
HAL Id: jpa-00227115
https://hal.science/jpa-00227115v1

Submitted on 4 Feb 2008

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

HAL Authorization

INTERNAL FRICTION STUDY OF THE HIGH
TEMPERATURE DISLOCATION MOBILITY IN Si

SINGLE CRYSTALS
P. Gadaud, J. Woirgard, P. Mazot, J. Demenet, J. de Fouquet

To cite this version:
P. Gadaud, J. Woirgard, P. Mazot, J. Demenet, J. de Fouquet. INTERNAL FRICTION STUDY OF
THE HIGH TEMPERATURE DISLOCATION MOBILITY IN Si SINGLE CRYSTALS. Journal de
Physique Colloques, 1987, 48 (C8), pp.C8-101-C8-106. �10.1051/jphyscol:1987811�. �jpa-00227115�

https://hal.science/jpa-00227115v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr


JOURNAL DE PHYSIQUE 
Colloque C8, suppl6ment au n012, Tome 48, d6cembre 1987 

INTERNAL FRICTION STUDY OF THE HIGH TEMPERATURE DISLOCATION MOBILITY 
IN Si SINGLE CRYSTALS 

P. GADAUD, J. WOIRGARD, P. MAZOT, J.L. DEMENET' and 
J. de FOUQUET 

Laboratofre de MBcanique et de Physique des Materiaux, ENSMA, 
Rue Guillaume VII, F-86034 Poltiers Cedex, France 
*~aboratoire de M6tallurgie Physique, Facult6 des Sciences, 
Av. du Recteur Pfneau, F-86000 Poitiers, France 

A b s t r a c t  
m o c a t i o n  m o b i l i t y  i n  S i l i c o n  s i n g l e  c r y s t a l s  was s t u d i e d  by i s o -  
thermal i n t e r n a l  f r i c t i o n  measurements. I n  p r e s t r a i n e d  s i n g l e  c r y s t a l s  
t h r e e  r e l a x a t i o n  peaks, superimposed on to  a l ow  f requency background, 
were observed. 
The f i r s t  peak corresponds t o  t h e  m i g r a t i o n  o f  geometr ica l  k i n k s  vihich 
leads t o  a  r a t h e r  h i g h  m i g r a t i o n  energy Y. o f  1.5 eV.The secondonecor -  
responds t o  a  complex mechanism invo lv in 'a  n u c l e a t i o n  and m i g r a t i o n  o f  
i n t e r a c t i n g  k i n k s  on s t r a i g h t  d i s l o c a t i o n  segments. From t h e  measured 
a c t i v a t i o n  energy (Wm + 1/2 FDK = 1.95 eV), we o b t a i n  a  k i n k  f o rma t i on  
energy o f  0.9 eV, lower  than t n e  m i g r a t i o n  energy. The t h i r d  peak co r -  
responds t o  t h e  a c t i v a t i o n  and t h e  m i g r a t i o n  o f  non i n t e r a c t i n g  k i nks ,  
on segments c o n t a i n i n g  weak obstac les ,  i d e n t i f i e d  as boron atoms i n  
doped specimens. The a c t i v a t i o n  energy (2.4 eV) corresponds t o  t h e  sun 
o f  t h e  m i g r a t i o n  and n u c l e a t i o n  energ ies .  
As regards  t h e  l ow  f requency background, i t  i s  a t t r i b u t e d  t o  
t h e  supplementary g l i d e  induced by k i n k  a b s o r p t i o n  a t  t r i p l e  nodes. 

Resume 
L a i l i t 6  des d i s l o c a t i o n s  dans l e  s i l i c i u m  m o n o c r i s t a l l i n  a  e t e  
e tud iee  Dar f r o t t e m e n t  i n t e r i e u r  en balavaae de freauence. T r o i s  ~ i c s  
de r e l a x i t i o n  superposPs ii un fond  de bass; frequende o n t  6 t 6  observ6s 
su r  des e c h a n t i l l o n s  prealablement deform&. 
Le ~ r e m i e r  ~ i c  a  e tP  a t t r i b u e  8 l a  m i g r a t i o n  des decrochements 
g ~ o m e t r i q u e s  'avec une Cnergie W de 1,5 ;v. Le second, d ' e n e r g i e  
d ' a c t i v a t i o n  1.95 eV, a  e t 6  r a t 4 c h e  ii l a  c r e a t i o n  e t  B 1  ' i n t e r a c t i o n  
e n t r e  decrochements thermiques ; l ' e n e r g i e  de fo rma t i on  FDK dedu i t e  
e s t  de 0,9 eV. Le t r o i s i e m e  p i c ,  d l @ n e r g i e  2,4 eV a  e t 6  assoc ie  au 
nouvement des decrochements thermiques dans un champ d ' impure tes  
i d e n t i f i e s  aux atomes de dopant. 
Le f ond  de basse f requence p r o v i e n t  de l ' a b s o r p t i o n  des decrochements 
aux noeuds du reseau. 

