t  w i l l  be impossible on the  b a s i s  

of the foregoing d i scuss ion  t o  d i s t i n g u i s h  t h i s  l e v e l  from one i n  the  

lower h a l f  of t he  gap wi th  weB = 1 /4 .  

t o  neg lec t  t h e s e  cons ide ra t ions ,  using w = 1 and B = 0. 

I f  the  na tu re  of the  d e f e c t  i s  known from o t h e r  i n v e s t i g a t i o n s ,  

Most previous accounts have tended 

then B may be known, and the  energy l e v e l  p o s i t i o n  known, making i t  

poss ib l e  t o  determine B i f  the  experimental e r r o r s  are s m a l l .  A l t e r -  

n a t i v e l y ,  i f  the f a c t o r  we' f o r  a given l e v e l  i s  known, i t  may then be 

p o s s i b l e  t o  determine whether a l e v e l  i nd ica t ed  by l i f e t i m e  measurements 

i s  indeed the  previously discovered l eve l .  

I n  s e v e r a l  experiments, i t  has been determined t h a t  the  q u a n t i t i e s  

T and/or T are not  constant .  Bemski2' r epor t ed  temperature depend- 

ences of Tn, w i th  n = 1/2,2 and 7 /2  f o r  s e v e r a l  of the l eve l s  of gold i n  

s i l i c o n .  By i n v e s t i g a t i n g  the i n j e c t i o n  l e v e l  dependence of the  s i l i c o n  

A-center, Galkin,  e t .  al.I5 concluded t h a t  the e l e c t r o n  capture  cross- 

s e c t i o n  w a s  s t r o n g l y  temperature dependent above 250'K. 

i n j e c t i o n  l e v e l  curves a l s o  i n d i c a t e  a temperature dependence f o r  T no +TT PO' 

I n  view of these  f i n d i n g s ,  a f i t  designated PFZ-2 w a s  used when i t  w a s  

suspected t h a t  T and/or T were temperature dependent. 

no P O  

17  Baicker 's  

no P O  

I n  the  case of sample E ,  i t  seems t h a t  e i t h e r  2 separate l e v e l s  o r  

a mul t iva l en t  l e v e l  c o n t r o l  t he  l i f e t i m e .  The d a t a  sets f o r  t h i s  material 
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were f i t  by 

E Q .  ' = P+Q 

where P and Q are PFZ-1 f i t s .  The computer f i t  f o r  Eq. (13) was denoted 

by PFZ-10. 

IV. EXPERIMENTAL RESULTS 

The p r e - i r r a d i a t i o n  c h a r a c t e r i s t i c s  of t he  9 samples used a r e  

l i s t e d  i n  Table 11, and t h e i r  r a d i a t i o n  h i s t o r i e s  a r e  given i n  Table 111. 

Calcula t ions  showed t h a t  except poss ib ly  f o r  t h e  da t a  set U2-2, t he  

Nomura-Blakemore cen te r  dens i ty  c r i t e r i o n  was m e t .  Figure 1 shows the  

v a r i a t i o n  of the  l i f e t i m e  i n  sample M3 before  (da t a  set  M3-0) and a f t e r  

(da t a  set M3-1) an exposure dose of 2 x 10 roentgens.  The r a d i a t i o n  

induced l i f e t i m e  i n  sample M3 (da ta  set  M3-1-O), obtained from t h e  d a t a  

sets M3-0 and M3-1 by use of E q .  ( 3 ) ,  and f o r  sample M4,  i s  a l s o  shown. 

The parameters used t o  c a l c u l a t e  the  t h e o r e t i c a l  curve shown f o r  t h e  

M3-1-0 da ta  set  a r e  given i n  Table I V ,  and i n d i c a t e ,  according t o  the  

Shockley-Read theory ,  a recombination l e v e l  i n  t h e  upper h a l f  of t h e  

forbidden gap, a temperature dependence of T -3'2 f o r  the  e l e c t r o n  capture  

6 

cross  s e c t i o n  (or  of T f o r  T ), and a value of 14.6 f o r  t h e  quan t i ty  

((5 /(5 
P n  P n  

i s  about 20, &s has been determined previous ly ,  t h a t  e-'/u i s  less than 

uni ty .  A reasonable  consis tency would ex is t  i f  t h e  l e v e l  i s  assumed t o  

be i n  the  lower h a l f  of t h e  gap with a value of 5.4 f o r  w e B  (w  = 2 and 

a temperature dependence of 10 

no 

i n d i c a t i n g  t h a t  i f  the  capture  c ross  s e c t i o n  r a t i o  (J / o  

-4 ev/deg f o r  t h e  energy l e v e l ) ,  bu t  i n  



view of t h e  r e s u l t s  on t h e  o t h e r  samples, t he  p o s i t i o n  nea r  t h e  conduction 

band i s  much more probable. 

