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The status of the question of the effect of fast-neutron irradiation on 
the thermal conductivity and structure of semiconductors is examined, 
It is shown that the reduction in thermal conductivity is the more con- 
siderable, the lower the temperature of investigation and the higher 
the fast-neutron integral flux, though not above a certain limit for a 
given material. Previously proposed models of the thermal conduc- 
tivity of semiconductors for the temperature region 6-300 + K are 
briefly examined, The question of the effect of annealing on the sta- 
bility of neutron-induced defects in germanium and silicon is given 
separate consideration, 

Mode rn  s e m i c o n d u c t o r  technology m a k e s  i t  p o s s i b l e  
to obta in  p e r f e c t  s ing le  c r y s t a l s ,  i . e . ,  c r y s t a l s  in which 
v a r i o u s  types  of l a t t i c e  de fec t s  a r e  r e d u c e d  to a m i n i -  
mum.  An e n o r m o u s  amount  of work  on the v a r i o u s  
p r o p e r t i e s  of s e m i c o n d u c t o r s  poin ts  to the i m p o r t a n t  
p a r t  p l ayed  by  de fec t s ,  p a r t i c u l a r l y  in connec t ion  with 
t h e r m a l  conduct iv i ty .  The s tudy of the t h e r m a l  conduc-  
t iv i ty  of s e m i c o n d u c t o r s  i r r a d i a t e d  with f a s t  neu t rons  
i s  of s p e c i a l  i m p o r t a n c e ,  s ince  neut ron  b o m b a r d m e n t  
i s  a m e a n s  of v a r y i n g  the n u m b e r  of de fec t s .  In p a r t i c -  
u l a r ,  they can be made  so n u m e r o u s  that  the t h e r m a l  
conduc t iv i ty  of the c r y s t a l l i n e  s p e c i m e n  i s  s h a r p l y  r e -  
duced.  This  e f fec t  i s  e s p e c i a l l y  c l e a r l y  e x p r e s s e d  at  
low t e m p e r a t u r e s .  

A p a r t  f r o m  the c o n s i d e r a b l e  t h e o r e t i c a l  i n t e r e s t  of 
the p r o b l e m ,  i t  i s  a l so  i m p o r t a n t  f r o m  the p r a c t i c a l  
s tandpoin t  of des ign ing  h igh -e f f i c i ency  t h e r m o e l e c t r i c  
i n s t r u m e n t s .  The p e r f o r m a n c e  of t h e r m o e l e c t r i c  i n -  
s t r u m e n t s  i s  c h a r a c t e r i z e d  by  the f igure  of m e r i t  [1,2]: 

Z = (Q1 - -  Qu)2 ( 1 ) 
1 1 

Here ,  Q is  the t h e r m a l  emf; • i s  the t h e r m a l  conduc-  
t ivi ty;  a i s  the e l e c t r i c a l  conduct iv i ty ;  and the s u b s c r i p t s  
1 and 2 r e f e r  to the n -  and p - t y p e  m a t e r i a l s  which fo rm 
the contact .  I t  i s  u sua l  to employ  p -  and n - type  s e m i -  
conduc to r s  with s i m i l a r  va lue s  of the t h e r m a l  and e l e c -  
t r i c a l  conduc t iv i t i e s  and a p p r o x i m a t e l y  equa l  t h e r m a l  
emf (of oppos i te  s ign) .  Under  these  condi t ions ,  i t  is  
p o s s i b l e  to i n t roduce  the f igu re  of m e r i t  for  a s ing le  
subs t ance  

Z =  Q~(~ (2) 
% 

Thus,  f inding m a t e r i a l s  for  t h e r m o e l e c t r i c  a p p l i c a -  
t ions  r e d u c e s  to ob ta in ing  the m a x i m u m  va lue  of Z. 

Since each  of the quant i t i es  en t e r ing  into Eq. (2) i s  
a funct ion of the phys i ca l ,  t echnolog ica l ,  and m e c h a n i c a l  
p r o p e r t i e s  of the m a t e r i a l ,  i t  i s  not  p o s s i b l e  to p r e d i c t  
a p r i o r i  the b e h a v i o r  of Z - - s p e c i a l  e x p e r i m e n t s  a r e  
needed.  Of c o u r s e ,  i t  i s  d e s i r a b l e  to s tudy a l l  the quan-  
t i t i e s  Q, a,  and • s i m u l t a n e o u s l y .  

P e i e r l s  [3] f i r s t  d r e w  a t ten t ion  to the spec i f i c  b e -  
hav io r  of the t h e r m a l  conduct iv i ty  at  low t e m p e r a t u r e s ,  
and B e r m a n  [4] d e m o n s t r a t e d  the ef fec t  of i r r a d i a t i o n  
with f a s t  neu t rons  on the t h e r m a l  conduct iv i ty .  The 
p r o b l e m  of s tudying  the t h e r m a l  conduct iv i ty  under  the 
s imu l t a ne ous  inf luence  of the f a c to r s  of t e m p e r a t u r e  
and neut ron  i r r a d i a t i o n  i s  a new one, and so f a r  v e r y  
l i t t l e  has  been  done in th is  d i r ec t i on .  However ,  a n u m -  
b e r  of au thor s  have s tud ied  the t h e r m a l  conduc t iv i ty  of 
s e m i c o n d u c t o r s  a t  low t e m p e r a t u r e s  [5-13] .  Many of 
the e x p e r i m e n t a l  da t a  a r e  exp la ined  by  the m o d e l s  of 
Ca l laway  [14, 15] and K l e m e n s  [16-18] ,  which m o s t  
c l o s e l y  r e f l e c t  the ac tua l  t r a n s p o r t  p r o c e s s e s .  

Ca l laway  a s s u m e s  that  a l l  p h o n o n - s c a t t e r i n g  p r o -  
c e s s e s  can be  r e p r e s e n t e d  by a r e l a x a t t o n  t ime  that  i s  
a funct ion of f r equency  and t e m p e r a t u r e .  He a l so  
a s s u m e s  that  the m a t e r i a l  i s  i s o t r o p i c a l l y  e l a s t i c  and 
that  s c a t t e r i n g  in the v i b r a t i o n a l  s p e c t r u m  can  be 
neg lec t ed .  M o r e o v e r ,  he m a k e s  no d i s t inc t ion  be tween  
longi tud ina l  and t r a n s v e r s e  phonons.  

Ca l laway  c o n s i d e r s  the fol lowing s c a t t e r i n g  m e c h -  
a n i s m s :  1) i m p u r i t y  s c a t t e r i n g ,  inc luding poin t  i m p u r i -  
t i e s  ( i so topes) ,  whose r e l a x a t i o n  t i m e  does  not  depend 
on t e m p e r a t u r e  and i s  p r o p o r t i o n a l  to o)-4; 2) bounda ry  
s c a t t e r i n g  d e s c r i b e d  by  the cons tan t  r e l a x a t i o n  t ime  
L / c ,  where  c i s  the speed  of sound and L is  a c e r t a i n  
length which i s  a p p r o x i m a t e l y  equal  in magni tude  to the 
c r o s s  s e c t i on  of the spec imen ;  3) the n o r m a l  t h r e e -  
phonon p r o c e s s ,  whose r e l a x a t i o n  t ime  is  t aken  p r o -  
p o r t i o n a l  to ( J T a )  -1, whe re  w is  the angu la r  f r equency  
and T is  the abso lu te  t e m p e r a t u r e ;  4) Umklapp p r o -  
c e s s e s ,  whe re  the r e l a x a t i o n  t ime  i s  p r o p o r t i o n a l  to 
[exp(-O/aT)w2Ta] -1, where  0 is  the Debye t e m p e r a t u r e  
and a is  a cons tan t  c h a r a c t e r i z i n g  the v i b r a t i o n a l  s p e c -  
t r u m  of the m a t e r i a l .  