I n t r o d u c t i o n  

Due t o  t h e  h i g h P e i e r l s p o t e n t i a l s e x i s t i n g i n  cova len t  m a t e r i a l s ,  doub le-k ink  f o rma t i on  

r e l a x a t i o n  i s  expected t o  occur  a t  v e r y  h i g h  temperatures.  Furthermore, recen t  

i n v e s t i g a t i o n s  i n  p l a s t i c i t y  /1,2,3/ have shown t h a t  t h e  k i n k  migra ' ion  energy i s  

much h ighe r  than p r e d i c t e d  by p rev ious  i n t e r n a l  f r i c t i o n  measurements /4,5/ a t  low 

o r  medium temperatures.  

However h i g h  temperature  r e s u l t s  /6,7,8/ i n  Ge d i d  no t  r e v e a l  any i n t r i n s l - c  

d i s l o c a t i o n  r e l a x a t i o n  b u t  an i nc rease  o f  t h e  background damping w i t h  t h e  tempera- 
t u r e .  The f requency range used i n  conven t i ona l  i n t e r n a l  f r i c t i o n  t e s t s  does no t  pe rm i t  
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one t o  reach t h e  h i g h  temperature  range where r e l a x a t i o n  i s  expected t o  occur.  

I n  t h e  present  work, an apparatus a l l o w i n g  i so the rma l  i n t e r n a l  f r i c t i o n  measurements 

a t  ve ry  l ow  f requenc ies ,  f i t  f o r  t h e  s tudy o f  h i g h  a c t i v a t i o n  energy r e l a x a t i o n  

e f fec ts ,  was used. 

Exper imental  c o n d i t i o n s  

FZ WAZO s i l i c o n  s i n g l e  c r y s t a l  w i t h  boron and phosphorus dop ing were used. B locks  
3  (20 x  6  x  6  mm ) were deformed by compression a long t h e  main ax is .  Due t o  t h e  s t r a i n  

ra te ,  t h e  temperature  and t h e  c r y s t a l  o r i e n t a t i o n ,  d i f f e r e n t  m i c r o s t r u c t u r e s  were 

obta ined.  

TABLE 1 

Def o r -  

mat i  on 

1  

2  

3 

4  

5  

6  

7  

I n t e r n a l  f r i c t i o n  specimens were c u t  f r om t h e  p r e s t r a i n e d  b locks  a long t h e  main 

ax is .  Specimens were then mechan ica l ly  p o l i s h e d  t o  remove su r face  d i s l o c a t i o n  

sources. 

The exper imenta l  i n t e r n a l  f r i c t i o n  arrangement a1 l ow ing  measurements i n  a  wide 

f requency and temperature  range, on b r i t t l e  specimens, has been desc r i bed  elsewhere 

/ l o / .  Tests were performed under vacuum : 5 . 1 0 - ~  Tort-. 

E x p e r i m e n t a l r e s u l t s  

No d i s l o c a t i o n  r e l a x a t i o n  e f f e c t  was observed below 970 K, c o n f i r m i n g  t h a t  s i l i c o n  

p l a s t i c i t y  i s  n e g l i g i b l e  below 0.6 Tm. A l ow  f requency exponen t i a l  background 

appears about 970 K cor respond ing t o  t h e  h i g h  temperature  background p r e v i o u s l y  

observed i n  Si /11/ and Ge /5,6,7/. 

Doping 

a t .  /cm 3 

B 9 . 1 0 ' ~  

B 9 . 1 0 ' ~  

B 9 . 1 0 ' ~  

B 9 . 1 0 ' ~  

P 1013 

P 6 . 1 0 ' ~  

P 6 . 1 0 ' ~  

S t r a i n  

% ( s tage )  

0.4 ( I )  

1.4 ( I )  

1.2 ( I )  

i ndetermi ned 

" i n  s i t u "  

3.4 (11)  

2.7 (11 )  

4.0 (11 )  

Compression 

a x i s  

[ 1 i 0  ] 

1 i 0  ] 

[ 1 i 0 ]  

[ 1  70 ] 

[ 231 ] 
[ 231 ] 

[ 231 ] 

Tempera- 

t u r e  (K) 

1320 

1050 

1150 

+ 820 

1220 

1220 

1220 

Etch p i t  

obse rva t i on  /9/ 

D i s l o c a t i o n  bands 
7  10 < p < 5 . 1 0 ~ c m - ~  

Homogeneous s t r u c t u r e  
6  -2 

0 = 4.10 cm 

D i s l o c a t i o n  bands 

= 3 . 1 0 ~  cm-2 

Very inhomogeneous 

I n e f f e c t i v e  
7 -2 2  < p < 4.10 cm 

7 2.10 < p < 1 0 ~ c m - ~  



A d d i t i o n a l  r e1  a x a t i o n  e f f e c t s  are  a1 so observed i n  c e r t a i n  cases, depending on 

deformat ion  and doping c o n d i t i o n s .  