Figure 2 shows t h e  r a d i a t i o n  induced l i f e t i m e  i n  samples F3 and F4, 

and t h e  computer r e s u l t s  f o r  F4 were anomalous (compared t o  t h e  F3 d a t a  

sets), probably as a r e s u l t  of annealing a t  high temperatures during the  

p o s t - i r r a d i a t i o n  measurement. Analysis of t h e  F3 computer determined 

parameters i n d i c a t e s  t h a t  t h e  energy level i s  d e f i n i t e l y  n e a r e r  t h e  con- 

duct ion band, being between E - 0.23 ev and E - 0.34 ev, wi th  T and 

T 

13 and 650, w i th  a mean value of 80. 

i n d i c a t i n g  t h a t  h o l e  capture  i s  coulomb aided ( d e f e c t  nega t ive ly  charged 

be fo re  a h o l e  i s  captured).  

C C no 

The f a c t o r  (a /a )(e-B/w) has values  between apparent ly  constant .  
PO P n  

Thus an/o i s  much less than one, 
P 

The v a r i a t i o n  of r a d i a t i o n  induced l i f e t i m e  i n  samples U 1  and U2 

i s  shown i n  Fig. 3. The annealing of t h e  d e f e c t s  a t  lower temperatures 

i n  t h i s  material than i n  the  o t h e r s  prevented a b e t t e r  determinat ion of 

the l o c a t i o n  of t h e  energy l e v e l  from t h e  n e a r e s t  band edge. Again t h e  

energy level w a s  d e f i n i t e l y  located i n  t h e  upper h a l f  of t h e  gap, a t  

about the s a m e  s e p a r a t i o n ,  w i th  the quant i ty-  ((I /CT ) ( e  

between 24 and 49, and a temperature dependence of T f o r  T wi th  n 

ranging from 0 t o  0.66. 

-B /w) ranging 
P n  

n 
no ’ 

I n  t h e  f a s t  boule i n v e s t i g a t e d  , t he  v a r i a t i o n  of r a d i a t i o n  

induced l i f e t i m e  wi th  r e c i p r o c a l  temperature d i f f e r e d  g r e a t l y  from t h a t  

seen i n  t h e  o t h e r  t h ree .  Figure 4 shows the  d a t a  sets f o r  t h e  E samples 

f i t  by two Shockley-Read l e v e l s  according t o  Eq. (13). One l e v e l  w a s  

presumed t o  be  t h e  level seen i n  the o t h e r  samples, and t h e  second level 



15 

appeared t o  be loca ted  0.17 ev from a band edge. 

level c o n t r o l l e d  t h e  l i f e t i m e .  Analysis of t h e  computer parameters 

showed t h a t  t h i s  level could be  loca ted  near  e i t h e r  band edge, w i th  e 

The shallow (0.17 ev) 

-5 weB = 3.4 t o  5 ( w  = 2 ,  temperature dependence of 5 t o  8 x 10 ev/deg, 

l e v e l  moving toward midgap w i t h  inc reas ing  temperature) 6or a valence 

band level,  o r  w i t h  cs / c s  

band l eve l .  I f  i t  i s  assumed t h a t  t he  d e f e c t  i s  t h e  A c e n t e r ,  Baicker 's  

e-B/w ranging between 9 and 14 f o r  a conduction 
P n  

17 

r e s u l t s  on n-type material i n d i c a t e  t h a t  f o r  t h e  Si-A c e n t e r  t he  capture  

cross  s e c t i o n  r a t i o  cs / o  

g r e a t e r  than un i ty .  However, t h e  s p i n  resonance r e s u l t s  of Watkins and 

Corbett12 on t h e  A c e n t e r  i n d i c a t e  t h a t  w = 1 /2 ,  which i s  agreement wi th  

i s  between 16 and 23, s o  t h a t  weB must be  
P n  

the p rev ious ly  mentioned H a l l  e f f e c t  r e s u l t s  of Wertheim,' and of Sonder 

and T e m p l e t ~ n , ~  who suggest  t h a t  weB i s  about 1 /4  f o r  t h e  A center. This 

i n d i c a t e s  t h a t  i f  t he  level l ies c l o s e r  t o  t h e  conduction band, i t  i s  n o t  

t h e  A cen te r .  