In so lv ing  the Bo l t zmann  equa t ion  in the p r e s e n c e  
of a t e m p e r a t u r e  g rad i en t ,  Ca l laway  in t roduces  the 
r e l a x a t i o n  t i m e s  ~-t~ 1 and ~-~l, which, : r espec t ive ly ,  
c h a r a c t e r i z e  the N and U p r o c e s s e s .  Then, the c o m -  
b ined  r e l a x a t i o n  t ime  T~ 1 i s  found to be 
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When T N is  l a r g e ,  i t  is  c l e a r  f r o m  Eqs.  (12) and 
(16) of [14] that  the t h e r m a l  conduc t iv i ty  is  e s s e n t i a l l y  
d e t e r m i n e d  by  the quant i ty  ~-l~ l, i . e . ,  r~l  = r ~ l  In e x -  
panded fo rm,  this  can be wr i t t en  as  fol lows:  

G ,gl  = A(o 4 + B1TSt@ + - ~  = .~-dl. (3) 

The f i r s t  t e r m  Aw 4 r e f l e c t s  the p r o c e s s  of s c a t t e r i n g  
e i t h e r  a t  poin t  i m p u r i t i e s  ( i so topes)  o r  a t  poin t  de fec t s ,  
and A does  not depend on t e m p e r a t u r e .  The second  
t e r m  B1T3w "~ inc ludes  the Umklapp p r o c e s s e s ;  B1 con-  
ta ins  the exponent ia l  t e m p e r a t u r e  f ac to r  exp(-O/aT). 
The l a s t  t e r m  c /L  d e s c r i b e s  the bounda ry  s c a t t e r i n g .  
A v e r y  i n t e r e s t i n g  ca se  is  tha t  in which the t h e r m a l  
conduc t iv i ty  m e a s u r e m e n t s  a r e  made  on a n i s o t o p i c a l l y  
pu re  spec imen ,  i . e . ,  fo r  ~i~ 1 = B2T3w 2, where  B 2 does  
not  depend on the t e m p e r a t u r e .  Then, the combined  
r e l a x a t i o n  t ime  can be  w r i t t e n  in the fol lowing fo rm:  

C 
"t:cl = A co 4 -]- (B 1 + B~) T 3 co 2 -k - L -  (4) 

Accord ing  to Cal laway,  the t h e r m a l  conduc t iv i ty  can 
be r e p r e s e n t e d  as  

k 
Z = (]1 + !~ &), (5) 

2~ c 

where  

2a-kO h o) 
- T  exp - -  

and k is  B o l t z m a n n ' s  cons tant .  
NegIec t ing  the second  t e r m  (for s i m p l i c i t y )  and 

subs t i tu t ing  (6) into (5), we obta in  

2~kO 

Z =  2azc 
0 

h e  
exp 2az leT 

Xl-  / h e  \ e '~  (7) [oxpt -,12 
In t roduc ing  the d i m e n s i o n l e s s  v a r i a b l e  x = hw/27rkT and 
subs t i tu t ing  (4) into (6), we have 

0/T 

2~ kT ' 'Dx t (expx- -  lp  

w h e r e  

E:=(B I + Bz) T:~( 2u~TT ) e 

and h is  P l a n c k ' s  cons tant .  

(10) 
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At v e r y  low t e m p e r a t u r e s ,  D and E a r e  much 
s m a l l e r  than c/L,  and the denomina to r  can be s i m p l i -  
f ied.  The uppe r  l i m i t  can be se t  equal  to inf ini ty,  and 
in  the f i r s t  o r d e r  of D and E we obta in  

• 20327 ELc 16n4 DLI;c (11) 

i . e . ,  in th is  c a s e  the t h e r m a l  conduct iv i ty  is  p r o p o r -  
t ional  to T 3. If D is  l a rge ,  then the s c a t t e r i n g  at  i s o -  
topes  is  v e r y  e f fec t ive  for  s h o r t  waves ,  and i t  is  p o s -  
s ib l e  to eva lua te  (8) by a s s u m i n g  a p p r o x i m a t e l y  that  
x 2 e x p x ( e x p x  - 1) 2 i s  equal  to uni ty.  Thus,  we have 

I1= 2[A(B I+B~)]u2Ta/2 14- . , (12) 
�9 (B1 -I- B2) T 3 

It has been  shown tha t  a t  t e m p e r a t u r e s  above 30 ~ K the 
c o r r e c t i o n  in Eq. (12) is  d e t e r m i n e d  only by  the f i r s t  
t e r m  when the b r a c k e t s  a r e  r e m o v e d .  Then 

i 1 _  ~ 1 1 . ( 1 3 )  
2 [A (B 1 + B2)] 1/2T3/2 --  ( B ~ 2 )  ~F'~[ 

If we c o n s i d e r  that  in (5) the t e r m  fiI2 was neg lec ted ,  
and if i t  i s  in fac t  s m a l l ,  i t  fo l lows f r o m  (13) that  the 
t h e r m a l  conduc t iv i ty  on both s i d e s  of the l o w - t e m p e r a -  
tu re  m a x i m u m  is  p r o p o r t i o n a l  to T s/2. If B2 is  only  
s l igh t ly  l e s s  than B1, an exponent ia l  dependence  
exp(O/2aT) is  o b s e r v e d .  Without  p r e s e n t i n g  C a l l a w a y ' s  
ca lcu la t ion ,  in which he t akes  the t e r m  flI2 into account ,  
we obta in  the e x p r e s s i o n  for  the t h e r m a l  conduc t iv i ty  
of an i s o t o p i c a l l y  p u r e  m a t e r i a l  in the fol lowing fo rm:  

2~ k ~ 
6h (B~ q- Bo.)cT 2 

3 

3h L ~ - -  
2az kT ~12 (B1 -q- B2) 25 ' 

and at  v e r y  low t e m p e r a t u r e s  

Z -- 15c.~ c 

20 

It  i s  c l e a r  f rom (15) that  the n o r m a l  p r o c e s s e s  do not  
make  a con t r ibu t ion  at  v e r y  low t e m p e r a t u r e s  (absence  
of B2). 

