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COLLOQUE DE PHYSIQUE 
Colloque Cl, supplbment au nal, Tome 51, janvier 1990 

ANALYSIS OF STRUCTURES OF SYMMETRICAL [001] TILT GRAIN BOUNDARIES IN SILICON 
AND GERMANIUM 

J.-L. ROUVIERE and A. BOURRET 

Departement de Recherche Fondamentale, Service de Physique, CENG 8 5 ~ ,  
F - 3 8 0 4 1  Grenoble Cedex, France 

Resume - A p a r t i r  de r e s u l t a t s  exper imentaux obtenus p a r  Microscop ie  E lec t ron ique  
Haute Reso lu t i on  e t  r e l a x a t i o n  numerique s u r  l e s  j o i n t s  Z=5, 2 ~ 6 5 ,  2=13, Z=25 e t  
2=41, une ana lyse de l a  s t r u c t u r e  des j o i n t s  de g r a i n s  de f l e x i o n  d 'axe [OOl] dans l e  
s i l  i c i u m  e t  l e  germanium e s t  r e a l  i see .  Le modele habi  t u e l  des u n i t e s  s t r u c t u r a l e s  
(Sut ton)  se r e v h l e  i n s u f f i s a n t  pour  e x p l i q u e r  tous  l e s  r e s u l t a t s  experimentaux 
obtenus dans ces mater iaux .  T o u t e f o i s  l e  concept d ' u n i t e  s t r u c t u r a l e - d i s l o c a t i o n  
employ6 d'une facon p l u s  genera le  permet de de te rm ine r  e t  d ' ana l yse r  l e s  nouveaux 
modeles exper imentalement observes. 

A b s t r a c t  - Us ing exper imenta l  r e s u l t s  ob ta ined  by H igh Reso lu t i on  E l e c t r o n  Microscopy 
(HREM) and numerical  r e l a x a t i o n  on Z=5, E=65, 2=13, 2=25 and 2=41 g r a i n  boundar ies i n  
s i l i c o n  and germanium, an a n a l y s i s  o f  t h e  s t r u c t u r e s  o f  t h e  symmetr ical  [001] t i l t  
g r a i n  boundar ies i s  presented. The l i m i t a t i o n  o f  t h e  usual  s t r u c t u r a l  u n i t  model 
(SUM) when a p p l i e d  t o  t h i s  m a t e r i a l  i s  shown. However, t h e  e f f i c i e n c y  o f  t h e  concept 
o f  s t r u c t u r a l  u n i t - d i s l o c a t i o n  i n  de te rm in ing  and ana l ys ing  new complex s t r u c t u r e s  i s  
demonstrated. 

1  - INTRODUCTION 

The f i r s t  models o f  t h e  symmetr ical  [OOl] t i lt g r a i n  boundar ies (GBs) were b u i l t  by Horns t ra  
us ing  c o r e  d i s l o c a t i o n  n o t i o n s  /l/. But t h e  most power fu l  fo rmal  i sm t o c o n s t r u c t  and propose 
t h e  most probab le  s t r u c t u r e s  i s  t h e  s t r u c t u r a l  u n i t  model (SUM) f o r m a l i z e d  by Sut ton and 
V i t e k  i n  m e t a l l i c  GBs /2/ and a p p l i e d  i n  semiconductors by Kohyama /3/. Exper ience and ener-  
gy c a l c u l a t i o n s  a r e  t h e  two t o o l s  t o  check t h e  p r o p o s i t i o n s  o f  t h e  SUM. The energ ies  o f  
severa l  GBs have been c a l c u l a t e d  /3,4,5,6/. U n t i l  r e c e n t l y ,  few exper imenta l  r e s u l t s  were 
ob ta ined  on t o o l >  t i l t  GBs /7,8/. However, r e c e n t l y ,  t h e  a v a i l a b i l i t y  o f  new performant 
microscopes (JEOL 400KV) has pe rm i t t ed  t o  determine t h e  exact  s t r u c t u r e  o f  severa l  [ O O I ]  
t i l t  GBs /4,5,6/. New s t r u c t u r e s  were observed, showing t h e  l i m i t a t i o n s  o f  t h e  SUM. Two 
comp l i ca t i ons  can l i m i t  t h e  use of t h e  SUM i n  r e a l  s t r u c t u r e s  : 
i )  some p a r t i c u l a r  b o r d e r i n g  c o n d i t i o n s  l i k e  e x t e r n a l  a p p l i e d  s t resses  o r  boundary f a c e t t i n g  
ii) t h e  e f f e c t  o f  temperature  through t h e  en t ropy  terms. 

