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Résumé - Des mesures de mobilité de dislocations dans des domaines de 
contrainte et de température encore inexplorés, ainsi que l'amélioration 
de la finesse des observations, ont permis de mettre en évidence des ef
fets nouveaux. Ainsi les écarts â la loi de Schmid à forte contrainte et 
basse température, le changement d'énergie d'activation. observé à haute 
température, l'influence des impuretés et des défauts ponctuels, de la 
longueur de dislocation, de l'illumination sur la vitesse des disloca
tions sont présentés et discutés en termes de germination et propagation 
des décrochements, de structure de coeur et de défauts de reconstruction. 
Quelques expériences nouvelles sont également suggérées. 

Abstract - Thanks to the exploration of a wider range of stress and tem
perature, and to better instrumental resolution, new phenomena have been 
investigated and are reviewed here. Deviations to Schmid's law at high 
stresses and low temperatures, changes in the activation energy at high 
temperatures, influence on dislocation velocities of dislocation lengths, 
impurities and point defects and illumination are reported and discussed 
in terms of kink nucleation and migration, core structures and recons
truction defects. Some new experiments are also proposed. 

1 - INTRODUCTION 

The aim of this paper is to review the experimental results on dislocation mo
bility obtained since the Hunfeld Conference /l/ and to discuss them in terms of new 
theoretical approaches of the core structures. 

The state of knowledge at that time could be summarized as follows : 

(1) Velocities of screw and 60° dislocations were measured in Si, Ge and most of 
III-V compounds in a range of temperature between 0.45 and 0.65 Tm, and at resolved 
shear stresses between 5x10-5 and 10-3 G (G, shear modulus). These velocities were 
average values over travel distances of 10 to 100 urn obtained by double etching or 
X-ray topography on (half-)loops larger than 50 um in diameter. A fair agreement was 
found between the different authors, at least in Si and Ge, and most of the data 
could be described by the phenomenological laws : 

v % exp(-Q(x)/kT) ; v ̂  (T/x0)
m 

with an apparent activation energy about 1 to 2 eV, significantly stress dependent 
at low stresses, and a stress exponent m between 1 and 2, which could reach higher 
values at low stresses, mainly in Ge. 
(2) A strong effect of electrically active impurities on dislocation mobility first 
observed by Patel /2/ was experimentally well established. 
(3) There were indications that some treatments, such as annealing, could lead to 
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changes i n  d i s l o c a t i o n  m o b i l i t y ,  the o r i g i n  o f  which remains obscure. Pinning was 
observed, as we1 1  as minor b u t  detectable changes i n  v e l o c i t i e s ,  i n c l u d i n g  accelera- 
t i o n  e f f e c t s .  
(4)  TEM observations, main ly  using the weak beam technique proved t h a t  moving d i s l o -  
cat ions were d issoc iated /4,5/. A t  h igh stresses and low temperatures, p a r t i a l  d i s -  
l oca t ions  were shown t o  have d i f f e r e n t  m o b i l i t i e s ,  which deoend n o t  on ly  on t h e i r  
character (30' o r  90°) b u t  a lso  on t h e i r  p o s i t i o n  ( leading o r  t r a i l i n g )  w i t h  respect  
t o  the  sense o f  -motion /6/. This p r e d i c t s  d i f f e r e n t  v e l o c i t i e s  f o r  the two types o f  
60" d is loca t ions  l a b e l l e d  30/90 o r  90/30 (w i th  the leading p a r t i a l  quoted f i r s t ) .  
This d i f ference has been detected - a t  the l i m i t  o f  r e s o l u t i o n o f  the  technique- a t  
h igher  temperature and lower s t ress  /3/. 
(5) I n  the framework o f  the Peierls-Nabarromechanism,different regimes o f  d is loca-  
t i o n  g l i d e  can be expected : 

( i )  Depending on the d i s l o c a t i o n  leng th  (smal ler  o r  l a r g e r  than a  c r i t i c a l  
length X) k i n k  p a i r s  expand along the whole d i s l o c a t i o n  l i n e ,  o r  a n n i h i l a t e  w i t h  op- 
p o s i t e  k inks /7,8/. 

( i i )  Depending on the app l ied  s t ress  (smal ler  o r  l a r g e r  than a  c r i t i c a l  s t ress  
Tc determined by the s tack ing f a u l t  energy, e l a s t i c  constants and o r i e n t a t i o n  para- 
meters) nuc leat ion o f  double k inks on both p a r t i a l s  i s  co r re la ted  o r  n o t  /9/. 

( i i i )  Local ized obstacles t o  k ink  motion were considered by some theor ies  t o  
ach ieveac loser  f i t  t o  experiments. Then, the temperature dependence o f  the obstac le 
spacing has t o  be considered and d i f f e r e n t  regimes can be defined, depending on tem- 
perature and on the format ion and b ind ing  energies, as w e l l  as d i f f u s i v i t y  o f  these 
hypothet ica l  obstacles, the nature o f  which s t i l l  remains speculat ive /8,9/. 

( i v )  The doping e f f e c t  i s  a t t r i b u t e d  by t i i r sch  / l o /  t o  a  change i n  the concen- 
t r a t i o n  o f  charged kinks. 

Since the Hi infeld Conference, new r e s u l t s  have been obtained, thanks t o  the  
extension o f  the inves t iga ted  ranges o f  s t ress  and temperature, and t o  improved ex- 
perimental reso lu t ion .  We s h a l l  describe i n  t u r n  the s p e c i f i c  behaviour o f  d is loca-  
t i o n s  a t  temperatures above 0.75 Tm (92.1) and a t  stresses h igher  than ~ o - ~ G  (92.2), 
recents r e s u l t s  on impur i t y  effects (92.3), new in format ions obtained by experiments 
a t  the scale o f  TEM (52.4) and the in f luence  o f  i l l u m i n a t i o n  on d i s l o c a t i o n  n o b i l i t y  
(pho top las t i c  e f f e c t )  (92.5). Conclusions and suggestions f o r  f u r t h e r  experiments 
and ca lcu la t ions  are given a t  the end o f  the paper. 