Although the K l e m e n s  m o d e l  g ives  b r o a d e r  c o v e r a g e  
to the p o s s i b l e  p h o n o n - s c a t t e r i n g  m e c h a n i s m s  and 
an teda te s  the Ca l laway  model ,  we have s t a r t e d  by  e x -  
amin ing  the Ca l laway  m o d e l  s ince  i t  has  been  d e v e l -  
oped in excep t iona l  de ta i l .  A p a r t  f r o m  the p r o c e s s e s  
c o n s i d e r e d  above,  the K lemens  mode l  a l so  inc ludes  the 
h i g h - o r d e r  phonon-phonon i n t e r a c t i o n  worked  out by  



P o m e r a n c h u k  [19]. However ,  s ince  we a r e  i n t e r e s t e d  
in  low t e m p e r a t u r e s ,  ba s ing  o u r s e l v e s  on P o m e r a n -  
chuk ' s  r e s e a r c h ,  we can  s t a t e  that  in the g iven  c a s e  
t h e s e  i n t e r a c t i o n s  p l ay  only a s m a l l  p a r t  [20]. K l e m e n s  
pa id  s p e c i a l  a t t en t ion  to the e f fec t  of the i so top i c  c o m -  
pos i t i on  of the c r y s t a l  and e x p l o r e d  the p r e c i s e  content  
of the coe f f i c i en t  A. It  is  c l e a r  f r o m  Eq. (4) that  the 
f i r s t  t e r m  can be  w r i t t e n  as  1/T = Aw 4 and, a c c o r d i n g  
to K l e m e n s ,  

i 

F o r  convenience ,  we in t roduce  the fol lowing notat ion:  

A = V__~_o r (17) 
4~ c '~ 

and 

w h e r e  V0 is the a tomic  volume;  m i is  the m a s s  of the 
i - t h  s p e c i e s  of a tom;  m is  the m e a n  a tomic  m a s s ;  and 
fi  i s  the p e r c e n t a g e  content  of the a tomic  s p e c i e s  m i. 
In the e a s e  of a m a t e r i a l  conta in ing one type of i m p u -  
r i t y  

A =  Vo n ( 1 - - n ) ,  (19) 
4~ c 3 

where  n is  the i m p u r i t y  concen t r a t ion .  
I t  i s  now a m a t t e r  of h i s t o r y  that  the f i r s t  s e m i c o n -  

duc to r s  to have t h e i r  p h y s i c a l  p r o p e r t i e s  i n v e s t i g a t e d  
we re  the m o n a t o m i c  s e m i c o n d u c t o r s  g e r m a n i u m  and 
s i l i con .  This  was fo r  both p r a c t i c a l  and t h e o r e t i c a l  
r e a s o n s ,  s i nce  i t  is  much e a s i e r  to d e s c r i b e  the p r o -  
c e s s e s  in m o n a t o m i c  than i n p o l y a t o m i c  s e m i c o n d u c t o r s .  

E x p e r i m e n t s  on the t h e r m a l  conduct iv i ty  of s e m i -  
conduc to r s  i r r a d i a t e d  with f a s t  neu t rons  have shown 
that  a f t e r  i r r a d i a t i o n  v a r i o u s  types  of de fec t s  appea r :  
a) poin t  de fec t s  ( vacanc i e s ,  i n t e r s t i t i a l s ,  and v a c a n c y -  
i n t e r s t i t i a l  p a i r s ) ;  b) group a g g r e g a t i o n s  of v a c a n c i e s  
and i n t e r s t i t i a l s .  Depending on the number  and s i ze  of 
t he se  de fec t s  and the i so top ic  c o m p o s i t i o n  of the s p e c i -  
mens ,  the t h e r m a l  conduct iv i ty  of the s e m i c o n d u c t o r s  
v a r i e s .  On the o the r  hand, i t  can be s t a t ed  tha t  the 
s tudy of t h e r m a l  conduct iv i ty ,  Hal l  mob i l i t y ,  e l e c t r i c a l  
conduct iv i ty ,  t h e r m a l  emf,  and annea l ing  in c o m b i n a -  
t ion with the a b o v e - m e n t i o n e d  f a c t o r s  throws l ight  on 
the na tu r e  and p r o p e r t i e s  of " a r t i f i c i a l "  ( induced) and 
n a t u r a l  de fec t s .  

Le t  us  examine  in m o r e  d e t a i l  the e x p e r i m e n t a l  da ta  
ob ta ined  by  s tudying  the t h e r m a l  conduc t iv i ty  of neu -  
t r o n - i r r a d i a t e d  g e r m a n i u m  and s i l icon�9  

THERMAL CONDUCTIVITY OF GERMANIUM 

a) T e m p e r a t u r e  r e g i o n  f r o m  80 to 300" K. A c c o r d -  
ing to [18], fo r  a nondegene ra t e  s e m i c o n d u c t o r  and low 

t e m p e r a t u r e s ,  the t h e r m a l  r e s i s t a n c e  for  phonons can 
be r e p r e s e n t e d  in  the f o r m  

1 _ A T _ 3 + F ( T ) _ 4 _ B T _ 3 e x p ( _  0 ~, (20) 
/. ~ aT } 

where  A, B, and a a r e  cons tan t s  and 0 is  the Debye 
t e m p e r a t u r e .  The f i r s t  t e r m  r e p r e s e n t s  bounda ry  
s c a t t e r i n g .  The second  t e r m  c h a r a c t e r i z e s  phonon 
s c a t t e r i n g  a t  induced defec t s .  In the c a s e  of poin t  d e -  
f ec t s ,  F(T)  is  a l i n e a r  function of t e m p e r a t u r e .  The 
th i rd  t e r m  c h a r a c t e r i z e s  U - p r o c e s s e s ,  which p r e d o m -  
inate  a t  h igher  t e m p e r a t u r e s .  The g r aphs  in F ig .  1 
r e p r e s e n t  the v a r i a t i o n  of the add i t iona l  t h e r m a l r e s i s -  
tance  1 / •  d induced by  b o m b a r d m e n t  in a c c o r d a n c e  
with the r e l a t i o n  

1 I 1 

Xadd Za Xo (21) 

w h e r e  • and • a r e ,  r e s p e c t i v e l y ,  the ac tua l  and i n i -  
t i a l  t h e r m a l  conduc t iv i t i e s .  These  quant i t i es  a r e  r e p -  
r e s e n t e d  g r a p h i c a l l y  in F ig .  2, f r o m  which i t  is  c l e a r  
that  the t h e r m a l  conduct iv i ty  d e c r e a s e s  r e l a t i v e  to the 
in i t i a l  va lue  the m o r e  c o n s i d e r a b l y ,  the h igher  the 
neu t ron  flux. The au thors  of [22] a s s u m e d  tha t  X v a r i e s  
as  a funct ion of t e m p e r a t u r e ,  i . e . ,  as  T -~~ and this  
co inc ides  with the da ta  of [9-11] .  F o r  a dose  of 6-1017 
n .  cm -2 (neut rons  p e r  s q u a r e  c e n t i m e t e r ) ,  1/~(ad d d i -  
m i n i s h e s  m a r k e d l y  as  the t e m p e r a t u r e  r i s e s .  This  
m a y  be a t t r i b u t a b l e  to phonon s c a t t e r i n g  at  l a r g e  de - 
f e c t s .  A c c o r d i n g  to the theo ry  [7],  if phonons a r e  
s c a t t e r e d  by  this  type of defect ,  the mean  f r ee  path  
of the phonons does  not depend on t e m p e r a t u r e ,  and 
the t h e r m a l  r e s i s t a n c e  is i n v e r s e l y  p r o p o r t i o n a l  to the 
spec i f i c  hea t ;  i . e . ,  1 / • a d d d e c r e a s e s  as  T i n c r e a s e s .  

