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S T A T I S T I C S  OF K INK FORMATION ON DISSOCIATED DISLOCATIONS 

H.J. M o l l e r  

I n s t i t u t  fur Metallphysik, HospitaZstr. 12, Universitat 3400 Gb'ttingen, F. R. G. 

Resume.- En se fondant  s u r  l e  concept de doub le  decrochement, on a  developpe un modPle p r e d i s a n t  l a  
v i t e s s e  des d i s l o c a t i o n s  en f o n c t i o n  de l a  c o n t r a i n t e  e t  de l a  temperature.  Ce modele rend compte de 
l a  d i s s o c i a t i o n  des d i s l o c a t i o n s  dans l e s  c r i s t a u x  semiconducteurs e t  de l ' e x i s t e n c e  de c o n s t r i c t i o n s  
( c o m e  obs tac les  au mouvement l a t e r a l  des doubles c rans ) .  On l e  compare ?I des mesures de V ( T )  dans 
l e  Ge, S i  e t  GaAs. 

Abs t rac t . -  A  model f o r  t h e  d i s l o c a t i o n  v e l o c i t y  depending on s t r e s s  and temperature  i s  developed ba- 
sed on t h e  concept o f  t h e  double k i n k  mechanism. I t takes i n t o  account t h e  d i s s o c i a t i o n  o f  d i s l o c a -  
t i o n s  i n  semiconductor c r y s t a l s  and t h e  e x i s t e n c e  o f  c o n s t r i c t i o n s  (as  obs tac les  f o r  t h e  l a t e r a l  k i n k  
mo t i on ) .  I t i s  compared w i t h  v(T)-measurements i n  Ge, S i  and GaAs. 

1. I n t r o d u c t i o n . -  There i s  now good exper imental  e v i -  

dence t h a t  d i s l o c a t i o n s  i n  many semiconductor mate- 

r i a l s  /1/ a r e  d i s s o c i a t e d  and a r e  l i k e l y  t o  move i n  

t h e  d i s s o c i a t e d  s t a t e  /2 / .  A  sys temat ic  weak-beam 

TEM i n v e s t i g a t i o n  on deformed germanium c r y s t a l s  

a d d i t i o n a l l y  showed t h a t  t h e  s t a c k i n g  f a u l t  r i b b o n  

between t h e  p a r t i a l  d i s l o c a t i o n s  i s  i n t e r r u p t e d  by 

c o n s t r i c t i o n s  a t  a  mean ( temperature  dependent) 

d i s t a n c e  R 2 0 .1  - 0.3 pm /3 / .  I n  t h e  f o l l o w i n g  a  

model f o r  t h e  d i s l o c a t i o n  v e l o c i t y  i s  developed 

which takes i n t o  account t h e  d i s s o c i a t i o n  o f  d i s l o -  

c a t i o n s  and t h e  c o n s t r i c t i o n s .  

2. Double k i n k  n u c l e a t i o n  r a t e s . -  Because o f  t h e  

cova len t  bond s t r u c t u r e  o f  semiconductor c r y s t a l s  

one can assume a  P e i e r l s  p o t e n t i a l  t o  e x i s t  f o r  t h e  

p a r t i a l  d i s l o c a t i o n s .  A d i s l o c a t i o n  can move by nu- 

c l e a t i n g  doub le  k i n k s  on each p a r t i a l .  The nuc lea-  

t i o n  r a t e  ( p e r  u n i t  l e n g t h )  a t  which k i n k  p a i r s  a r e  

c rea ted  on a  d i s l o c a t i o n  segment may be g i v e n  by 

i f  one takes i n t o  account t h e  e x i s t e n c e  o f  a  p e r i o -  

d i c  obs tac le  p o t e n t i a l  (Ed) a long  t h e  d i s l o c a t i o n  

l i n e .  (T, = Ed/ab R ,  b t h e  p a r t i a l  Burgersvector ,  
P  P  

a=per iod  o f  t h e  P e i e r l s  p o t e n t i a l ,  R mean d i s t a n c e  

o f  o b s t a c l e s ) .  The n u c l e a t i o n  energy E  o f  a  k i n k  

p a i r  on a  p a r t i a l  has shown t o  be s t r e s s  dependent 

accord ing t o  / 5 / .  