I t w i l l  be no t i ced  t h a t  t h i s  review on ly  deals w i t h  d i s l o c a t i ~ n  g l ide .  Cross-slip 
and cl imb processes have been excluded i n  s p i t e  o f  t h e i r  i n t e r e s t  i n  understanding 
some experimental data, though g l i d e  i s  pr imar i lyconcerned a t  the  scale o f  observa- 
t i ons .  I t  a lso  deals mainly w i t h  S i ,  s ince most o f  recent  experiments have been per- 
formed i n  t h i s  mate r ia l .  

I t w i l l  a l so  be no t i ced  t h a t  some top ics  o f  i n t e r e s t  (as the i n t e r a c t i o n  o f  
d i s loca t ions  w i t h  i n p u r i t i e s ,  the ef fect  o f  core recons t ruc t ion  defects  o r  new re-  
s u l t s  i n  compound semiconductors) are on ly  b r i e f l y  mentioned, since they w i l l  be 
t rea ted  i n  other  lec tu res  o f  the present conference. 

2  - EXPERIbIENTAL RESULTS AND DISCUSSION 

2.1 - D js lg~at~gn-mgb~ l l_ ty -a t th jgh-_ tem~~ra_t_ure  (T > 0.7 Tm) 

V e l o c i t i e s  o f  60" d is loca t ions  have been r e c e n t l y  measured a t  temperatures up t o  
0.9 Tm i n  S i  ( 4 x l 0 1 3 ~ c m - ~ ,  2  ?lPa 5 T 5 45 MPa) by Farber and N ik i tenko  /11/, and i n  
Ge (p 2 15 R.cm, 1 MPa 5 T 5 30 MPa) by Farber, Bondarenko and N ik i tenko  /12/, us ing 
pulse loading by f o u r  p o i n t  bending and double etching. I n  both cases, a  marked chan- 
ge i n  the  temperature dependence o f  v e l o c i t i e s  was observed abovea temperature o f  
about 0.75 Tm (870 K f o r  Ge, 1320 K f o r  S i ) .  Whereas, below t h i s  temperature, the 
r e s u l t s  are i n  good agreement w i t h  l i t t e r a t u r e  (F ig . l ) ,  above 0.75 Tnl, the v e l o c i t y  
can s t i l l  be described by an Arrhenius law, b u t  both the apparent a c t i v a t i o n  energy 
Q a n t  the p r e f a c t o r  are changed. I n  Si,  Q i s  increased up t o  4  eV, b u t  t h i s  i s  com- 
pensated by a  very h igh  p r e f a c t o r  (1012 t o  1014 cm s - l )  so t h a t  the  r e s u l t i n g  velo- 
c i t i e s  are l a r g e r  than what can be obtained by ex t rapo la t ion  from lower temperatures. 
I n  Ge, the s i t u a t i o n  i s  q u i t e  d i f fe ren t .  The apparent a c t i v a t i o n  enrgy, which depends 
on the s t ress  a t  Tow stresses (< 10 tWa) below 0.75 Tm becomes s t ress  independent 
above t h i s  temperature w i t h  a  value of about 1.8 eV. The s t ress  dependence, which 
e x h i b i t s  a  hend a t %  10 PlPa a t  lower temperatures (T < 0.75 T,) can be described w i t h  



a Constant Stress exponent ( m  % 1.3) in the whole investigated s t ress  range ( 1  to 
20 MPa) a t  970 K. This leads, contrary to S i ,  t o  velocities lower than the values 
extrapolated from lower temperatures. 

According to the authors, these effects are not explained by the present double 
kink theories. Apart from the f a c t  tha t  further confirmations of these results  (in- 
cl uding neasurements of screw dislocation velocit ies)  would be desirable, i t  seems 
that  observations of the actual dislocation structure under s t ress  i n  t h i s  tempera- 
ture range could give decisive informations on the mechanism which control s disloca- 
tion motion. There are indeed some indications that  dislocations under motion do not 
l i e  any more along <110> directions above 0.7 Tm /13/ and processes, l ike climb, 
might probably be taken into account. 

Fig.l a) Velocities of 60°dislocations in 
Si eFarber and Ni ki tenko/ll/,---mean values 
from Ba Tu/14/, Fischer/l5/, Sumino/l9/ and 
George/3/. ( T  = 10 MPa). 
b) Velocities of 60°dislocations in Ge af- 
t e r  Farber e t  a1 ./12/ ( l ~=20WPa, r ~=5klPa) 
and Schaumburg/32/ (o~=2OF'iPa, v -c=GMPa). 

Fig.2 Velocities of 30/90 dislocations in 
swirl-free FZ Si measured a t  693K in four 
different glide systems. Compression axis: 
c2131. ePQ=(1~1)[011], I P K = ( I I I ) C ~ ~ O I ,  
rUK=(111)CO111, A KQ=(111)[1011 ; a f t e r  

Alexander e t  a1 ./16/. 
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2.2 - _ ~ l s l o c a t l ~ n ~ r n o b _ f l l t ~ ~ a t ~ h 1 ~ h ~ s t r e ~ - s s s ~ f ~ ~ ? ~ ~ ~ ~ ~ ~ 1  
Alexander and coworkers i n v e s t i g a t e d d i s l o c a t i o n  m o b i l i t i e s  i n  S i  i n  the h igh s t ress  
range using two complementary approaches. ( i )  V e l o c i t i e s  o f  t o t a l  d i s loca t ions  were 
measured i n  s w i r l  f r e e  f l o a t i n g  zone S i  /16/. ( i i )  From measurements o f  d issoc ia-  
t i o n  widths on d is loca t ions  f rozen- in  under load, r e l a t i v e  m o b i l i t i e s  o f  the var ious 
p a r t i a l  d i s loca t ions  were a lso  obtained /6,17/. 

From hardness indentat ions,  K is ie lowski  /16/ could develop by compression a t  
923 K hal f - loops belonging t o  d i f f e r e n t  s l i p  systems. The i r  v e l o c i t i e s  were measured 
a t  693 K by compression and double etching. The r e s u l t s  can be summarized as fol lows: 

( 7 )  The dependence o f  the v e l o c i t y  v  on the jzenu&ved shear s t ress  T can be des- 
c r ibed  by v  = V ~ ( T / T ~ ) ~  i n  the range 30 KPa 2 T 300 HPa (see Fig.2) 

( i i )  The parameters vo and m depend n o t  on ly  on the type o f  the d is loca t ion ,  
b u t  also, f o r  a  given d i s l o c a t i o n  type, on the g l i d e  system t o  which the  d i s l o c a t i o n  
belongs (1.2 m r 2.21, which means t h a t  Schr;iidls law i s  n o t  obeyed i n  S i  ! This e f -  
f e c t  i s  more pronounced as s t ress  increases, which expla ins t h a t  i t  was n o t  detected 
by George / 3 i  who a lso  observed loops o f  several g l i d e  systems, b u t  a t  h igher  tempe- 
ratures and 1  ower stresses. 