O,5 

a~ ~,o6a.~.< 2,, ~ " ' - ~ ' ' ~  

43 
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o.1 "( 
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ao7~ ~o /z~ /$o t ~  T 

Fig .  1. V a r i a t i o n  of add i t iona l  t h e r -  
ma l  res is tYmce 1 / •  d (W -1 �9 deg-1. 
�9 cm) of g e r m a n i u m  and s i l i c on  with 
t e m p e r a t u r e  (~ 1) and 2) g e r m a -  
nium a f t e r  i r r a d i a t i o n  at  f luxes  ~ = 
= 6 - 1 0 1 7 n . e m  - 2 a n d  1 .2"10 ~Sn. 
�9 cm-2; 3) s i l i c on  a f t e r  i r r a d i a -  

t ion at  r = 6" 1017 n - e m  -2. 
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Fig .  2. T h e r m a l  conduc t iv i ty  • (W- 
�9 d e g - l ,  e r a - l )  of s i l i con  (1, 2) and 
g e r m a n i u m  (3,4 ,  5): 1) b e f o r e  i r r a -  
diat ion;  2) a f t e r  i r r a d i a t i o n  a t  ~ = 
= 1.2" 10 ~8 n .  c m - ~  3) b e f o r e  i r r a -  
diat ion;  4) and 5) a f t e r  i r r a d i a t i o n  
at  ~ = 6- 1017 n-  cm -2 and 1.2.1018 

n~ cm -2. 

F o r  a dose  of 1.2.1018 n-  cm -2, the add i t iona l  t h e r m a l  
r e s i s t a n c e  r e m a i n s  a l m o s t  cons tant ,  i n c r e a s i n g  only 
s l i gh t ly  with i n c r e a s e  in t e m p e r a t u r e .  This  is  e a s i l y  
exp la ined  if i t  i s  a s s u m e d  that  l a r g e  and r e l a t i v e l y  i s o -  
l a ted  de fec t s  a r e  s i m u l t a n e o u s l y  induced dur ing  b o m -  
b a r d m e n t .  If i t  i s  a s s u m e d  that  the i r  con t r ibu t ions  to 
the t h e r m a l  r e s i s t a n c e  a r e  s u p p l e m e n t a r y ,  then 1/Xad d 
m u s t  be r e g a r d e d  as  be ing  f o r m e d  of two t e r m s  (only 
the l e f t -hand  s ide  of Eq. (21) is  cons ide red ) ,  one of 
which v a r i e s  in a d i r e c t i o n  oppos i te  to the t e m p e r a t u r e ,  
while  the o the r  v a r i e s  in the s a m e  d i r e c t i o n  as  the 
t e m p e r a t u r e .  V e r y  s i m i l a r  r e s u l t s  we re  obta ined in 
[21], where  n - t y p e  g e r m a n i u m  with a r e s i s t i v i t y  of 3 
o h m .  cm was inves t iga t ed .  The b e h a v i o r  of the c o r r e -  
sponding cu rves  (Fig .  1, cu rves  1, 2, and Fig .  2, cu rves  
2, 3) is  fundamen ta l ly  the same�9  It a p p e a r s  that  a t  low 
t e m p e r a t u r e s  1 /•  d v a r i e s  a p p r o x i m a t e l y  as  T -2. 
This  m a y  hold t rue  for  doses  not  exceed ing  6.7 �9 1017 
n �9 cm -2 . 

Using the Ca l laway  mode l  and the e x p e r i m e n t a l  da ta  
of [22], Albany and V a n d e r v y v e r  [23] d e m o n s t r a t e d  that  
the a g r e e m e n t  be tween  t heo ry  and e x p e r i m e n t  was quite 
good. Since the t e m p e r a t u r e  r eg ion  in ques t ion  r a n g e s  
f r o m  80 to 300 ~ K, in Eq. (5) i t  is  n e c e s s a r y  to take  
into account  the t e r m  flI2, where  

2~kO/h 

" ~ca, \ 2 ~ . T ]  
0 

ho) 

exp ( 2 - ~ )  co~ dco; (22) 
Xl- ( h(o \ 12 

[exp k ~ )  --1 J 

~ / S Xc exp(x) x 4 dx  

[~ -- XN exp x - -  1 
0 

x::. ][exp (x)--l] 

E x p r e s s i o n s  (22), (23) in conjunct ion with Eqs .  ( 4 ) -  
(6) e m b r a c e  four  p a r a m e t e r s  (L, A, B1, and B2) that  m u s t  
be  d e t e r m i n e d .  The m e a n  phonon v e l o c i t y  c and the 
Debye t e m p e r a t u r e  fo r  g e r m a n i u m  [14] a r e  e s t i m a t e d  
at  3.5-  105 c m .  s e c  -1 and 375 ~ K, r e s p e c t i v e l y  (i t  is  
a s s u m e d  that  t he i r  changes  on i r r a d i a t i o n  can be n e -  
g lec ted) .  In [8] i t  was shown that  for  u n i r r a d i a t e d  g e r -  
man ium L and A have the fol lowing va lues :  0.564 cm 
and 2 . 4 . 1 0  -44 sec  3. Above i t  was e s t a b l i s h e d  [21, 22] 
that  X d e c r e a s e s  as  the f lux i n c r e a s e s ,  but, as  the 
au thors  of [23] a s s u m e ,  th is  cannot  be a t t r i bu t ed  e x -  
c l u s i v e l y  to the i n c r e a s e  T -1 = Aw 4 in the s c a t t e r i n g  of 
phonons at  poin t  o r  " s m a l l "  de fec t s .  

F o r  u n i r r a d i a t e d  s e m i c o n d u c t o r s ,  

L = 2n  -1/2 S 1/2, (24) 

whe re  S i s  the c r o s s  s e c t i on  of the s p e c i m e n ,  and A 
can be r e p r e s e n t e d  in the f o r m  

A - -  V ~  . (I-- . 4~ ~f, ~-) (25) 

E s s e n t i a l l y ,  Eq. (25) i s  i d e n t i c a l  with Eq. (16) .Albany  
and V a n d e r v y v e r ,  us ing  the e x p e r i m e n t a l  da ta  of [22] 
and Eq. (5), d e t e r m i n e d  the A and L fo r  i r r a d i a t e d  
g e r m a n i u m  by curve  f i t t ing  (Table  1). 

If i t  i s  a s s u m e d  that  the d e c r e a s e  in L i s  a s s o c i a t e d  
with the f o r m a t i o n  of de fec t  agg rega t ions  and that  the 
e f fec t ive  c r o s s  s e c t i on  fo r  phonon s c a t t e r i n g  [24] is  
equal  to the g e o m e t r i c  c r o s s  s e c t i on  7rR 2 of a s p h e r e  of 
r a d i u s  R, the n u m b e r  of de fec t  a gg re ga t i ons  p e r  cm 3 
i s  given by the f o r m u l a  

1 
N = - -  (26) 

RZL 

By m e a n s  of the e l e c t r o n  m i c r o s c o p e  we can d e t e r m i n e  
both R and the s u r f a c e  dens i ty  of the de fec t  a g g r e g a -  
t ions ,  and knowing the n u m b e r  of de fec t s  p e r  uni t  length 
[25], we can f ind N and, hence,  L. The va lues  of B1 + 
+ B 2 and B1/(B 1 + B2) we re  taken  f rom [14] and a r e  
equal  to 2.8 �9 10 -23 see  �9 deg -3 and 0.07, r e s p e c t i v e l y .  
The cu rves  c o n s t r u c t e d  f rom these  da ta  a r e  in quite 

Tab le  1 

Values of the Parameters  A and L for Unirradi- 

ated and Irradiated Germanium 

A. 1 0  - 4 4  , sec 3 
L, cm 

U n i r r a d i a t e d  G e  

2,4 

0,564 

I r r a d i a t e d  G e  

4) ~ 6 . 1 0 a ' n  �9 CTla- 21~ ~ 1 . 2 . 1 0 ~ S n  �9 c m  -~  
i 

/ 

3.5 I 5 6.10--4 3.5.10--4 
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Fig. 3. Var ia t ion  of [(• 2 - 1 ]  2 d u r i n g  
the i r r a d i a t i o n  of g e r m a n i u m  with fas t  
neu t rons  (T = 77 ~ K, • = 3 W- cm -1- 

�9 deg- l ) .  

good a g r e e m e n t  with the expe r imen ta l  points  in Fig.  2 
(curves  3, 4, 5). 