EU(') = E : ~  - a' (T- ic ) '  (2 )  

w i t h  T~ = pab 6/47rd2, d  e q u i l i b r i u m  d i s t a n c e  o f  t h e  
P  

moving p a r t i a l s ,  p  shear modulus, B o r i e n t a t i o n  

f a c t o r ,  E& s e l f  energy o f  t h e  k i n k  p a i r ,  and 

a* = E  /T  k ,  where T i s  t h e  P e i e r l s  s t r e s s  f o r  
DK P  P  

t h e  p a r t i a l .  The e l a s t i c  i n t e r a c t i o n  o f  t h e  two par -  

t i a l s  reduces t h e  e x t e r n a l  s t r e s s  T a c t i n g  on t h e  

s i n g l e  k i nks  by T ~ .  From equat ion  (2)  one can conc lu-  

de t h a t  t h e  n u c l e a t i o n  o f  a  s t a b l e  doub le  k i n k  i s  

o n l y  p o s s i b l e  i f  T > T,. I t  has been proposed, howe- 

ver ,  t h a t  f o r  s t resses  T < T, t h e  n u c l e a t i o n  o f  a  

k i n k  p a i r  becomes p o s s i b l e  i f  a  second k i n k  p a i r  on 

t h e  o t h e r  p a r t i a l  i s  b u i l t  up s imul taneous ly .  Then 

one has t o  supp ly  t h e  energy o f  t h e  c o r r e l a t e d l y  

nuc lea ted  doub le  k i n k s  : 

E ~ ( T )  = ~k~ - 2aXr ' (3) 

I n s e r t i n g  equat ions  ( 2 )  and ( 3 )  i n t o  (1) o b t a i n  t h e  

doub le  k i n k  n u c l e a t i o n  r a t e s  i n  t h e  l i m i t i n g  cases 

T > T~ and T < T ~ .  

3. S t a t i s t i c a l  t r ea tmen t  o f  t he  d i s l o c a t i o n  v e l o c i -  

ty.- Dur ing t h e  s t a t i o n a r y  mo t i on  o f  a  s t r a i g h t  - 
d i s s o c i a t e d  d i s l o c a t i o n  segment o f  l e n g t h  L bo th  

p a r t i a l s  remain s t r a i g h t  on average and move w i t h  

t h e  same v e l o c i  t v .  The re fo re  one can r e s o l v e  t h e  

mot ion  i n t o  i d e n t i c a l  s teps  o f  d i s t a n c e  a. I f  we 

s t a r t  t h e  t i m e  t = 0  when one s tep  has j u s t  been 

f i n i s h e d  t h e  p r o b a b i l i t y  P ( t )  t h a t  d u r i n g  t h e  t ime  

i n t e r v a l  ( 0 , t )  t h e  d i s l o c a t i o n  has moved one elemen- 

t a r y  s t e p  i s  equal t o  t h e  p r o b a b i l i t y  t h a t  a  k i n k  

p a i r  has been c rea ted  ( i n  t h e  d i r e c t i o n  o f  mot ion)  

a t  an a r b i t r a r y  p o i n t  o f  a  p a r t i a l  (and on t h e  o t h e r  

as w e l l  because o f  t h e  same v e l o c i t y ) .  Then t h e  

v e l o c i t y  v  o f  t h e  d i s l o c a t i o n  i s  g i ven  by 

" 6P v = a / & t R d t  (4 )  

C a l c u l a t i n g  t h e  p r o b a b i l i t y  P ( t )  t h a t  a  k i n k  p a i r  

appears a t  a  c e r t a i n  p o i n t  on a  p a r t i a l  ( f o r  sim- 

p l i c i t y  a t  t h e  cen te r )  one has t o  cons ide r  t h a t  a  

second k i n k  p a i r  on t h e  o t h e r  p a r t i a l  a l r eady  e x i s t s  
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and t h e  n u c l e a t i o n  p r o b a b i l i t y  i n  f ace  o f  t h i s  k i n k  

p a i r  i s  enhanced (see f i g u r e  1, r e g i o n  I ) .  The mean 

l e n g t h  ? ( t )  o f  a  k i n k  p a i r  c r e a t e d  w i t h  t h e  probab i -  

l i t y  P  i s  g iven by 

6P 6P 5 = 2vK( t - l  t - d t  / J - d t )  
o  S t  o  6 t  

4. Comparison w i t h  exper imenta l  r e s u l t s . -  I t i s  

p o s s i b l e  t o  f i t  equa t i on  (10)  t o  v e l o c i t y  measure- 

ments i n  Ge, S i  and GaAs /5 / .  A t y p i c a l  r e s u l t  i s  g i -  

ven i n  f i g u r e s  2a,b. 5  f r e e  parameters were used : 

E : ~  + Ed, ~i~ - E&, E, v o  and T: = Ed/ab R 
P 0 '  

w i t h  vK = k i n k  m i g r a t i o n  v e l o c i t y .  

I I 
I 
I I I 
I partial 2 
1 1 1 1  I I i r r i  
I I :+ segment Lenght L 

F i g .  1 : D issoc ia ted  d i s l o c a t i o n  segment c o n t a i n i n g  
a  k i n k  p a i r  on one p a r t i a l .  

To d e r i v e  s imple  equat ions  we f i r s t  r e s t r i c t  ou rse l -  

ves t o  t h e  l i m i t i n g  cases T < T and T > T ~ .  P ( t )  
C 

may be de r i ved  f rom t h e  f o l l o w i n g  equat ions .  