( i i i )  An emp i r i ca l  expression i s  given f o r  the s t ress  exponent : 
+ 

m = m + ml = - 7.2 (1 - 12 . c ) ) '  F n / b ~  + ml 
0 

where ml depends on ly  on the d i s l o c a t i o n  type (character  an$ order o f  p a r t i a l s ) ,  and 
mo is,calculated from the angle between the Burgers vec to r  b  and the compression 
ax is  c  ( u n i t v e c t o r s ) a n d  from the normal component Fn o f  the  fo rce  a c t i n g  on the 
d is loca t ion ,  normalized by ba (a=nominal compression s t ress ) .  The values o f  m dedu- 
ced from t h i s  formula agree f a i r l y  we l l  w i t h  those measured a t  h igher  temperatures 
and lower stresses. Iloreover, as pointed ou t  by Alexander /18/, i t  i s  a lso  poss ib le ,  
using the f i t t e d  values f o r  vo, m0 and ml, t o  p r e d i c t  t h a t  the d i f fe rences  between 
the v e l o c i t i e s  of the  30/90 and the  90/30 d is loca t ions  must be smal ler  i n  tens ion 
than i n  compression, which i s  i n  agreement w i t h  observations. 

On the other  hand, WeiB /16/ no t i ced  t h a t  the d i s s o c i a t i o n  widths o f  s i m i l a r  
d i s loca t ions  i n  d i f f e r e n t  g l i d e  systems ( i n  the same condi t ions o f  s t ress  and tempe- 
ra tu re )  could n o t  be explained by m o b i l i t y  r a t i o s  which would depend only  on the  t y -  
pe o f  the p a r t i a l  dislocations.Assuming a  d i f f e r e n t  l a t t i c e  res is tance f o r  the two 
p a r t i a l s  and w r i t i n g  the balance o f  forces a c t i n g  on them, one obta ins a  d issoc ia-  
t i o n  width : 

d  = 
do 

1-( f -6)  2 
2 Y 

where do i s  the d issoc ia t ion  w id th  a t  zero s t ress,  y the s tack ing f a u l t  energy, 
f = F ~ - F I / F ~ + F ~ ,  6 = R2-R1/R2+R1, F i  and Ri being respec t i ve ly  the e x t e r n a l l y  app l ied  
fo rce  and the t o t a l  force (equal t o  the l a t t i c e  res is tance i n  the steady s t a t e )  f e l t  
by the p a r t i a l  d i s l o c a t i o n  i . This analys is  gave i n t e r e s t i n g  i n d i c a t i o n s  on p a r t i a l  
" m o b i l ~ t i e s " ,  defined through a  l i n e a r  r e l a t i o n s h i p  between st ress and v e l o c i t y .  
This approach was improved by He is te r  /18/, who assumed t h a t  the experimental power 
law v  = V ~ ( T / T ~ ) ~  fo l lowed by the t o t a l  d i s l o c a t i o n  was a lso  v a l i d  f o r  p a r t i a l  d i s -  
locat ions,  The t o t a l  force on the t o t a l  d i s l o c a t i o n  can then be w r i t t e n  : 

which leads necessar i ly  t o  m = ml = m2 f o r  consistency. Using the experimental values 
of m, and f i t t i n g  two parameters f o r  each t o t a l  d i s loca t ion ,  most o f  the s p l i t t i n g  
widths f o r  f i v e  g l i d e  systems could be found w i t h i n  10 % from the experimental va- 
lues. However, as pointed o u t  by Alexander h imse l f ,  the e x ~ r e s s i o n  v  = V ~ ( T / T ~ ) "  
exp(-Q/kT) has n o t  d i r e c t  phys ica l  meaning. I t  seems then d i f f i c u l t  t o  f i n d  a  physi- 
ca l  support f o r  the statement m=ml=m2, a l l  the more i s  a  p a r t  of m probably accounts 
f o r  reduct ion by the app l ied  shear s t ress  o f  the energy t o  be thermal ly  ac t i ved  
(which i s  usua l l y  described by a  l i n e a r  p r e f a c t o r  m=l, al though t h i s  i s  on ly  v a l i d  
a t  low stresses ab3<<k~) ,  the second p a r t  being r e l a t e d  t o  a  mod i f i ca t ion  o f  the pre- 
f a c t o r  ( v i a  changes i n  d e t a i l s  of the core s t r u c t u r e )  by the  non-shear components of 
the s t ress tensor. The sa t i s fac to ry  agreement between the model and the experiment 



i s  perhaps an i n d i c a t i o n  t h a t  bo th  p a r t i a l s  m i g h t  be concerned i n  a  s i m i l a r  way by 
t h e  two e f f e c t s .  It must be n o t i c e d  however t h a t  t h e  p resen t  d e s c r i p t i o n  i s  based on 
t h e  s teady s t a t e  assumption, a l t hough  some s c a t t e r  can be observed i n  measurements 
o f  d i s s o c i a t i o n  w id ths .  

2.3 - Influence-of-imeurI_t~e~-Ia!!d-eoin_t-!~fes~~~ 
The i n t e r a c t i o n s  between d i s l o c a t i o n s  and npecidic impuhitien i n t e n t i o n a l l y  i n t r o d u -  
ced i n  c o n t r o l l e d  concen t ra t i ons  w i l l  be t r e a t e d  by Sumino i n  t h e  p resen t  conference. 
The b e s t  s t u d i e d  case f o r  non doping i m p u r i t i e s  i s  t h a t  o f  Oxygen i n  S i ,  The main 
r e s u l t s  of  Sunino and coworkers /19/ concern ing d i s l o c a t i o n  m o b i l i t i e s  a r e  t h e  f o l -  
l o w i n g  : d i s l o c a t i o n s  a t  r e s t  a r e  r e a d i l y  p inned by  oxygen atoms, b u t .  t h e  y e l o c i t i e s  
o f  b o t h  screw and 60° d i s l o c a t i o n s  a r e  s i m i l d r  i n  f l o a t i n g  zone (FZ) ( 3  5 lO"cm--') 
and i n  Czoch ra l sk i  (CZ) S i  ( 0  4xl017cm-3) a t  3  MPa 5 T 5 30 MPa and 875 K r T 5 
1045 K. I n  a d d i t i o n ,  moving d i s l o c a t i o n s  a r e  g r a d u a l l y  -b locked i n  CZ S i  i f  t h e  
shear  s t r e s s  i s  decreased below 3 FIPa. 