In [28, 27] the change in  the t h e r m a l  conduct ivi ty  of 
g e r m a n i u m  (Fig. 3) dur ing  i r r a d i a t i o n  at 80 ~ K was 
m e a s u r e d  for the f i r s t  t ime.  This work is d i s t inguished  
by the fact that  the funct ions (which include the ra t io  
of the in i t i a l  to the m e a s u r e d  t he rma l  conductivi ty)  
have a d i f fe rent  form.  Here,  the Callaway model  is 
used as a bas i s  for  computing the d imens ions  of the 
defect  aggrega t ions .  In p a r t i c u l a r ,  by us ing  the e x p e r -  
imen t a l  curve  (Fig. 3), i t  is poss ib le  to cons t ruc t  the 
graph of t h e r m a l  conduct ivi ty  v e r s u s  in t eg ra l  neu t ron  
flux. 

b) T e m p e r a t u r e  r eg ion  below 80 ~ IC Dong [25,281 
m e a s u r e d  the t h e r m a l  conduct ivi ty  of g e r m a n i u m  with 
a r e s i s t i v i t y  of 10 ohm.  cm by an absolute  method up 
to 16 ~ K. He also employed the Callaway model  for  
computing the t he rma l  conductivi ty.  On the bas i s  of the 
combined r e l axa t ion  t ime  (Eq. (4)), where B = B1 + B2, 
it  is poss ib le  to obtain the following e x p r e s s i o n  for  the 
t he rma l  conduct ivi ty  of the sys tem:  

~ h 2 o) 

= - -  / 
Z 2~2c .J 4~2kT Am 4-'r-BT%P + 

0 

h o  
exp 2~ kT 

X [ ho) 1) do), (27) 
exp 2z~ kT 

where w D = 2zrk0/h = 4.9 �9 1013 r a d / s e c  and c = 3.5.105 
c m / s e c ,  B = 2 . 8 . 1 0  -28 sec �9 deg-% Select ing t h e p a r a m -  
e t e r s  A and L in Eq. (27) so that the ca lcula ted  • 
(curves  1, 2, and 3 in  Fig.  4) coincides  with the c o r r e -  
sponding e x p e r i m e n t a l  points ,  one obtains  (see Table 
2) the n u m e r i c a l  va lues  of A and L. 

As may  be s een  f rom Fig.  4 (curves  1, 2, 3), the 
a g r e e m e n t  be tween theory and e x p e r i m e n t  is  quite s a t -  
i s fac tory .  It is  i n t e r e s t i n g  to note that  the fac tor  A 
which, accord ing  to Klemens  (Eq. (25)), is p ropor t iona l  
to the n u m b e r  of point  defects ,  v a r i e s  only s l ight ly,  
whereas  L, which c h a r a c t e r i z e s  the m e a n  f ree  paths 
of the phonons,  d e c r e a s e s  cons ide rab ly  at  low t e m p e r -  
a tu res .  It appears  t ha t  here  the effect of the i so la ted  
defects  is  masked  by the isotopic defects ,  whose n u m -  
b e r  in  o r d i n a r y  g e r m a n i u m  is  on the o rde r  of 1022 
cm -a. The sharp  d e c r e a s e  in  L is de t e rmined  by the 
fo rma t ion  of a l a rge  n u m b e r  of reg ions  of defect  agg re -  
gation. In the given case (5 = 5 . 1 0  n n-  cm-2), the 
concen t ra t ion  of l a rge  defects  r eaches  the o rde r  of 1018 

cm-< It is assumed that the phonons are scattered 
uniformly at the isolated defects (in particular, iso- 
topes) and partially at large defects. The mean free 
path of the phonons scattered at large defects is deter- 
mined by relation (26): 

l 

L 

Using Eq. (18) in the case of F r e nke l  defects 
(vacancy- in t e r s t i t i a l ) ,  we can wr i te  r e l a t ion  (17) in the 
f o r m  

A - -  V~ n 
4 ~ c  3 N ( 2 8 )  

where n is the defect  densi ty ,  and N is the atom den-  
sity.  

4 

J 

~'" 5 to 5a mo zoo 300 r 

Fig.  4. T h e r m a l  conduct ivi ty  • (W. deg -1 �9 em -1) 
of g e r m a n i u m  (1, 2, 3--p = 100 ohm.  era; 4, 5, 6-- 
p = 0.1 ohm.  cm) and s i l i con  (7, 8 , 9 - - p  = 0.35 
ohm �9 era): 1) before  i r r ad ia t ion ;  2) af ter  i r r a d i -  
at ion at 5 = 5" 1017 n .  era-% 3) af ter  annea l ing  

at 100 ~ C for  80 hr; 4) before  i r r ad ia t ion ;  5) and 
6) af ter  i r r a d i a t i o n  at 5 = 1.11.1017 n" cm -~ and 
2.5.1017 n .  era-2; 7) before  i r r ad ia t ion ;  8) and9)  
af ter  i r r a d i a t i o n  at 5 = 1.11" 10 n n" em -2 and 

2.5.1017 n" cm -2. 

Table  2 

Values of the P a r a m e t e r s  A and L for Un i r -  
r ad ia ted  and I r r ao i a t ed  G e r m a n i u m  

H e l i u m  A ,  sec  3 L, c m  

Before  i r r a d i a t i o n  

A f t e r  i r r a d i a t i o n  
~ = 5 . 1 0  n n : c m  -~ 

7. I0 -4. 
9.10 -aa 

0,5 
10-a 
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However, the hypothesis  of the format ion  of i s o -  
lated defects  is untenable�9 In fact, the concent ra t ion  of 
vacanc ie s  and i n t e r s t i t i a l s  co r respond ing  to a flux of 
5.1017 n .  cm -2 is on the o rde r  of 1018 cm-~ and the 