I n  t h i s  paper, we summarize t h e  recen t  exper imenta l  r e s u l t s  /4,5,6/ and p resen t  a  forma- 
l ism t h a t ,  u s i n g  t h e  n o t i o n s  o f  s t r u c t u r a l  u n i t  (SU) and d i s l o c a t i o n ,  pe rm i t s  t o  cons t ruc t  
and ana lyse a l l  t h e  observed s t r u c t u r e s .  References t o  Su t ton ' s  concepts /2/ i s  o f t e n  made. 

2  - GEOMETRICAL DESCRIPTION OF SYMMETRICAL r O O l l  TILT GRAIN BOUNDARY 

As a l ready  done by Kohyama /3/ a  symmetr ical  [ O O l ]  t i l t  g r a i n  boundary can be represented by 
two i n t e g e r s  k  and k,. Such a  r e p r e s e n t a t i o n  i s  ve ry  conven ient  because i t  sums up i n  a  few 
formulas  a l l  t h e  cases. I n  t h i s  paper we w i l l  adopt a  s l i g h t l y  d i f f e r e n t  n o t a t i o n  t h a t  seems 
more adapted when r e f e r r i n g  t o  t h e  diamond c e l l .  We dec ide t o  rep resen t  by t h e  couple 
(k,,k,)(where k, and k, a re  non zero  i n t e g e r s  w i t h  no common i n t e g e r  f a c t o r )  t h e  symmetrical 

[001] t i l t  g r a i n  boundary hav ing f o r  boundary p lane normal t h e  v e c t o r  : [E1= [k, ,kz,o], l 
l 

( coo rd ina tes  w r i t t e n  i n  t h e  bas i s  cons t ruc ted  on t h e  diamond c e l l  o f  t h e  c r y s t a l  1 ) .  ~h : !  
i h e o r e t i c a l  p e r i o d i c i t y  o f  t h e  i n t e r f a c e  i n  a  d i r e c t i o n  pe rpend i cu la r  t o  t h e  t i l t  a x i s  i s  
d, = a[-k,, k, ,O], where a i s  equal  t o  1/2 i f  k, and k, a re  odd and equal  t o  1 i f  they  have n o t  - .  . 
t h e  same p a r i t y .  I f  (k; ,k l )  represents  ~ohyama 's  n o t a t i o n s  we have k; =a(k,+k,), k;=a(k -k, ) .  

The Co inc iden t  S i t e  ~ a t t i c e  has a  t e t r a g o n a l  centered c e l l  hav ing f o r  gene ra to r  vec tors  : 
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Table I - S ing le  p e r i o d i c i t y  a, i n  c r y s t a l  2  coordinates (-dl =a[-k,, k, ,0]) and BVs g associa- 
t e d  wi'th a, and r e s p e c t i v e l y  w i t h  the fou r  r o t a t i o n s  of angles e '  equal t o  8 ,8 -~ /2 ,8+~ /2 ,8+~ .  

z=1/2[k l  ,k2,01 z=1 /2 [ -k2  ,kl , O l  ~ = [ 0 , 0 , 1 1  i f  k,and k,are odd (a=1/2) 
-+c 

z=1 /2 [k1  tk, ,-k, tk, ,0] y2=1/2[kl -k2,  k, tk, ,0] 3= [0 ,0 ,  l] otherwise (a= l )  
The t h e o r e t i c a l  rectangular  c e l l  o f  the boundary i s  then p r i m i t i v e  when k, and k, are odd 
( i n t e r f a c e  on a  face o f  the  CSL c e l l )  and centered otherwise ( i n t e r f a c e  on a  diagonal).  The 
X-value i s  g iven by Z = a(k: t k:). The desor ientat ion between the two c r y s t a l s  can be 
represented by a  r o t a t i o n  R, having f o r  ax is  t h e  common d i r e c t i o n  [001] and f o r  angle e  : 
co t (e l2 )  = k,/k2. The m a t r i x  o f  t h i s  r o t a t i o n  i s  : 