Cur ious  e f f e c t s  a r e  n o t i c e d  even i n  t h e  "pu res t "  FZ m a t e r i a l  ; they a r e  more 
c r i t i c a l  as f a r  as v e l o c i t y  measurements a r e  concerned, and cou ld  w e l l  be a t t r i b u t e d  
t o  h e n ~ d u d  hpnpuhit.ie~. A f i r s t  example i s  g i ven  by Bondarenko e t  a1 ./20/ who obser- 
ved " t r a c e s "  l e f t  i n  t h e  s l i p  planes beh ind  moving d i s l o c a t i o n s  i n  S i .  Such t r a c e s  
were de tec ted  by TEM beh ind  f a s t  d i s l o c a t i o n s  ( v  10-3cm.s-1) generated a t  i den ta -  
t i o n s  ( l o a d  5 x 1 0 - ~  t o  1 0 - l ~ ~  298K 5 T 973K). They appeared a t  t h e  o r i g i n a l  su r face ,  
b u t  c o u l d  n o t  be exp la ined  by su r face  s teps  n o r  by an ox ide  l a y e r  which shou ld  pro-  
t e c t  t h e  su r face  a g a i n s t  s l i p  p e n e t r a t i o n .  Behind d i s l o c a t i o n s  w i t h  s l ower  v e l o c i t i e s  
( 4  p o i n t  bending, lOMPa 5 T r 40MPa, 823 K  5 T 5 1023 K ) , t r a c e s  c o u l d  n o t  be seen by 
TEM, b u t  were revea led  b y  S i r t l  e t c h  and observed b y  SEM and m i c r o i n t e r f e r o m e t r y .  
They were r e s o l v e d  as r i d g e s ,  whose h e i g h t  was t h e  same f o r  eve ry  i n d i v i d u a l  d i s l o c a -  
t i o n  i n  a  g i v e n  c r y s t a l .  I n  bo th  cases t r a c e s  were more i n t e n s e  and s t a b l e  i n  h e a v i l y  
doped m a t e r i a l ,  though they c o u l d  be observed i n  weakly doped FZ S i  (% 1015 ~ m - ~ ) .  

Bondarenko e t  a l .  /21/ a l s o  looked f o r  a  p o s s i b l e  i n f l u e n c e  o f  p r e s t r a i n i n g  
c o n d i t i o n s  ( temperature ,  d i s l o c a t i o n  v e l o c i t i e s  and d i s t a n c e  moved t o  b r i n g  t h e  d i s -  
l o c a t i o n s  t o  t h e i r  s t a r t i n g  p o s i t i o n s )  on d i s l o c a t i o n  m o b i l i t y .  As i n  /19/, these 
t reatments  (as  w e l l  as annea l ing  under zero  s t r e s s  o r  m o d i f i c a t i o n s  o f  t h e  c o o l i n g  
r a t e  o f  c r y s t a l s )  i n f l u e n c e d  ma-inly t h e  s t a r t i n g  s t r e s s  rst, i .e t h e  minimum s t r e s s  
r e q u i r e d  t o  p u t  d i s l o c a t i o n s  i n  n o t i o n ,  b u t  d i d  n o t  a f f e c t  d i s l o c a t i o n  v e l o c i t i e s  
a t  T > T S ~ .  

Another example i s  g i ven  by Alexander e t  a l ,  /16/, who observed e t c h  mounds 
i n s t e a d  o f  e t c h  p i t s  a t  d i s l o c a t i o n s  produced a t  923 K i n  s w i r l - f r e e  FZ S i .  These 
mounds appeared o n l y  a t  some d i s l o c a t i o n s  and seemed t o  be i n  l i m i t e d  number, so 
t h a t  t h e i r  p r o p o r t i o n  decreased when the  d i s l o c a t i o n  d e n s i t y  was increased.  They were 
a t t r i b u t e d  t o  atoms o f  unknown n a t u r e  d i f f u s i n g  f rom t h e  b u l k  t o  t h e  d i s l o c a t i o n , t b e n  
enhancing t h e i r  r e s i s t a n c e  t o  e t ch ing ,  a l though fewer  mounds were observed i n  conven- 
t i o n a l  FZ S i ,  and even f e w e r i n  CZ S i .  They were n o t  observed a t  633 K, b u t  a  neasu- 
r a b l e  s l ow ing  down o f  60° d i s l o c a t i o n s  d u r i n g  mo t i on  was de tec ted  (screws were n o t  
i n v e s t i g a t e d  i n  t h i s  r e s p e c t ) .  Fig.3 shows the  v e l o c i t y  o f  d i s l o c a t i o n s  as a  f u n c t i o n  
o f  t h e  d i s t a n c e  they  have moved. The decrease i n  v e l o c i t y  i s  observed as f a r  as t h e  
mo t i on  can be fo l l owed ,  and i s  s t r o n g e r  f o r  90/30 than f o r  30/90 d i s l o c a t i o n s .  Howe- 
ver,  t h i s  e f f e c t  i s  sma l l  enough f o r  t h e  .above nenbioned r e s u l t s  (averaged o v e r  
t h e  f i r s t  100 pm) t o  h o l d  ( d e v i a t i o n s  t o  Schmid's l aw  f o r  i n s t a n c e ) .  

I t  c o u l d  be n o t i c e d  here  t h a t  some of these e f f e c t s  a t t r i b u t e d  t o  i n p u r i t i e s  
m i g h t  perhaps be exp la ined  as w e l l  by c o n s i d e r i n g  i n t r i n s i c  p o i n t  d e f e c t s  produced 
by t he  de fo rma t i on  /22/ o r  those co re  de fec t s  p r e d i c t e d  by Jones /23/ as a  r e s u l t  
o f  r e c o n s t r u c t i o n  of  a tomic  bonds i n  t h e  core  o f  p a r t i a l  d i s l o c a t i o n s .  