value of A f rom r e l a t i on  (28) is  less  than i ts  in i t i a l  
value�9 In Fig.  4 (curves  1, 2, and 3), i t  is c l ea r  that 
the t he rma l  conduct ivi ty  d e c r e a s e s  sharply ,  e spec ia l ly  
at low t e m p e r a t u r e s ;  It is i n t e r e s t i ng  to note that af ter  
i r r a d i a t i o n  the l o w - t e m p e r a t u r e  m a x i m u m  is shifted 
toward the reg ion  of h igher  t e m p e r a t u r e s .  Except ion-  
al ly in t e res t ing ,  f rom the expe r imen ta l  s tandpoint ,  is  
the work of Albany and Vandervyver  [29], who m e a -  
su red  the t h e r m a l  conduct ivi ty  of n - type  g e r m a n i u m  
on spec imens  with a r e s i s t i v i t y  of 0.1 ohm-  cm by an 
absolute  method in  the r eg ion  of 5 ~ K. The g e r m a n i u m  
was i r r a d i a t e d  with doses  of 1.1 �9 1017 and 2.5.  1017n �9 
�9 cm -2. After  i r r ad i a t i on ,  the g e r m a n i u m  was found to 
have been  conver ted  f rom the n - type  to the p- type.  
The authors  of [29] did not  a t tempt  a quant i ta t ive i n -  
t e r p r e t a t i o n  of these r e s u l t s  in t e r m s  of any p a r t i c -  
u l a r  model.  It should be noted that curves  4, 5, 6 
(Fig. 4) have approximate ly  the same shape as curves  
1, 2, 3 (Fig. 4); i . e . ,  as the dose i n c r e a s e s  the low- 
t e m p e r a t u r e  m a x i m u m  has a tendency to shift  to the 
h i g h - t e m p e r a t u r e  region.  

THERMAL CONDUCTIVITY OF SILICON 

a) T e m p e r a t u r e  r eg ion  f rom 80 to 300 ~ K. In [22], 
the t h e r m a l  conduct ivi ty  of s i l i con  was de t e rmined  at 
a dose of 1.2.1018 n .  cm -2 (Fig. 2, curves  1 and 2). 
The addi t ional  t h e r m a l  r e s i s t a n c e  is de t e rmined  f rom 
r e l a t i on  (21) and is p r e sen t ed  in Fig.  1 (curve 3). The 
p ic tu re  is  the s ame  as for g e r m a n i u m  i r r ad i a t ed  under  
s i m i l a r  condit ions and what was said in  connect ionwi th  
g e r m a n i u m  also applies  here�9 However,  in this case X 
v a r i e s  as a function of t e m p e r a t u r e  in  accordance  with 
the law T -1"6. The d e c r e a s e  in t he rma l  conduct ivi ty  is  
again a t t r ibuted  to the s ca t t e r i ng  of phonons at large 
and i so la ted  defects .  

Almos t  ident ica l  r e s u l t s  were  obtained by Albany 
and Vandervyver  [30], who i r r ad i a t ed  n- type  s i l i con  
having a r e s i s t i v i t y  of 1 ohm.  cm (Fig. 5, curves  A to 
J). The Klemens  model  was used as a bas i s  for  i n t e r -  
pre ta t ion .  The t he rma l  conduct ivi ty  of the la t t ice  for 
the combined r e l axa t ion  t ime 

c ( 2 9 )  * - I = A ~ a  4- /,- 

can be expressed  as 

1 

h 1 dx+ 
Xc--4a~AT-[-~, f x4expx ] (exp x - -  1)~ J 

0 

1 f x 4 exp x dx , (30) 

where 

C h ,4 ( (31) 

Numer ica l  va lues  of the second in tegra l  as a function 
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of R are  given in  [24]. At high t e m p e r a t u r e s ,  i t  is nec -  
e s s a r y  to take U - p r o c e s s e s  into account ,  and this can 
be expressed  by the r e l a t ion  

zv= BTaexp (---~-), (32) 

where B and a a re  equal  to 8.25 W/ c m.  deg 4 and 1, 
r e spec t ive ly  [6]. Thus,  the t he r ma l  r e s i s t a n c e  is de-  
t e rmined  by three  p r o c e s s e s  and, in accordance  with 
the law of addit ion of t he r ma l  r e s i s t a n c e s ,  we have 

W = X -1 = 7,-c' + Z~" = 

= Wc + W v. 
(33) 

In Fig. 6 curves j and a represent the variation of the 
thermal resistance as a function of temperature (ex- 
perimental values) before and after irradiation, r e -  
spectively, while the curves j '  and a' represent the 

difference W C = Wex p - W U (squares). The quantity W C 
can be calculated from (30), where the values of A and 
L are selected so as to give the best agreement with 

x 
1,2 

5 

N ,.o 

~8 

0"570-- /o0 200 300 7" 
g ig .  5�9 T h e r m a l  conduct iv i ty  • (W �9 cm -1- 
�9 deg -1) of ge rman ium (curves 1, 2, 3, 4) 
and s i l i con  (A, B, C, D, E, F, G, H, I, J, p = 
= 1 ohm.  cm): 1) before  i r r ad ia t ion ;  2 and 
3) a f t e r  i r r a d i a t i o n  at ~ = 6" 1017 and 1.2- 
�9 10 ~ n .  cm-2; 4) af ter  annea l ing  at  260 ~ C 
for  2 hr; J) before  i r r ad ia t ion ;  A) af ter  i r -  
r ad ia t ion  at ~ = 1.2 �9 1018 n" cm-2; B, C, D, 
E, F, G, H and I) af ter  annea l ing  for  I hr  
at t e m p e r a t u r e s  of 133, 166, 200, 233, 266, 
300, 333, 366 ~ C, respec t ive ly ;  I c o r r e -  
sponds to addi t ional  annea l ing  for 1 hr  at 

400 ~ C. 
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Fig.  6. T h e r m a l  r e s i s t a n c e  of s i l icon:  j) 
un i r r ad i a t ed ;  a) i r r ad ia t ed ;  e) annealed;  

j ' ,  a ' ,  e ' ) W  C = Wex p - W U (squares) ,  
Wcalc ( t r iangles) .  

the expe r imen ta l  va lues  of the t he rma l  r e s i s t a n c e  on 
the t e m p e r a t u r e  in t e rva l  in quest ion.  

The ca lcula ted  va lues  of W C are  r e p r e s e n t e d  by the 
t r i ang les  on curves  j '  and a ' ,  while the co r respond ing  
A and L a re  g iven in  Table  3. 

In Fig. 6 there  is obviously  good a g r e e m e n t  (curve 
a ' )  between the expe r imen ta l  data ( squares)  and the 
ca lcula ted  va lues  ( t r iangles) .  The a g r e e m e n t  is  s o m e -  
what less  s a t i s f ac to ry  for the curve  j ' .  With the object  
of s t r e s s i n g  the impor t ance  of the factor  L, taking for 
A the same  va lues  as for the i r r ad i a t ed  s i l i con  (2�9 
�9 10 -44 sec 3) and for L the value for u n i r r a d i a t e d  s i l i -  
con (2 .76 .10  -1 cm), we find that the curve  m thus cM-  
culated a lmos t  coincides  with the curve  a '  (un i r rad ia ted  
s i l icon).  At not  v e r y  low t e m p e r a t u r e s ,  mos t  of the 
longwave phonons obey the Debye d i s t r i bu t ion  

1 

where X is the wavelength of the phonon. For  t e m p e r -  
a tu res  of 80 and 300 ~ K, X is  22 and 6A, r e spec t ive ly .  