/ \ 

1 
Re= - 

k t t  k: 
\ 

An important vector  f o r  the boundary i s  the Burgers vector  (BV) associated w i t h  the 
t h e o r e t i c a l  p e r i o d i c i t y  a, and the  r o t a t i o n  R,. Th is  Burgers vector  can be determined gra-  
p h i c a l l y  w i t h  Burgers c i r c u i t s  (FSRH i n  the  reference l a t t i c e ,  the p o s i t i v e  sense o f  the 
d i s l o c a t i o n  l i n e  beeing the  [ O O l ]  p o s i t i v e  d i r e c t i o n )  o r  numer ica l ly  using the  equation /g/: 

-B 

b  = (nkl - I )  = a2-al 1. a,= %l 2, represents the p e r i o d i c i t y  o f  the  i n t e r f a c e  perpen- 

c i c u l a r  t o  the  tilt a x i s  w r i t t e n  i n  the coordinates o f  the c r y s t a l  2  t o p o l o g i c a l l y  equiva- 
l e n t  t o  t h e  c r y s t a l  1. I f  we r e s t r i c t  t o  [001] ro ta t ions ,  the same i n t e r f a c e  has four  
d i f f e r e n t  BVs ( t a b l e  I). The one t o  se lect ,  which we w i l l  c a l l  the Burgers vector o f  the 
i n t e r f a c e  (BVI), i s  the one leading t o  the minimum o f  eqergy. 

I n  t h i s  paper we consider the d issoc ia t ion  o f  b  i n t o  two types o f  s t r u c t u r a l  u n i t -  
- d i s l o c a t i o n  (SUD) having d i s l o c a t i o n  l i n e s  along [001] and BVs equal t o  1/2<110>. When pro-  
jec ted  along the  [ O O l ]  axis,  these u n i t s  have a  tr igonal-pentagonal pa t te rn  ( f i g .  1). 
A-uni ts  represent the  cores o f  edge d is locat ions,  B  u n i t s  the  cores o f  45" d is loca t ions .  
Depending on the c h i r a l i t i e s  and the o r ien ta t ions  o f  these A  and B &nits,  16 d i f f e r e n t  SUDs 
can be determined ( f i g .  1) .  The B'O- u n i t  has a  BV equal t o  1/2[101], t h e  A'* u n i t  has a  BV 
o f  1/2[110] and a p o s i t i v e  c h i r a l i t y ,  whereas the A+-' has the same BV b u t  a  negative c h i r a -  
l i t y .  By decom osing the  BVs <loo> and <110> i n t o  two SUDs o f  A  o r  B  type and by applying an P energeticall b  c r i t e r i u m  we ob ta in  the minimum energy r o t a t i o n  ( t a b l e  11) and thus the BVI 
( t a b l e  I )  ( t h i s  i s  a  "genera l isat ion"  o f  the r e s u l t s  o f  / l / ) .  

Due t o  the  symmetry o f  the mate r ia l ,  a l l  k inds o f  symmetrical <001> ti lt GBs are descr i -  
bed on ly  once i f  we r e s t r i c t  k, and k, t o  the values : k  >k,>O. I f  we do so, we f i n d  a  
s ingu la r  va lue a t  3kl=k1 and two domains : k,>3k2 and kldk2. Most o f  the experimental 
r e s u l t s  have been obtalned f o r  the  f i r s t  domain. 

k:- k: -2k1k2 0  

2k1k2 k f - k :  0  

angle 8 '  

c o t  e  

a, 
-3 

b  = 4- 3, 

Table I1 - Minimun energy r o t a t i o n  associated w i t h  a  "(k, , k,) symmetrical (001) in ter face" .  
The two l a s t  columns g i v e  the  numbers of per fect  u n i t s  P and groups o f  A-A ( o r  B-B) u n i t s  i n  
the  simple models coming from the  SUM. The BVI can be deduced from t a b l e  I. 

[ 
I n  t h a t  case the median plane o f  the  

GB i s  ( loo) ,  but  o ther  r o t a t i o n s  may 
be more j u d i c i o u s l y  chosen. 