I f  t h e  i n t r o d u c t i o n  rate f o r  t h e  0.17 ev l e v e l  observed i n  the  E 

samples i s  assumed t o  ho ld  f o r  t h e  o t h e r  materials, Eq,  (8) p r e d i c t s  t h a t  

t h i s  level w i l l  be unobservable i n  a l l  b u t  t h e  M samples because of t h e i r  

h ighe r  res is t ivi t ies .  I n  the M samples, t h e  0.3 ev l e v e l  i s  expected t o  

con t ro l  t h e  l i f e t i m e  except a t  very l o w  temperatures. I f  i t  i s  assumed 

t h a t  t rapping a f f e c t s  t h e  l i f e t i m e  i n  t h e  M samples enough so t h a t  t h i s  

behavior i s  masked, and t h a t  a s u i t a b l e  c o r r e c t i o n  f o r  an 0.17 ev level 

i s  made according t o  Eq.  (2), t h e  temperature dependence of t h e  M samples 

appears t o  be more l i k e  t h a t  of t he  U samples. 
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For a s i n g l e  type of de fec t ,  t he  l i fe t ime-f lux  product i s  propor- 

t i o n a l  t o  the  concentrat ion of recombination centers .  A c a l c u l a t i o n  of 

th is  parameter i nd ica t ed  t h a t ,  w i th in  experimental  e r r o r ,  t h e  introduc-  

t i o n  rates of t he  recombination centers  are constant  f o r  material from 

each boule ,  except  f o r  t h e  U samples. The l i fe t ime-f lux  product (which 

f o r  one type of recombination centers  is inverse ly  propor t iona l  t o  t h e  

cen te r  concentrat ion)  f o r  the  E - 0.3 ev l e v e l  w a s  700 second-roentgens 

f o r  t h e  E samples, 70 sec-R f o r  t he  M samples, 109 sec-R f o r  the  F 

samples, and 47 sec-R f o r  t he  U samples a t  f luxes  below l o 7  roentgens 

and 66 sec-R at  10 R. The preceding values  were ca l cu la t ed  a t  

10 /T = 3.4. 

samples, using t h e  computer ca l cu la t ed  values  of T w a s  about 40 sec-R. 

C 

7 

3 The l i fe t ime-f lux  product f o r  t he  0.17 e v  l e v e l  i n  the  E 

no ’ 
This v a r i a t i o n  of t he  l i fe t ime-f lux  product f o r  t h e  E - 0.3 ev 

l e v e l  among the  sample types i n d i c a t e s  t h a t  any poss ib l e  dependence of 

the  in t roduc t ion  r a t e  of t he  defec ts  upon the  boron concent ra t ion  is  

masked by o the r  f a c t o r s .  The i n f r a r e d  t ransmission of these  samples, 

i n  t h e  9 micron band assoc ia ted  wi th  i n t e r s t i t i a l  oxygen,30 w a s  measured 

a t  room temperature. A c o r r e l a t i o n  between the  absorpt ion c o e f f i c i e n t  

of the 9 micron band and t h e  l i fe t ime-f lux  product i nd ica t ed  t h a t  material 

wi th  a high-l i fe t ime f l u x  product f o r  t h e  E - 0.3 ev  l e v e l  contained 

more oxygen. 

C 

C 

V. DISCUSSION 

The deeper l e v e l  seen  i n  t h i s  experiment, a t  Ec - 0.3 ev ,  has  n o t  

Hirata, Hirata, and Saito’’ i n d i c a t e  t h a t  t he  been previously repor ted .  



s lope  of t he  p o s t - i r r a d i a t e d  l i f e t i m e  i n  150 ohm-cm 6oCo i r r a d i a t e d  

material i s  0.17 ev. Correct ion of t h e i r  d a t a  f o r  p r e - i r r a d i a t i o n  l i f e -  

t i m e  i n d i c a t e s  a r a d i a t i o n  induced level a t  approximately 0.3 ev from a 

band edge, w i th  t h e  r a t i o  a /a g r e a t e r  than one. Since t h e  r e s i s t i v i t y  
n P  

of t h i s  material i s  c l o s e  t o  t h a t  of t h e  F samples, a comparison can be  

made, and i t  i n d i c a t e s  t h a t  t he  two levels,  and hence the d e f e c t s ,  are 

no t  t h e  same, s i n c e  t h e  l i f e t i m e  i n  sample F i s  nea r ly  constant  f o r  

10 /T g r e a t e r  than 2.9 while  t h e  l i f e t i m e  of the sample of Hirata, et .  al. 

i s  s t ron$ ly  temperature dependent f o r  10 /T less than 4.0,  

ence i n  temperature dependences of t he  l i f e t i m e  i n  t h e  two cases i s  due 

t o  t h e  d i f f e r e n t  values  of cs /a . 