2.4 - -S~gi~-scai~-ob~t.y\c_gt~o_n_ o f  dis_1o_c_aiion,-giigg 
The r e s o l u t i o n  of doub le  e t c h i n g  techn iques o r  X-ray topography i s  about 2.5 I-im, It 
was thus q u i t e  appea l i ng  t o  a t t emp t  obse rva t i ons  o f  d i s l o c a t i o n  g l i d e  a t  t h e  much 
f i n e r  s c a l e  ob ta ined  by  TEM. I n  s i t u  obse rva t i ons  have been performed ma in l y  i n .  S i ,  
u s i n g  e i t h e r  a  h i g h  temperature  s t r a i n i n g  stage /24,25/ o r  s imp ly  by annea l ing  d i s -  
l o c a t i o n  c o n f i g u r a t i o n s  o u t  of e q u i l i b r i u m  (e.g. s i n g l e  p a r t i a l  rnotion under t h e  
s t a c k i n g  f a u l t  t ens ion  i n  w ide l y  d i s s o c i a t e d  d i s l o c a t i o n s  /26,27/). I n  these expe r i -  
ments, a l t hough  an accura te  c o n t r o l  of temperature  i s  d i f f i c u l t ,  a  conf idence range 
of  % 

10 K can be achieved a f t e r  c a l i b r a t i o n  o f  t h e  h e a t i n g  s tage by means of a  Sui-  
t a b l e  phase t r a n s i t i o n .  The l o c a l  s t r e s s  can be measured u s i n g  t h e  curvature dis- 
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locat ions a t  the bend between two adjacent <110> segments ( l i n e  tens ion anisot ropy 
should be taken i n t o  account, and specia l  care i s  needed a t  very l i g h  stresses, where 
the order  o f  magnitude o f  the rad ius o f  curvature becomes c loser  t o  the d i s s o c i a t i o n  
w id th  (H. Gottschalk, p r i v a t e  communication). 

S t r a i g h t  d i s l o c a t i o n  segments are observed t o  g l i d e  smoothly a t  793 K  < T  < 
888 K, 70 MPa 5 T 5 550 MPa /25/ i n  agreement w i t h  /24/. The v e l o c i t i e s  show reasonable 
agreement w i t h  data ext rapolated from lower stresses, a t  l e a s t  f o r  d i s loca t ions  lon-  
ger than Q, 0.4 urn. This i s  a lso  t r u e  f o r  unpinned p a r t i a l  d i s loca t ions  a t  693 K, 
s = 280 MPa /27/. 

Clear evidence f o r  a  leng th  e f f e c t  on d i s l o c a t i o n  m o b i l i t i e s  was a lso  found. 
Louchet observed t h a t  d is loca t ions  shor te r  than a  c r i t i c a l  l eng th  X had a  v e l o c i t y  
which increased w i t h  t h e i r  l eng th  L, although the  exact v (L )  dependence was n o t  es- 
tab l i shed  (Fig.4). X seems t o  depend s l i g h t l y  on s t ress  and temperature (X = 0.4 m 
a t  T = 90 MPa, T  = 873 K, X = 0.1 pm a t  .r = 550 MPa, T = 813 K). Consis tent ly ,  t l i r sch  
e t  a l .  /27/ observed the length e f f e c t  f o r  s h o r t  d i s l o c a t i o n  segments ( L  < 0.2 um 
a t  r - 280 MPa, T  - 593 K). These values o f  X are we1 1  below the r e s o l u t i o n  o f  X-ray 
and e tch ing  techniques and are n o t  l a r g e r  i n  FZ S i  than i n  CZ. 

w (ym) 

Fig.3 Slowing down of moving 60° Fig.4 A d i s l o c a t i o n  moves from pos i t i ons  ( a ) t o  
TiY'Ecations i n  sw i r l - f ree  FZ Si .  (d)t constant v e l o c i t y .  A f t e r  p inn ing  i n  (d)  on 
W: d is tance moved. Af ter  Alexander obstac le A, i t  gets shor te r  and slows down (d)  t o  
e t  a t .  /16/. (e) (T=813K,s=550~1Pa,0.40sec from one p i c t u r e  t o  

the next ) .  A f t e r  Louchet /25/. 

In te rsec t ions  o f  mobi le d is loca t ions  w i t h  the f o r e s t  have a lso  been observed 
(/25/ and Louchet, unpublished r e s u l t s ) .  The s i n g l e  jogs thus formed a re  associated 
t o  l a r g e  v i s i b l e  cusps, which can e i t h e r  s t r a i g h t e n  and r e a d i l y  catch up the s t r a i g h t  
p a r t  o f  the d is loca t ion ,  o r  p e r s i s t  and fo l low the d i s l o c a t i o n  motion. I n  most cases, 
jogs move conservat ive ly  ( i  .e. they are dragged along s t r a i g h t  l i n e s  p a r a l l e l  t o  t h e  
Burgers vector),  b u t  non conservat ive motion i s  a lso observed between 77G K and 870K. 

Pinning by s t rong b u t  i n v i s i b l e  obstacles and subsequent unpinning were a lso  
observed on 90' p a r t i a l s ,  b u t  n o t  on 30" p a r t i a l s  /27/. These l a t t e r  r e s u l t s  are i n  
agreement w i t h  those o f  Gottschalk /26/ and o f  Desseaux and Bourret  /28/. I t  i s  c l e a r  
however t h a t  weak obstacles g i v i n g  r i s e  t o  cusps smal ler  than the image width ( 50A) 
are n o t  detected by these techniques. 