b) T e m p e r a t u r e  r eg ion  below 80* K. The only m e a -  
s u r e m e n t s  made so far  have been  on n- type  s i l i con  
with a r e s i s t i v i t y  of 0.35 ohm.  cm in  the reg ion  of 5~ 
Curves 7, 8, and 9 in Fig.  4 show the va r i a t i on  of the 
t h e r m a l  conduct ivi ty  as a function of neu t ron  flux and 
t e m p e r a t u r e .  F r o m  a c o m p a r i s o n  of curves  7, 8, 9 
and 4, 5, 6 (Fig. 4), i t  is  c l ea r  that, for iden t ica l  
t e m p e r a t u r e s  and neu t ron  f luxes,  the t he rma l  conduc-  
t ivi ty  in the reg ion  at the left of the m a x i m u m  i s  m o r e  

Table  3 

Values of the P a r a m e t e r s  A 
and L for Un i r r ad i a t ed  and 

I r r a d i a t e d  Si l icon 

Silicon [ A'10-44sec3 I L'103' cm-I 

Irradiated_ [ 2.7 [ 1.5 
Unirradiated 1.2 276 

sha rp ly  changed by i r r a d i a t i o n  in the case of g e r m a -  
n ium than in the case  of s i l icon.  There  is p r ac t i c a l l y  
no shift  of the l o w - t e m p e r a t u r e  m a x i m u m  of the t h e r -  
ma l  conduct ivi ty  of s i l i con  to the h i g h - t e m p e r a t u r e  
reg ion  with i n c r e a s e  in t empera tu re .  

STABILITY OF DEFECTS 

a) G e r m a n i u m .  Since i t  has been  es tab l i shed  that, 
as a r e s u l t  of i r r a d i a t i o n  with fast  neu t rons ,  defects  
of va r ious  types a re  formed,  it  is impor t an t  to i n v e s -  
t igate the i r  s tabi l i ty .  In [21] as the ex te rna l  fac tor  i t  
was decided to employ the rma l  heat ing of the i r r ad i a t ed  
spec imen .  Curve 4 in F ig .  5 c ha r a c t e r i z e s  the change 
in  t he r ma l  conduct ivi ty  as a r e s u l t  of a two-hour  anneal  
at  260 ~ C. The g e r m a n i u m  s p e c i m e n  was i r r a d i a t e d  
with a dose of 6.1017 n .  cm -2. This curve  has a t en -  

dency to r e v e r t  to the in i t i a l  curve  (before i r rad ia t ion) .  
The fact that  this curve  is p a r a l l e l  to the in i t i a l  curve  
shows that the r e s i d u a l  defects in  the c rys t a l  a re  
r e l a t i ve ly  isola tedl  i . e . ,  i t  is p r i m a r i l y  la rge  agg re -  
gat ions that a re  affected. The authors  of [21] s ta te  
that the t h e r m a l  conduct ivi ty  is comple te ly  r e s t o r e d  
af ter  annea l ing  at 360 ~ C for  2 hr.  It should be noted 
that  the c r y s t a l  thus annealed  is again conver ted  into 
an n- type  c rys ta l .  In r e l a t i on  to the e l imina t ion  of 
la rge  defect  aggregat ions  at suff ic ient ly  high t e m p e r -  
a tu res  (->350 ~ C), the l a t t e r  a s s e r t i o n  i s  cons i s t en t  
with the data of [31], where  i n f r a r e d  absorp t ion  was 
used  to study r e c o v e r y  p r o c e s s e s .  In another  i n t e r e s t -  
ing e x p e r i m e n t  [25], n e u t r o n - i r r a d i a t e d  g e r m a n i u m  
was annealed  for 80 hr at 100 ~ C in a vacuum.  The 
t he r ma l  conduct ivi ty  was r e s t o r e d  a lmos t  to the in i t i a l  
value (Fig. 4, curve  3) in the t e m p e r a t u r e  reg ion  f rom 
50 to 100 ~ K, but  the r e c o v e r y  was weak at lower t e m -  
p e r a t u r e s .  Apparent ly  the decis ive  ro le  is  played by 
the t ime and not the t e m p e r a t u r e  factor  (compare  
curve  4 in Fig,  5). It follows f rom Fig. 4 that t h e r e i s  
a tendency for the l o w - t e m p e r a t u r e  m a x i m u m  of the 
t h e r m a l  conduct ivi ty  to be shifted to the l o w - t e m p e r a -  
tu re  region .  The quanti ty L, i t  appears ,  i n c r e a s e s  
cons iderab ly ,  but does not r each  the in i t i a l  value,  
while the quant i ty  A changes only slightly�9 These 
quant i t ies  have the following values :  3 . 5 . 1 0  -2 cm and 
1.1 �9 10,  43 sec a, r e spec t ive ly  (see Table  2). According 
to (26), the i n c r e a s e  in  L may be due to a d e c r e a s e  in  
the n u m b e r  or  s ize  of the a g g r e g a t i o n s ,  or . to  a s i m u l -  
taneous dec rea se  in these two p a r a m e t e r s .  Since an 
i n c r e a s e  is a lso accompanied  by an i n c r e a s e  in A, i t  
may  be a s sume d  that a large number  of aggregat ions  
a re  conver ted  into sma l l  i so la ted  defects (Eq. (26)). 

b) Silicon. In [32], the effects of annea l ing  s i l i con  
i r r a d i a t e d  with an in tegra l  flux of 1.2,1018 n .  cm -2 
were s tudied in  the t e m p e r a t u r e  reg ion  f rom 70 to 400~ 
The t h e r m a l  r e s i s t a n c e  was used to c h a r a c t e r i z e  
the changes taking place in  the ma t e r i a l .  A s s u m i n g  
that  the i n c r e a s e  in r e s i s t a n c e  is p ropor t iona l  to the 
defect  dens i ty ,  we can d e t e r m i n e  the f rac t ion  of un -  
annea led  defects  

f =  W--W~ (35) 
G - G  
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for  the t e m p e r a t u r e  i n t e r v a l  in quest ion.  Here ,  W is  
the t h e r m a l  r e s i s t a n c e  be fo re  i r r a d i a t i o n ;  Wa is  the 
t h e r m a l  r e s i s t a n c e  a f t e r  i r r a d i a t i o n ,  but  b e f o r e  a n -  
neal ing;  and W i is  the t h e r m a l  r e s i s t a n c e  a f t e r  i r r a -  
d ia t ion  and anneal ing.  The r a t e  of change of the number  
of de fec t s  with t e m p e r a t u r e  can be wr i t t en  in the fo rm 

dn v n y exp [ E 'l (36) 
dT v ( , - ~ ]  

where  v is  the f r equency  fac tor ;  n is  the de fec t  densi ty ;  
7 i s  a cons tan t  of k ine t i c  o r d e r ;  E is  the ac t iva t ion  
e n e r g y  of the r e c o v e r y  p r o c e s s e s ;  k i s  B o l t z m a n n ' s  
constant ;  and T is  the abso lu te  t e m p e r a t u r e .  Since a 
r e l a t i o n  of p r o p o r t i o n a l i t y  e x i s t s  be tween  n and f ,  fo r  
the po in t  of in f l ec t ion  we have 