3 

3 This d i f f e r -  

n P  
Nakano, Nakasima, and Inuishi18 r e p o r t  a l e v e l  a t  E + 0.27 ev i n  

V 

similar material, b u t  c o r r e c t i o n  of t h e i r  d a t a  f o r  t h e  p r e - i r r a d i a t i o n  

l i f e t i m e  i n d i c a t e s  a level less than 0.13 ev from a band edge. 

Baicker17 r epor t ed  a level 0.18 ev from t h e  valence band edge i n  

2 ohm-cm p-type f l o a t  zoned s i l i c o n ,  w i th  i n j e c t i o n  l e v e l  measurements 

confirming t h e  l e v e l  p o s i t i o n .  The H a l l  e f f e c t  measurements of Vavilov, 

e t .  al.' a l s o  i n d i c a t e  a l e v e l  near  t h e  p o s i t i o n  (E 

l e v e l  seen a t  0.17 e v  i n  sample E i n  t h i s  experiment appears t o  b e  the  

same as the  one seen by Baicker. A s  mentioned above, t he  level could be 

nea re r  conduction band, and might be t h e  A c e n t e r ,  b u t  t h e  valence band 

assignment seems more probable on the b a s i s  of t hese  measurements e 

4- 0.19) ev. The 
V 

The luminescence d a t a  of Spry3' i n d i c a t e  t h a t  t h e  s h o r t  wavelength 

recombination luminescence s p e c t r a  are t h e  s a m e  i n  n- and p-type f l o a t i n g  

zone grown s i l i c o n ,  i n d i c a t i n g  t h a t  recombination occurs through the  same 
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d e f e c t s  i n  both materials a t  low temperatures (77'K and 4'K). Since A 

cen te r s  are known t o  exis t  i n  n-type f l o a t  zoned s i l i c o n ,  t h i s  would 

argue t h a t  e i t h e r  one cannot use t h e  parameters obtained from H a l l  

measurements f o r  l i f e t i m e  a n a l y s i s ,  o r  t h a t  both A cen te r s  and d e f e c t s  

having a level nea r  t h e  valence band are p r e s e n t ,  and t h a t  a t  low temper- 

a t u r e s  t h e  A centers c o n t r o l  t h e  recombination, wh i l e  a t  h ighe r  tempera- 

t u r e s  t h e  valence band levels dominate. 

VI. SUMMARY 

Two monovalent recombination levels,  one a t  about Ec - 0.3 ev and 

one 0.17 ev from a band edge have been seen i n  6oCo i r r a d i a t e d  boron 

doped f l o a t i n g  zone grown s i l i c o n .  The i n t r o d u c t i o n  rates of t he  d e f e c t s  

giving rise t o  these  levels are constant  up t o  doses of 18 x 10 roentgens 

i n  material containing more than 6 x boron atoms/cm The introduc- 

t i o n  rate of t h e  E 

of oxygen i n  t h e  la t t ice .  

s e c t i o n  f o r  ho le s  than  f o r  e l ec t rons .  A conclusive assignment of t he  

0.17 ev level t o  t h e  A c e n t e r  o r  t o  a level near  t h e  valence band cannot 

be  made, although a level n e a r  t he  valence band seems somewhat more 

probable. 

6 

3 

- 0.3 e v  level d e f e c t s  i s  i n h i b i t e d  by t h e  presence 
C 

These de fec t s  have a l a r g e r  cap tu re  c ros s  

ACKNOWLEDGMENTS 

Thanks are due t o  M r .  J. Pfa f f  and M r .  E. J. West of t he  U. S .  

Naval Research Laboratory (Washington, D. C.) f o r  performing the  Cobalt 60 

i r r a d i a t i o n s .  



19 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15 

G. K. Wertheim, Phys. Rev. , 110, 1272 (1958). 

V. M. Malovetskaya, G. N. Galkin,  and V. S. Vavilov, Sovie t  Physics- 

S o l i d  State ,  A, 1008 (1962). 