The t r a n s i t i o t t  mentioned above, between a  length dependent regime (L<X) and a  
length independent one ( L  > X) can be a t t r i b u t e d  t o  obstacles t o  k ink  motion, resu l -  
t i n g  i n  a  mean f r e e  path o f  k inks X/2, This can be obtained e i t h e r  by l o c a l i z e d  obs- 
tac les  ( w i t h  an average separat ion X along the d i l o c a t i o n  l i n e )  o r  by a  h igh  migra- 
t i o n  energy Wm f o r  k inks (secondary P e i e r l s  p o t e n t i a l ) .  I n  t h i s  l a t t e r  case, themean 
f r e e  path i s  d i r e c t l y  r e l a t e d  t o  k ink-k ink c o l l i s i o n s .  Most o f  the known l o c a l i z e d  
obstacles ( jogs, r a d i a t i o n  induced defects, ...) can be r u l e d  ou t  f o r  several reasons 
( v i s i b l e  cusps, s i m i l a r  behaviour fo r  FZ and CZ S i ) ,  and there i s  reasonable eviden- 



ce t h a t  k ink  motion i s  c o n t r o l l e d  by a h igh  mig ra t ion  energy. Under t h i s  assumption, 
H i rsch  e t  a l .  /27/ and Louchet /25/ could est imate k i n k  v e l o c i t i e s  and mig ra t ion  ener- 
gy of kinks, us ing H i r t h  and Lothe theory /?/. Wm i s  found about 1.2 t o  1.3 eV. The 
t o t a l  a c t i v a t i o n  energy f o r  d i s l o c a t i o n  moJion has a lso  been est imated through H i r t h  
and Lothe's expressions o f  v e l o c i t i e s  t o  Fdk+lJm*2eV i n  the regime L<X /27/ where 
Fdk i s  the saddle p o i n t  energy f o r  double k i n k  nuc leat ion.  This leads t o  ~%k-0.7 t o  
0.8 eV. However, the t h e o r e t i c a l  p r e f a c t o r  f o r  d i s l o c a t i o n  v e l o c i t i e s  i n  the regime 
L>X d i f f e r s  s i g n i f i c a n t l y  from the experimental one, as discussed be1 ow, and t h i s  i s  
l i k e l y  t o  be t r u e  f o r  L<X also. I t seems then more reasonable t o  der ive ~ 8 k  from the 
experimental a c t i v a t i o n  e ergy measured i n  the regime L>X. One obta ins then : ~ 2 k / 2  
+ wm * 1.9 ev and hen% FBL * 1.2 t o  1.4 eV. The s i n g l e  k ink  energy Fk can be d e r i -  
ved from ~ 8 k  = 2Fk - J G I ~ V  /7/. The s t ress  dependent term i s  n o t  n e g l i g i b l e  a t  the 
h igh  stresses involved i n  TEll work, and one f i n d s  Fk % 0.9 t o  1 eV. 

Another argument i n  favour  o f  a l a r g e r  Wm might be given by the experimental 
prefactor  which i s  found t o  be about 35 times l a r g e r  than the t h e o r e t i c a l  value 
VD . rb4 /k~  expected from H i r t h  and Lothe 's  theory, b u t  10 times smal ler  than the ex- 
pected value f o r  l o c a l i z e d  obstacles w i t h  a separat ion X. Such a discrepancy could 
be a t t r i b u t e d  t o  an entropy f a c t o r  exp(S/k) i n  the former case ( w i t h  S%3.6 k), which 
may a r i s e  p a r t l y  from an e l a s t i c  con t r ibu t ion ,  b u t  mainly from a core con t r ibu t ion .  
This explanat ion cannot stand i n  the second case, s ince exp(S/k)>l.  (There i s ,  howe- 
ver, some doubt on the  v a l i d i t y  o f  the theory a t  h igh stresses). 

A d i f f e r e n t  t h e o r e t i c a l  approach t o  d i s l o c a t i o n  mobi 1 i t i e s  has been given recen- 
t l y  by Heggie and Jones /23/, i n  which "antiphase" recons t ruc t ion  defects  o f  the 
d i s l o c a t i o n  core ( s o l i t o n s )  are assumed t o  help both k i n k  nuc lea t ion  and migrat ion,  
s ince i t  seens eas ie r  t o  t r a n s f e r  an e x i s t i n g  dangl ing bond than t o  break a bond. 
The consequences o f  t h i s  approach are given by Jones i n  t h i s  conference. However, 
the form of H i r t h  and Lothe's equations i s  unchanged, and so are the conclusions, 
except t h a t  Wm and Fk have somewhat d i f f e r e n t  meaning. 

2.5 - ~n~an_ce~en__t-of-~f  ;1oga_tjgn_-~gbI~~tyYby-op;j_ca~-e_xcjt_a_tjgn 
The e f f e c t  o f  i l l u m i n a t i o n  on d i s l o c a t i o n  v e l o c i t i e s  (pho top las t i c  e f f e c t )  has been 
demonstrated recen t l y  i n  S i  by K is te rs  and Alexander /29/, us ing s i m i l a r  techniques 
as i n  /16/. S t r a i g h t  d i s l o c a t i o n  h a l f - l o o  s were created by p r e s t r a i n i n g  (T=923K, 
0=631Pa) i n  s w i r l - f r e e  FZ S i  (2x1012 ~cm-5,  c a r r i e r  l i f e t i m e  a t  300 K:5ms), and mo- 
ved a t  h igh  stresses and a t  temperatures low enough t o  ob ta in  a not iceable change i n  
the e l e c t r i c a l  c a r r i e r  dens i t y  by i l l u m i n a t i o n ,  During deformation, one p a r t  o f  the 
c r y s t a l  was i l l u m i n a t e d  by a Nd-YAG l a s e r  (hv=1.17 eV, P=l  d~.cm-~) .  The observed d is -  
l oca t ions  were s i t u a t e d  i n  the  range o f  50 pm below the  surface, i n  which most o f  
the i n c i d e n t  l i g h t  was absorbed, Screws and 30J90 d is loca t ions  were observed t o  move 
f a s t e r  under i l l u m i n a t i o n ,  whereas the v e l o c i t y  o f  90/30 d is loca t ions  was n o t  a f fec -  
ted  s i g n i f i c a n t l y .  As shown i n  Fig.5, the apparent a c t i v a t i o n  energy f o r  the motion 
o f  30/90 d is loca t ions  a t  r=300 MPa i s  1.62 eV i n  the dark, and i s  reduced by an amount 
o f  0.68eV under i l l umina t ion .  The Arrhenius p l o t  shows t h a t  the p r e f a c t o r  i s  a lso  re- 
duced and t h a t  the e f f e c t  vanished a t  *710 K. I n  the case o f  screw d is loca t ions ,  the 
decrease of the a c t i v a t i o n  enrgy i s  about 0.56 eV. A care fu l  c o n t r o l  o f  temperatures 
i n  the i l l u m i n a t e d  area showed t h a t  they were n o t  increased by more than %2 K, and 
t h i s  cannot account f o r  the magnitude o f  the observed e f f e c t  ( i n  addi t ion,  an increa- 
se o f  temperature would have a lso  increased the v e l o c i t y  o f  90/30 d is loca t ions  !) .  I n  
order  t o  compare t h i s  s i t u a t i o n  w i t h  the doping e f f e c t ,  a n-doped specimen ( 5 . 5 ~ 1 0 ~ ~  
~cm-3)  was deformed i n  the same condi t ions w i thou t  ill umination. It emerged t h a t  the 
v e l o c i t i e s  o f  both types of 60" d is loca t ions  were increased, i n  c l e a r  con t ras t  w i t h  
the pho top las t i c  e f f e c t .  A behaviour s i m i l a r  t o  the pho top las t i c  e f f e c t  has a lso  been 
found by telaeda and coworkers /30/ i n  GaAs under e l e c t r o n  i r r a d i a t i o n .  