8-n/2 

(k,+k,)/(-kl+k2) 

a[-k, ,k2 ,012 

a - k l ) [ l , 1 O ]  

8  

k1 / k ~  

d k z  ,kl ,012 

2ak2[1,0,0] 

0  0  k f t  kg 
1 

A-A u n i t s  

12ak21 

l 

12akll 

a ( l k 2  l - l k ,  I )  
,, 

{ 
i f  lk, 1213k2 l then 

* Ik , I> lk , I  i f  lk,1<13k,1 then ifk,k,>O 
i f  k,k,<O 

i f  13k1 I ~ l k ,  l then 

i f  t3k1 l>lk2 l then i f  kl k2>0 
i f  k,k,<O 

et1~/2 

(kl -k,)/(k,+k, ) 

cr[kl ,-k, ,012 

a(k1+k2) [ l , i ,0 ]  

8 t v  

- k,/k, 

a[-k2 ,-k, ,O I2  

-2ak1 [0,1,0] ' 

r o t a t i o n  

e9=e 
e'=e-n/2 
e9=etn/2 

~*=FJ+V 
8'=8-n/2 
13'=et~/2 

P u n i t s  

2a(lkll-13k21) 

2 a ( 1 3 k 2 1 - l k l l ) a ( l k l l - l k z l )  
)l . 

2a(lk21-13kll) 

2a(13kl I- lk, l) 
I, 
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Fig. 1 - Schemes o f  the  (001) p r o j e c t i o n  o f  e i g h t  o f  the  s t r u c t u r a l  un i t -d i s loca t ion$  o f  A 
and B  type w i t h  t h e i r  names ( f o r  instance A+-' , see t e x t  f o r  no ta t ion )  and t h e i r  BVs b. The 
l i n e s  represent bonds between atoms. Every atom i s  te t racoord inated.  The notat ions i n  
brackets design the u n i t s  having s i m i l a r  p ro jec t ions  but  opposite c h i r a l  i t i e s .  

3  - SUMMARY AND COMMENTS OF EXPERIMENTAL RESULTS 

3.1 - The s ingu la r  value (k,,k,)=(3,1) : )3=5(310), a  favoured boundary 

Two minimum energy r o t a t i o n s  can be a ~ s o c i a t e d  t o  t h i s  i n t e r f a c e  ( t a b l e  11). The r o t a t i o n  
w i t h  angle 8'=8=36.37" g ives a  BVI b=[100] t h a t  can be decomposed i n t o  two A  u n i t s  
(A" and A'- ) o r  two B u n i t s  (B+O+ and B'O- ). These two decompositions lead t o  the respec- 
t i v g  models Z and S  ( f i g .  2b). The second r o t a t i o n  8'=6-n/2=-53.63" gives a  Burger vector 
[l 1 O] t h a t  can on ly  be decomposed i n t o  two A s -  un i ts .  Depending on how these two u n i t s  are 
arranged ( l i n e a r l y  o r  i n  a  zigzag manner) we obta in the  two previous models S  and Z ( f i g .  
2 b ) .  So t h e  two d i f f e r e n t  r o t a t i o n s  lead  t o  the  same s t ruc tu res .  

Experimental ly,  o n l y  the  Z s t r u c t u r e  has been observed /4,7/ ( f i g  2a). S t a t i c s  energy 
ca lcu la t ions  /3,4/ a l so  show t h a t  t h i s  model has an energy lower  than the  S  model ( f i g .  3c).  
So a t  f i r s t  on ly  t h i s  Z model w i l l  have t o  be considered i n  the SUM. 

Fig. 2  a) S imulat ion o f  the Z=5(310) GB superposed on the  experimental image (defocus -42nm, 
thickness 7nm). Each spot represents a  tunnel,  the b i g  ones are the  pentagonal tunnels o f  
the Z model. b) (001) p r o j e c t i o n  o f  the Z model analysed i n  term o f  A'- -A"units i n  the bo t -  
tom l e f t  scheme ( r o t a t i o n  8 )  and i n  term o f  A-' -A'- u n i t s  i n  the  bottom r i g h t  one ( r o t a t i o n  
6-n/2). c) (001) p r o j e c t i o n  o f  the S model analysed i n  term o f  B'O' - V 0 *  u n i t s  i n  the  bottom 
l e f t  scheme ( r o t a t i o n  6) and i n  term o f  A" -A-- u n i t s  i n  the bottom r i g h t  one ( r o t a t i o n  
6-n/2). The f igu res  i n  the c i r c l e s  gives the heights  o f  the  atomic s i t e s  i n  u n i t s  o f  a[001]. 
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3.2 - The range k, 2 3k, > 0  : 0 ,< 8'=8 ,i 36.87" 