~1 df E 

f dT kT ~ 

F o r  T = 2 the ac t iva t ion  ene rgy  is  1.0 * 0.1 eV. The 
s a m e  va lue  of the ac t iva t ion  e n e r g y  (1.09 eV) was 
obta ined  b y  M a y e r  and L~comte  [33]. Above we saw 
that  l a rge  de fec t s  r e c o v e r  f i r s t ,  and only then the point  
de fec t s .  The au thors  show that  a s i m i l a r  p r o c e s s  t akes  
p l ace  in th is  e a se  a l so ,  name ly ,  at  233 ~ C, 73% of tke 
r e s i d u a l  unannea led  de fec t s  c o r r e s p o n d  to point  d e -  
f ec t s .  At  h igher  t e m p e r a t u r e s  ( f rom 400 to 11000 C), i t  
i s  e x c l u s i v e l y  a ques t ion  of r a d i a t i o n - i n d u c e d  poin t  
de fec t s .  Only a f r a c t i o n  of the poin t  de fec t s ,  e s t i m a t e d  
at  8%, r e m a i n s  unannea led .  Ex tens ive  r e s e a r c h  into 
the ef fec t  of annea l ing  on t h e r m a l  conduct iv i ty  is  r e -  
p o r t e d  in [30]. I r r a d i a t e d  s i l i con  ( in tegra l  flux 1.2" 10 is 
n - ' c m  -2, cu rve  A, F ig .  5)was  sub jec ted  to s u c c e s s i v e  
i soch ronous  annea ls  l a s t ing  1 h r  in each  case .  The 
i n t e r m e d i a t e  cu rves  (B, C, D, E, F, G, and H, F ig .  5) 
we re  r e c o r d e d  at  t e m p e r a t u r e s  of 13"3, 166, 200, 233, 
266, 300 and 333 ~ C. Curve 1 was r e c o r d e d  at  366 ~ C. 
Annea l ing  was c a r r i e d  out fo r  1 h r  p lus  an addi t iona l  
hour  at  400 ~ C (no p r a c t i c a l  d i f f e r ence  was noted b e -  
tween these  annea l s ) .  It is  quite c l e a r  f rom the f igure  
that  as  the annea l ing  t e m p e r a t u r e  i n c r e a s e s  so does  
the t h e r m a l  conduc t iv i ty  (the number  of p h o n o n - s c a t -  

I A 'IU ":44 

/0-' 

t~a  o'" 
)~ 5 10" ~ 100 g~7 300 

Fig. 7. Variation of the parameters L (r-i = c/L) (a) and 
A (~--1 = Ar ( b ) a s  a function of anneal ing  t e m p e r a t u r e  

(~ 

t e r i ng  defec t s  is  r educed) ,  and at  400 ~ C i t  a l m o s t  
r e a c h e s  i t s  o r i g i n a l  va lue .  

In addi t ion  to t h e i r  s tudy of the ef fec t  of annea l ing  
on t h e r m a l  conduc t iv i ty  [30], in [34] Albany  and Van-  
d e r v y v e r  s tud ied  the ques t ion  of the v a r i a t i o n  of the 
p a r a m e t e r s  L and A. The v a r i a t i o n  of L and A as  func-  
t ions of t e m p e r a t u r e  is  shown in Fig .  7 .  It is  c l e a r  
f r o m  Fig.  7a that  L begins  to d e c r e a s e  p a r t i c u l a r l y  
s h a r p l y  at  a t e m p e r a t u r e  of about 350-300  ~ C. If i t  i s  
a s s u m e d  that  the number  of de fec t s ,  g iven  by Eq. (26), 
does  not d e c r e a s e ,  i t  fol lows that  t h e i r  s i z e  d e c r e a s e s .  
This  is  con f i rmed  by  the b e h a v i o r  of the quant i ty  A 
(Fig .  7b), e s p e c i a l l y  in the t e m p e r a t u r e  r eg ion  above 
300 ~ C. But, in r e a l i t y ,  the d e c r e a s e  in the s i ze  of the 
de fec t s  i s  a c c o m p a n i e d  by  t h e i r  r educ t ion .  

SUMMARY 

1. I r r a d i a t i o n  with f a s t  neu t rons  r e d u c e s  the t h e r -  
m a l  conduct iv i ty  of g e r m a n i u m  and s i l i c on  s e m i c o n -  
d u c t o r s .  The r educ t ion  i s  the g r e a t e r ,  the h igher  the 
t e m p e r a t u r e ,  and the h ighe r  the i n t e g r a l  neu t ron  flux, 
though not beyond a c e r t a i n  l i m i t  fo r  a g iven m a t e r i a l .  

2. The s h a r p  d e c r e a s e  in the quant i ty  L, c h a r a c -  
t e r i z i n g  the mean  f r ee  path  of the phonon a f t e r  i r r a d i -  
a t ion  with f a s t  neu t rons ,  i s  a r e s u l t  of the f o r m a t i o n  
of a l a r g e  n u m b e r  of r e g i o n s  of de fec t  agg rega t ion .  

3. F o r  g e r m a n i u m  and s i l i c on  in the t e m p e r a t u r e  
r ange  f rom 80 to 300 ~ K the t h e r m a l  conduct iv i ty  v a r i e s  
as  a funct ion of t e m p e r a t u r e  as T -1"2 and T -1~ r e -  
spec t ive ly .  

4. With i n c r e a s e  in the i n t e g r a l  neu t ron  flux through 
s i n g l e - c r y s t a l  g e r m a n i u m ,  the l o w - t e m p e r a t u r e  m a x i -  
mum of i t s  t h e r m a l  conduct iv i ty  has  a t endency  to shi f t  
to the r e g i o n  of h igher  t e m p e r a t u r e s ;  in the ca se  of 
s i l i con ,  the l o w - t e m p e r a t u r e  m a x i m u m  is  not d i s -  
p laced .  

5. In the t e m p e r a t u r e  r a n g e  f rom 5 to 20 ~ K, the 
change in the t h e r m a l  conduct iv i ty  of g e r m a n i u m  a f t e r  
i r r a d i a t i o n  is  g r e a t e r  by  a f a c t o r  of 2 - 3  than the 
change in the t h e r m a l  conduc t iv i ty  of s i l i con .  

6. At  anneal ing  t e m p e r a t u r e s  of 350 ~ C, the t h e r m a l  
conduc t iv i ty  of n e u t r o n - i r r a d i a t e d  g e r m a n i u m  and s i l i -  
con i s  a l m o s t  c o m p l e t e l y  r e s t o r e d  to the o r i g i n a l v a l u e .  

7. It fo l lows f r o m  the e x p e r i m e n t a l  da ta  that  the 
r eg ions  of de fec t  agg rega t i on  a r e  50 -150  ,~ in s i ze .  

NOTATION 

Z is a f i gu re  of m e r i t ;  Q is  the t h e r m a l  emf; • is  
the t h e r m a l  conduct iv i ty ;  u i s  the e l e c t r i c a l  conduc-  
t ivi ty;  w is  the a ngu l a r  f requency;  c is  the ve loc i t y  of 
light; T is  the abso lu te  t e m p e r a t u r e  in ~ 0 is  the 
Debye t e m p e r a t u r e ;  ~1~ ~ is  the r e l a x a t i o n  t ime  for  n o r -  
m a l  p r o c e s s e s ;  ~-~l is  the r e l a x a t i o n  t ime  fo r  Umklapp  
p r o c e s s e s ;  k is  B o l t z m a n n ' s  constant ;  B1 and B 2 a r e  
p r o p o r t i o n a l i t y  f ac to r s ;  V 0 is  the a tomic  vo lume,  q i s  
the e l e c t r o n i c  charge ;  r i s  the f a s t - n e u t r o n  i n t e g r a l  
flux. 
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