The pho top las t i c  e f f e c t  was a t t r i b u t e d  t o  non r a d i a t i v e  e lect ron-hole recmbina-  
t i o n s  a t  d i s loca t ions ,  which are known t o  a c t  as very a c t i v e  recombinat ion centers a t  
these temperatures. The v i b r a t i o n a l  energy released by recombination can help e i t h e r  
double k i n k  nuc lea t ion  o r  k i n k  m ig ra t ion  processes, s ince associated energies .are ex- 
pected t o  be l a r g e r  than the observed energy reduct ion.  However, i f  the recombination 
can occur a t  l o c a l i z e d  defects as k inks /31/ i t  might be more d i f f i c u l t  on a nuclea- 
t i n g  double kink. This argument i s  i n  favour o f  an enhancement o f  the k i n k  ve loc i t y ,  
except S f  double k i n k  nuc lea t ion  occurs a t  l o c a l i z e d  defects such as so l i tons ,  as 
suggested by Heggie and Jones. A ca re fu l  i n v e s t i g a t i o n  o f  any change i n  the  mean free 
path X of k inks under i l l u m i n a t i o n  should be q u i t e  i n s t r u c t i v e  i n  t h i s  respect.  
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3 - CONCLUSIONS AND SUGGESTIONS FOR FURTHER PROGRESS 

From the s e t  of resul ts  reported above, i t  seems obvious that  the conclusiveness 
of an experiment in often submitted to a careful control of a l o t  of parameters, so- 
me of which had sometimes been forgotten in the past. I t  i s  also clear tha t  several 
effects of in teres t  can be detected only i f  velocit ies are measured with an accuracy 
better  than Q15 %, Hence, a f i r s t  requirement i s  a good control of temperature and 
s t ress  which have a dras t ic  influence on velocities. For instance in S i ,  an oncer- 
tainty Av/v%20 % in velocit ies can ar ise  from a AT %4K or A T / T % ~ O  % (and better  con- 
trol of s t ress  cannot be easily achieved ! ) .  In addition, and th is  i s  mainly true a t  
high s t resses ,  results  from different authors cannot be successfully compared, unless 
the glide systems and a l l  the components of the s t ress  tensor are known. Neverthe- 
less ,  experiments in which T or  T cannot be accurately determined can give valuable 
results  (e.g. re la t ive  values of mobilities of different types of dislocations),  
provided tha t  fluctuations do not occured a t  the scale of observations. 

A second point which has not been mentioned before and has to be controlled i s  
the influence of the f ree  surface, fo r  a t  l eas t  two reasons. ( i )  Image forces may 
enhance or retard kink nucleation a t  the surface (geometrical e f f ec t ) .  ( i i )  The sur- 
face may ac t  as a sink (or  a source) of impurities or  point defects. This l a t t e r  ef- 
f ec t  could help in achieving more quickly a steady s t a t e  regime through pipe diffu- 
sion towards the surface of impurities scavenged by dislocations. In contrast ,  inter-  
nal loops would accumulate more and more impurities. This might explain the different 
behaviour of internal loops and half-loops observed by Pli levskii and Slnolskii /33/, 
though George /3,34/ did not notice such an ef fec t  a t  the same stresses and tempera- 
tures (but probably in a si l icon crystal of different puri ty).  

As regards geometrical surface ef fec ts ,  i t  i s  possible to get r id  of them, even 
i f  a surface technique such as etching i s  used for  measurenents. This was convincin- 
gly proved by Kisielowski /16/ and KUsters /29/ who were able ( i )  to determine the 
orientation of the emerging dislocations from the shape of the p i t s ,  and ( i i )  t o  de- 
tectbends of dislocations below the surface, to measure the i r  depths and to  obtain 
bulk velocit ies by successive l igh t  polishing and re-etching of the surface. On the 
other hand, we believe that  the asymmetry of dislocation mobility in Si and Ge repor- 
ted by Nikitenko e t  a l .  /35/ i s  essential ly a geometrical surface e f fec t ,  as demons- 
trated by the shape of the p i t s ,  although i t  i s  also c lear  the different "states" of 
impurities in the dislocation core are certainly involved i n  t he i r  experiment. 

Fig.5 Velocities of 30/90 disloca- 3) T=4p1pa, T=853K 4 )  r=4FlPa, T=1073K 
tions with  !o)and (01 Fir F i  Si ( 1 0 1 4 ~ ~ ~ - 3 )  A t  lor, stress 60'3 
nation in swirl-free SZ Si.  r=2941iPa, d&ations have been pinned (except at the 
compression axis C2131, glide systen 
(111)[0112. After KDster /29/. surface from 1) to  2 ) ) ,  while the screw segment 

moved. creatina f ree  60' sesments. This lead t o  
nearly complete unpinning from 3) to  4 )  .X-ray 
topography (George, unpublished). 