E. Sonder and L. C. Templeton, J. Appl. Phys., 2, 1279 (1960). 

E. Sonder and L. C. Templeton, J. Appl. Phys., 34, 3295 (1963). 

E. Sonder and L. C. Templeton, J. Appl. Phys., 36, 1811 (1965). 

H. S a i t o ,  M. Hirata and T. Horuichi ,  J. Phys. SOC. Japan,  Suppl. 111, 

264 (1963). 

V. S. Vavilov and A. F. Plotnikov,  Proc. of I n t .  Conf. on Crys t a l  

Latt ice Defects ,  J. Phys. SOC. Japan,  18, Suppl. 111, 230 (1963). 

H. Y. Fan and A. K. Ramdas, J. Appl. Phys., 30, 1127 (1959). 

V. S. Vavilov, G. N. Galkin,  V. M. Malovetskaya and A. F. Plotnikov,  

Sovie t  Physics-Solid S t a t e ,  4, 1442 (1963). 

V. S. Vavilov, S. I. Vintovkin, A. S. Lyutovich, A. F. Plotnikov 

and A. A. Sakolova, Sovie t  Physics-Solid S ta te ,  1, 399 (1965). 

J. W. Corbe t t ,  G. D. Watkins, R. M. Chrenko and R. S. MacDanald, 

Phys. Rev. , 121, 1015 (1961). 

G. D. Watkins and J. W. Corbe t t ,  Phys. Rev., 121, 1001 (1961). 

G. D. Watkins and J. W. Corbe t t ,  Phys. Rev., 134, A1359 (1964). 

G. D. Watkins and J. W. Corbe t t ,  Phys. Rev. , 138, A543 (1965). 

G. N. Galkin,  N. S. Rytova and V. S. Vavilov, Sovie t  Physics-Solid 

S t a t e ,  2, 1819 (1961). 



20 

16. R. H. Glaenzer and C. J. Wolf, J. Appl. Phys., 36, 2197 (1965). 

17. J. A. Baicker,  Phys. Rev., 2, 1174 (1963). 

18. T. Nakano, K. Nakasima and Y. I n u i s h i ,  .J. Phys. SOC. Japan, 20, 

2140 (1965). 

19. M. Hirata ,  M. Hirata and H. S a i t o ,  J. Appl. Phys., 37, 1867 (1966). 

20. R. A. Hewes , "Recombination Lifet imes i n  Gama-Irradiated S i l i con , "  

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

Thes i s ,  Universi ty  of I l l i n o i s ,  1966 (unpublished). 

R. N. H a l l ,  Phys. Rev., 83, 228 (1951). 

W. Shockley and W. T. Read, Phys. Rev., 87, 835 (1952). 

D. J. Sandiford,  Phys. Rev., 105, 524 (1957). 

G. K. Wertheim, Phys. Rev. , 2, 1086 (1958). 

K. C. Nomura and J. S. Blakemore, Phys. Rev., 112, 1067 (1958). 

W. Shockley, E lec t rons  and Holes i n  Semiconductors (D. Van Nostrand 

Company, Inc. ,  New York, 1950), Chap. 12, p. 319. 

R. K. Swank, "Lifetimes of Excited S t a t e s  i n  Alka l i  Hal ide Crys t a l s  

Containing F. .Centers," Thesis ,  Universi ty  of I l l i n o i s ,  1962 

(unpublished).  

J. S. Blakemore and K. C.  Nomura, J. Appl. Phys., 31, 753 (1960). 

G. Bemski, Phys. Rev., 111, 1515 (1958). 

W. Kaiser, P. H. Keck and C. F. Lange, Phys. Rev. , 101, 1264 (1956). 

R. J. Spry, Bull .  Am. Phys. SOC., 11, 193 (1966); R. J. Spry ( t o  be 

publ ished) .  



21  

Code 

PFZ-1 

Table I 

L i s t  of computer f i t s  

Descr ip t ion  

s i n g l e  S-R l e v e l  i n  e x t r i n s i c  temperature range,  

Code I Formula 

lo3 103 -1.5 
T = Po(A ,A ,A ) = A *[1 + (-) *exp (A2 - 1 1 . 6 * ( ~ ) * A ~ ) ]  1 2 3  1 T FZ-1 

= P ( A  A A A )  I 1 1’ 2’ 3’ 4 

cons tan t  T , T 
0 Po 

PFZ-2 same as PFZ-1 except  t h a t  A now has  a temperature 

dependence of T - ‘4 
1 
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P r e - i r r a d i  

~ 

Sample Code 

E 3  

E4 

E5 

M 3  

M4 

F3 

F4 

u1 
u2 

I 

Table I1 

t i o n  Sample c/hara t r is t i  

R e s i s t i v i t y  
( ohm- em) 

-I- 
S 

Supp l i e r  

24 

25 

25 

71 

73 

222 

2 38 

1160 

1160 

P re - I r r ad i  a t i o n  
Li fe t ime (psec)  

20Q 

2 70 

260 

10 5 

98  

90 

133 

107 

125 

D: Dupont 

-I- A t  room temperature .  