a )  Low frequency background a n a l y s i s  

Exper imental  spect ra ,  s i m i l a r  t o  t h a t  shown i n  Fig.1,  have been brought  ou t  

accord ing t o  t h e  f o l l o w i n g  s teps : 

a-1) Log ( Q - I  - Q:) has been p l o t t e d  versus l o g ( w )  (F ig .2)  ( w  be ing  t h e  v i b r a t i o n  

angu lar  f requency and Q: t h e  background o f  t h e  appara tus) .  When no r e l a x a t i o n  peak 

occurs, t h e  background i s  a  s t r a i g h t  l i n e  which can be a c c u r a t e l y  ob ta ined  : 

Log = Log A(T1 - a ( T I  l o g  (* 

a-2) The background cor respond ing t o  l o g  w = 0, versus t h e  i n v e r s e  abso lu te  

temperature (Fig.31, i s  a l s o  l i n e a r  : 

A ~ o g ( ~ ; l  i 
h ( l / T )  = - 

; HA be ing t h e  apparent a c t i v a t i o n  energy. 

a-31 From F ig .2  i t  i s  shown t h a t  : 

A ( l o g  Qi l )  

a = A ( l o g  w )  = - 0 T + y  ; B and y cons tan t  parameters. 

These d i f f e r e n t  s teps l e a d  t o  t h e  f i n a l  express ion f o r  t h e  background : 

According t o  SCHOECK e t  a1 ./12/, t h e  t r u e  a c t i v a t i o n  energy assoc ia ted w i t h  t h e  
1  background i s  : HF = -H  
Y A  

The HF,B and y parameters a r e  very  s e n s i t i v e  t o  t h e  m i c r o s t r u c t u r e  o f  t h e  specimens 

and a re  l i s t e d  i n  Table 11, f o r  t h e  d i f f e r e n t  deformat ions .  

TABLE I 1  - Background parameters 

Deformat ion  

1  

2  

3  

5 

6  

7  

b )  Re laxa t i on  peaks 

Re laxa t i on  peaks a re  ob ta ined  a f t e r  removing t h e  l ow  f requency background. However 

these peaks a re  c l e a r l y  d e f i n e d  o n l y  i n  p r e s t r a i n e d  specimens o f  p type.  

- 3  -1 B (10 K ) 

0.86 

0.26 

0.26 

0.70 

0.49 

0.34 

Y 

1.54 

0.53 

0.54 

1.11 

0.86 

0.77 

HF (eV) 

1.54 

1.74 

1.86 

1.93 

1.90 

1.86 
1 
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I n  t h a t  case t h r e e  w e l l  de f i ned  peaks cou ld  be analyzed, whose ex i s tence  depends on 

t h e  deformat ion cond i t i ons .  The cor responding r e l a x a t i o n  parameters are  l i s t e d  i n  

t a b l e  111. 

TABLE I 1 1  - Re laxa t i on  parameters f o r  PI, P2 and Pj peaks 

- 
Peak 

P1 

P2 

P3 

From these r e s u l t s ,  i t  i s  c l e a r  t h a t  PI peak i s  present  i n  a l l  specimens 

p r e s t r a i n e d  a t  temperatures beyond 0.6Tm. The a c t i v a t i o n  energy and t h e  l i m i t  

r e l a x a t i o n  t ime a re  found i n s e n s i t i v e  t o  t h e  d i s l o c a t i o n  m ic ros t ruc tu re .  

P J  peak appears o n l y  a f t e r  t h e  specimens have been s t r a i n e d  a t  low temperature. 

Conversely P2 peak i s  observed o n l y  a f t e r  h i g h  temperature deformat ion.  An i nc rease  

o f  t h e  r e l a x a t i o n  s t reng ths  w i t h  temperature i s  a l so  observed. 