Third, i t  i s  necessary t o  have a good knowledge of tne whole thermomechanical 
h i s to ry  of the  c rys ta l  and of the invest igated d i s loca t ions .  This h i s to ry  s t a r t s  
from the growth conditions of the c r y s t a l ,  but t h e  conditions of d i s loca t ion  loop 
expansion a r e  of importance, and t h i s  i s  complicated by the f a c t  t h a t  in  most cases 
the  length of mobile d i s loca t ions  increases continuously. I t  seems 1 i kely t h a t  d i f -  
f e r e n t  deformation conditions lead t o  somewhat d i f f e r e n t  core s t r u c t u r e s  of dis loca-  
t ions .  The question then a r i s e s  of the  possible  evolut ion of the  s t a r t i n g  core s t ruc-  
t u r e  when the  d i s loca t ion  length i s  increased under d i f f e r e v t  condit ions.  This might 
be cor re la ted  t o  the s t i l l  opened /28/ g l i d e  vs s h u f f l e  a l t e r n a t i v e ,  and a l s o  t o  the 
exis tence and concentration of reconstruct ion defects  ( s o l i t o n s ,  vancancy s o l i t o n  
/23/ o r  impurity s o l i t o n  complexes). 

These l a s t  two requirements f o r  an " idea l"  experiment a r e  in  favour of i n  s i t u  
observations in  the  bulk, which can be performed by X-ray topography and i n  several 
cases by TEM. X-ray topography has suffered un t i l  recent ly of very long exposure t i -  
mes. Nearly real-time recordings a r e  now made possible  by high power sources /36,19/, 
and in p a r t i c u l a r  by synchrotron rad ia t ion .  Existing high temperature s t r a i n i n g  s t a -  
ges /37/ do not allow an accurate control of temperature but they should be improved 
i n  t h i s  respect  when new "dedicated" synchrotrons with smaller  source s i z e  a r e  avai- 
l ab le .  X-ray cont ras t  i s  a l s o  very s e n s i t i v e  t o  s t r e s s  gradients  ( e l a s t i c  s t r a i n s ) ,  
and t h i s  i s  an useful way of con t ro l l ing  then. Short  wavelength t ransnission topogra- 
phy would a l s o  allow observations of c r y s t a l s  th ick  enough t o  be deformed i n  compres- 
s ion ( a t  l e a s t  i n  S i ) .  Fig. 6 shows an example of  t h e  information t h a t  can be obtai-  
ned from bulk observations : pinning of the emerging 60° d i s loca t ions  has been p a r t l y  
released a t  the surface (possibly by out d i f fus ion)  and by the motion of new segments 
created by the non-pinned screw segment. 

As regards TEN, a f u r t h e r  s tep  could be achieved by in s i t u  s t r a i n i n g  a t  the  
resolut ion of weak beam techniques, in  p a r t i c u l a r  f o r  observations of the  motion of 
dissociated d i s loca t ions  in  the  nei ghbourhood of the t r a n s i t i o n  between cor re la ted  
and uncorrelated nucleation of double kinks, i n  connection w i t h  high resolut ion ob- 
servat ions.  In such experiments care must be taken t o  f ind  the  b e s t  compromise bet- 
ween reasonable penetrat ion and minimization of rad ia t ion  damage, which wi l l  depend 
on temperature. Radiation defects  can behave as  obstacles  t o  kink motion, thus hin- 
der ing d i s loca t ion  movement, and t h i s  i s  more l i k e l y  t o  happen a t  low temperatures, 
when diffusion i s  more d i f f i c u l t .  On the  o ther  hand, i f  temperature is low enough, 
the  recombination of radiat ion induced electron-hole pa i r s  can increase s ign i f ican t -  
l y  d i s loca t ion  v e l o c i t i e s ,  as  reported 02.5, and t h i s  i s  perhaps t h e  reason why the 
v e l o c i t i e s  measured by Hirsch e t  a l .  /27/ by in  s i t u  annealing a t  693 K a re  found 
t o  be l a r g e r  than extrapolat ion of measurements performed a t  higher temperatures 
/ 3 . 2 5 / .  , , 

?his leads t o  the r e l a t i o n  between e l e c t r i c a l  propert ies  and core s t r u c t u r e s  of 
d i s loca t ions ,  which should be invest igated on the same d i s loca t ions ,  o r  a t  l e a s t  on 
d i s loca t ions  which have the same h i s to ry  than those used f o r  mobility measurements. 
This has already been attempted in /21,32/. Thanks t o  new microscopic techniques 
(CL,EBIC,SDLTS ...) i t  may be possible  t o  s e t  up experiments which should a l t e r n a t e  
measurements of raobility and o ther  physical propert ies  of the  sane d i s loca t ion .  A 
nice exemple has been given by Maeda e t  a l .  /30/ who coupled i n  s i t u  s t r a i n i n g  ex- 
periments and CL SEM observations. An i n t e r e s t i n g  point  t o  inves t iga te  should be t o  
compare t h e  e l e c t r i c a l  response of curved vs s t r a i g h t  d i s loca t ions  by changing the  
shape of  a given d i s loca t ion  by s t r e s s  jumps a t  a constant  temperature. 

The general agreement f o r  a high value of the  migration energy of kinks, as  well 
as  the  idea t h a t  s o l i t o n s  could inf luence d i s loca t ion  motion through an enhancement 
of nucleation r a t e s  and/or migration v e l o c i t i e s  of kinks ( i f  checked by experiments),  
might be applied t o  e x i s t i n g  theor ies ,  and in p a r t i c u l a r  t o  the  behaviour of disso- 
c ia ted  d i s loca t ions  in  the  two regimes of uncorrelated and cor re la ted  motion of Par- 
t i a l s ,  This could perhaps help in understanding the p a r t i c u l a r  fea tures  of dissocia-  
ted d i s loca t ion  motion and the deviations t o  Schmid's law observed a t  high s t r e s s e s .  
Idore accurate ca lcu la t ions  of core s t ruc tures  i n  saddle point  configurat ion should 
be a l s o  highly des i rab le  in  t h i s  respect  (as  well as  f o r  a b e t t e r  descr ipt ion of do- 
ping and photoplast ic  e f f e c t s ) ,  and might perhaps help in  improving the present  
knowledge of po ten t ia l s .  A deeper inves t iga t ion  of nucleat ion,  equilibrium concen- 
t r a t i o n  and s t a b i l i t y  of s o l i t o n s  should a l so  be of i n t e r e s t .  
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