M: Monsanto S: Semi-elements, Inc .  
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Table I11 

Radia t ion  h i s t o r y  of samples used 

* 
Data S e t  

T o t a l  Dose 

(10 Roentgens) 6 

E3-1 

E4-1 

E4-2 

E5-1 

E5-2 

4 

2 

4 

2 

20 

F3- 1 

F3-2 

F3-3 

F3-4 

F4- 1 

2 

4 

9 

18 

2.5 

M3- 1 

M4- 1 

2 

1 

u1-1 

u2- 1 

u2-2 

2.5 

5 

10 

* 
Sample i s  denoted by f i r s t  l e t te r  and number. 
Second number denotes number of i r r a d i a t i o n .  
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Table  IV 

Computer r e s u l t s  and r a d i a t i o n  h i s t o r y  

Sample 

M3-1-0 

F3-1-0 

F3-2-0 

F3-1-2 

F3-3-0 

F3-4-0 

F4-1-0 

u1-1-0 

u2-1-0 

u2-2-0 

E4-2-0 
E3-1-0 

E5-2-0 

A1 

11.52 

35.7 

21.1 

50.8 

9.94 

5.38 

65.7 

38.6 

15 .Q 
5.66 

!183. 
2 9.71 

P 32.8 
2 2.18 

A2 

10.97 

11.07 

10.57 

8.10 

11.92 

9.06 

13.70 

13.20 

12.57 

12.44 

10.8-k 
10.18 

7.0 
9.79 

A3a 

.33 

.311 

.302 

,236 

.339 

,250 

.40 

.355 

.328 

,318 

.46* 

.1784 

.30 

.I70 

A4 

-1.0 

- .655 

- .5* 

F i t  

PFZ-2 

PFZ-1 

PFZ- 1 

PFZ- 1 

PFZ-1 

PFZ-1 

PFZ- 1 

PFZ-2 

PFZ-2 

PFZ-1 

PFZ- 10 

PFZ-10 

* 
Parameters f ixed .  

Energy s e p a r a t i o n  from n e a r e s t  band edge i n  ev. a 

2 
X 

1.20 

.383 

1.09 

1.68 

1.23 

.164 

.40 

1.33 

1.94 

.37 

2 .8  

.59 

Po in t s  

21 

12 

15 

15 

14 

12 

11 

13 

14 

10 

17 

13 

b 
A20 

12.65 

13.6 

13.6 

13.6 

13.6 

13.6 

13.6 

15.4 

15.4 

15.4 

11 .40 .  

11.40 

3 1.5 b 
A20 = ln[N (10 /T) /Na] . V 
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FIGURE CAPTIONS 

Fig. 1 Var i a t ion  of r a d i a t i o n  induced and measured l i f e t i m e  w i t h  

r e c i p r o c a l  temperature i n  70 ohm-cm p-type f l o a t  zoned 

s i l i c o n .  The parameters f o r  t h e  t h e o r e t i c a l  curve f i t  t o  

t h e  d a t a  set  M3-1-0 are given i n  Table I V .  

Fig. 2 Var i a t ion  of r a d i a t i o n  induced l i f e t i m e  w i t h  r e c i p r o c a l  

temperature i n  200 ohm-cm p-type f l o a t  zoned s i l i c o n .  The 

parameters f o r  t he  t h e o r e t i c a l  curves are given i n  Table I V .  

Fig. 3 Var ia t ion  of r a d i a t i o n  induced l i f e t i m e  w i t h  r e c i p r o c a l  

temperature i n  1200 ohm-cm p-type f l o a t  zoned s i l i c o n .  The 

parameters f o r  t h e  t h e o r e t i c a l  curves are given i n  Table I V .  

Fig. 4 Var ia t ion  of r a d i a t i o n  induced l i f e t i m e  w i t h  r e c i p r o c a l  

temperature i n  20 ohm-cm p-type f l o a t  zoned s i l i c o n .  

Parameters f o r  t h e  t h e o r e t i c a l  curves are given i n  Table I V .  
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