Di scuss ion 

These t h r e e  peaks can be assoc ia ted w i t h  t h r e e  d i f f e r e n t  d i s l o c a t i o n  g l i d e  

mechanisms, assuming t h e  f o l l o w i n g  p o i n t s  : 

-geometr ica l  k i n k s  a re  abrupt  /13/ and t h e  k i n k  m i g r a t i o n  i s  t h e r m a l l y  a c t i v a t e d  

when : WM > kT, WM be ing t h e  k i n k  m i g r a t i o n  energy, t h e  d i s l o c a t i o n  v e l o c i t y  g iven 

by vd = vk Ck h  w i t h  C k  : k i n k  d e n s i t y  per  u n i t  l e n g t h  IVk : k i n k  v e l o c i t y  

T ( 5 )  
0 

1.3 x  10- lo  

0.7 x  10- lo  

0.8 x  lo- ' '  

2.0 x  lo- '  

1.2 x  lo- '  

F i g u r e  

F ig .4  

Fig.5 

F ig .6  

- t h e  g l i d e  o f  s t r a i g h t  segments, p a r a l l e l  t o  t h e  P e i e r l s  v a l l e y s ,  occurs through 

thermal doub le-k ink  n u c l e a t i o n  and m i g r a t i o n  enhanced by t h e  app l i ed  s t r e s s  /14/. 

Deformat ion 

1  

2  

4  

1  

3  

Fo l l ow ing  t h e  proposed model /13/, two cases must be d i s t i n g u i s h e d  : 

H 
Pev 

2.36 

2.39 

2.38 

1.50 

1.95 

Ein.stein r e l a t i ~ n : ~  
vD a  bh -WM/kT abh 

vk = e  ( 0  - E / ~ J )  ; where L v = - 
k T 6 J i s  t he  r e s t o r i n g  s t r e s s  

2 

[ < L C  v d = J h L  

L > LC vd =fi h 

L : segment l e n g t h  

J  : nuc lea t i on  r a t e  

LC = 2X where X i s  t h e  s imple  k i n k  mean f r e e  pa th  

h  : d i s tance  between P e i e r l s  v a l l e y s  

FDK: doubl e-k ink  fo rma t ion  energy 

I n  t h e  case o f  a  low ampl i tude app l i ed  s t ress ,  vk cou ld  be determined by t h e  



P2 peak can beassoc ia ted  w i t h  t h e  r e l a x a t i o n  o f  m i s o r i e n t e d  segments produced d u r i n g  

t h e  h i g h  temperature  deformat ion .  

The a n e l a s t i c  component i s  t hen  expressed as : 

where p2 i s  t h e  e f f e c t i v e  d e n s i t y  o f  a c t i v e  segments. 

The a c t i v a t i o n  energy can be i d e n t i f i e d  as WM = 1.5 eV. 

P1 and P3 peaks assoc ia ted  w i t h  a c t i v a t i o n  energ ies  g r e a t e r  t han  WM, a r i s e  f rom 

g l i d e  mechanisms i n v o l v i n g  doub le-k ink  n u c l e a t i o n  on s t r a i g h t  segments. 

P3 peak i s  c o r r e l a t e d  t o  i m p u r i t y  f r e e  segments developed d u r i n g  t h e  l ow  

temperature deformat ion .  I n  t h a t  case t h e  k i n k s  can i n t e r a c t ,  and t h e  d i s l o c a t i o n  
h -FDK/2kT 

v e l o c i t y  i s  g i ven  by vd = fi h = e vk 

I n  con t ras t ,  P1 peak i s  observed when weak obs tac les  on t h e  d i s l o c a t i o n  l i n e  i n h i b i t  

s i n g l e  k i n k  m ig ra t i on .  They a r e  i d e n t i f i e d  as boron atoms, whose mean sepa ra t i on  !?, 

i s  l e s s  t han  LC f o r  t h e  exper imenta l  c o n d i t i o n s  (!?, = 3.10-' pm). An o b s t a c l e  i s  

overcome when i t  i s  reached by two success ive  k i n k s  d r i f t i n g  f r om oppos i t e  

d i r e c t i o n s  . The whole d i s l o c a t i o n  v e l o c i t y  i s  then equal  t o  t h e  f r e e  segment 

component v e l o c i t y  : vd = J h & =  (&/h)exp (-FDK/k:) v k .  

These r e s u l t s  a r e  summarized i n  t a b l e  I V .  

TABLE I V  

P2 

'1 

P3 

The background energy has been found between WM and WM + FDK/2 ; we propose t o  

connect i t  t o  t h e  abso rb t i on  o f  k i n k s  a t  extended nodes, i n d u c i n g  a supplementary 

non r e v e r s i b l e  g l i d e  mot ion .  
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Fig.1- Damping curves F ig .2  - De te rm ina t i on  F ig .3  - Determi n a t i o n  
Si p (B)  1.2 % s t r a i n e d  o f  t h e  low f requency o f  A (T )  f o r  l o g  = 0 
a t  1150 then 820 K. background f rom F ig .1 .  (see t e x t ) .  

F ig .4  - Peak 1. F ig .5  - Peak 2 
S i  p(B) 0.4 % 

s t r a i n e d  a t  1320 K .  

F i g .  6 - Peak 3 
Si p (B )  1.2 % s t r a i n e d  a t  
1150 then 820 K. 