A t  h i g h  s t resses  the double k i n k  n u c l e a t i o n  on one 

p a r t i a l  i s  n o t  a f f e c t e d  by t he  presence o f  k i n k  

p a i r s  on t h e  o the r ,  whereas a t  l ow  s t resses t h e  nu- 

c l e a t i o n  i s  o n l y  p o s s i b l e  w i t h  t h e  h e l p  o f  a second 

o f  l e n g t h  5. Furthermore t h e  equat ions  i n c l u d e  t h a t  

t h e  doub le  k i nks  a r e  nuc leated be fo re  an expanding 

k i n k  p a i r  would have reached t h e  segment ends ( t h a t  

means 2L2J/vK >>I). The s o l u t i o n  o f  equa t i on  (6 )  has 

been g i ven  elsewhere /5/ ;  equa t i on  ( 7 )  can be so l ved  

n u m e r i c a l l y .  I n s e r t i n g  P ( t )  i n t o  equat ion  ( 4 )  y i e l d s  

I n  t he  s t r e s s  range TZT bo th  t h e  c a l c u l a t i o n  o f  t h e  
C 

n u c l e a t i o n  r a t e  and t h e  p r o b a b i l i t y  P becomes ve ry  

compl ica ted.  The re fo re  an i n t e r p o l a t i o n  f o rmu la  may 

be t r i e d  /5/ 

v  = 2a kK(~u+~cg'/' 

which approx imate ly  con ta ins  equat ions  (8 )  and ( 9 )  

as l i m i t i n g  cases. The f i n a l  equa t i on  f o r  t h e  d i s -  

l o c a t i o n  v e l o c i t y  i s  ob ta ined  i f  one i n s e r t s  J c  and 

Ju and t h e  e a r l i e r  de r i ved  equa t i on  f o r  t h e  k i n k  

m i g r a t i o n  v e l o c i t y  vK /4/  (v0:lO1 ' s - l )  

- 9, e-(Ed+E)/KT 
K -  0 0  (11)  

Here i t  i s  assumed t h a t  t he  mean d i s t a n c e  o f  obsta- 

c l e s  t h e  k inks  have t o  overcome i s  temperature de- 

pendent accord ing t o  R = ( l l a ) .  

60'- Dislocation 

F i g .  2 : S imul taneous ly  f i t t e d  v  ( T )  - curves t o  
d i s l o c a t i o n  v e l o c i t y  measurements i n  germanium ( a )  
and s i l i c o n  (b)  . 

The equa t i on  was f i t t e d  s imu l taneous l y  f o r  a1 1  tem- 

pe ra tu res  t o  v(T)-measurements. T was c a l c u l a t e d  
C 

f rom measured d i s s o c i a t i o n  w id ths  d  o f  d i s l o c a t i o n s .  

Values o f  some de r i ved  parameters a re  g i ven  i n  t a b l e  

I. The mean d i s tance  o f  obs tac les  R ( a t  0.6 Tmelting) 

: 0.2 - 10 vm agrees w i t h i n  t h e  e r r o r  l i m i t s  w i t h  

t h e  e x p e r i m e n t a l l y  observed d e n s i t y  o f  c o n s t r i c t i o n s  

i n  deformed Ge /3/  : R-0.1 - 0.3 um. A d d i t i o n a l l y  a  

temperature  dependence o f  R was observed accord ing 

t o  equa t i on  ( l l a ) .  Ed cou ld  n o t  be determined sepa- 

r a t e l y  f rom t h e  fit, b u t  i s  expected t o  be h igh  

( >  l e v )  because o f  t h e  l a r g e  va lues o f  tIgK + Ed. 

The i nc rease  o f  t h e  n u c l e a t i o n  energy ~k~ - E : ~  a t  

l ow  s t resses  i s  r a t h e r  smal l  which i s  n o t  r e a l l y  

understood. The p r e f a c t o r  v o  = J  b  i s  o f  t h e  o r d e r  
0  P  

o f  l o 9  s-' as expected. A t  h i g h  s t resses  equa t i on  

(10)  may be approximated by t h e  w e l l  e s t a b l i s h e d  

equat ion  /6/ 



where Q i s  g i ven  by 

which demonstrates w e l l  t h e  i n f l u e n c e  o f  t h e  obsta- 

c l e s  on t h e  d i s l o c a t i o n  v e l o c i t y .  

Tab le  I : E:~, E; doub le  k i n k  n u c l e a t i o n  energy 
( a t  h i g k  and l ow  s t resses,  r e s p e c t i v e l y ) ,  
Ed o b s t a c l e  p o t e n t i a l ,  E b i n d i n g  energy 
o f  t h e  obs tac les  t o  d i s l o c a t i o n s ,  v o  f r e -  
quency f a c t o r ,  R mean d i s t a n c e  o f  obsta- 
c l e s ,  T~ c a l c u l a t e d  c r i t i c a l  s t r e s s ,  d  
d i s s o c i a t i o n  w i d t h .  The EC -E values a r e  
r e c a l c u l a t e d  and d i f f e r  fPb k o s e  men- 
t i o n e d  i n  /5/ .  
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