These in te r faces  having a desor ientat ion between z=5 (310) and the p e r f e c t  c r y s t a l  z = l  com- 
posed o f  square shape P un i t s ,  the models constructed w i t h  the  SUM w i l l  have A+- , A++ and P 
u n i t s  /2/. The decomposition o f  BVI ind ica tes  t h a t  a t  l e a s t  2uk, groups o f  A++ -A+- u n i t s  are 
necessary per  per iod  d, ( t a b l e  11). I n  order t o  keep the i n t e r f a c e  as p lanar  as poss ib le  i t  
i s  necessary t o  arrange the A u n i t s  i n  a zigzag manner l i k e  i n  the Z model. As a zigzag 
A++ -A+- grouping covers a d is tance equal t o  1/2[130] and t h a t  a  P u n i t  "measures" 1/2 [ O l O ] ,  
2a(k,-3k,) P u n i t s  ( t a b l e  11) are necessary f o r  covering the whole d is tance a,. Several mo- 
de ls  can be b u i l t  w i t h  these u n i t s .  The SUM t r i e s  t o  p r e d i c t  the lowest energy s t ruc tu re  
w i t h  the  p r i n c i p l e  o f  c o n t i n u i t y  (PC) /2/. This PC comes down t o  a l t e r n a t i n g  more o f ten  and 
more r e g u l a r l y  the SUS. I n  our case t h e  f a c t s  t h a t  A" and A'- are no t  s t r i c t l y  equivalent 
and t h a t  A++ -A+- groupings may be favoured complicate the PC. 

3.2.1 A non-favoured GB near lv  i n  asreement w i t h  the  ~ r i n c i ~ l e  o f  c o n t i n u i t y  : Z=65 (11 3 0) 
This  i n t e r f a c e  i s  character ised by k , = l l  and k,=3 (a=1/2). The minimum energy r o t a t i o n  
(e'=e=30.57') def ines a BVI b=3[100] . A s ing le  p e r i o d i c i t y  o f  the GB conta ins 3 groups o f  
A++ -A+- u n i t s  and two P u n i t s  ( t a b l e  11). The PC fgvors the  Z , model, whereas a mixture of 
PC and p a i r  associat ion would p r e f e r  the  Z,,, model ( f i g .  3)'. I n  fact ,  some periods o f  the 
two l a s t  models have been experimental ly observed. I t  i s  i n t e r e s t i n g  t o  note t h a t  the ener- 
g ies  o f  these two models are very s i m i l a r  and lower than any other  ones. There i s  a  competi- 
t i o n  between a pure PC and an adapted PC tak ing  i n t o  account the A++ -A" groupings. 

3.2.2 Breakdowns i n  the  SUM : z=13 (510), Z=25 (710), 2=41 (910) 
The simple models ( f i g .  3b) coming from the  SUM and conta in ing a minimum o f  two SUS per 
per iod have n o t  been observed. 

For the Z=13 (510) in ter face,  we main ly  found two d i f f e r e n t  s t ruc tu res  /4,5,6/. 
The f i r s t  one ( f i g .  4 )  contains s i x  SUDS per per iod and was only  observed over shor t  d i s -  
tances and associated w i t h  an asymmetrical i n t e r f a c e  /4/. The use o f  SUDs eases the cons- 
t r u c t i o n  and the analys is  o f  such more "complex" models i .e .  models w i t h  more SUDs than the 
necessary minimum number. For instance, the f i g u r e  5b shows the  IH' model w i t h  th ree  SUDs. A 
few per iods o f  t h i s  s t ruc tu re  were observed i n  a very t h i n  reg ion o f  the  sample. On the 
other  hand, the  I model o f  f i g .  5d has a BVI [ l 011  whose screw component i s  incompatible 
w i t h  t a b l e  I, and i t  must be re jected.  Models w i t h  4 ,  5 . . . SUDS can be a lso  made ( f i g .  5c). 
The second (510) i n t e r f a c e  i s  more complicate ( f i g .  5a). The v a r i a b i l i t y  o f  the contrast  o f  
the HREM images o f  t h i s  i n t e r f a c e  observed i n  two perpendicular d i r e c t i o n s  /5/ reveals  t h a t  
t h i s  i n t e r f a c e  i s  no t  s t r i c t l y  per iod ic .  I t  i s  composed of a  s tab le  p a r t  p e r i o d i c a l l y  repea- 
ted  and o f  a  va r iab le  core where some atoms can have several s tab le  pos i t i ons .  It i s  worth 
no t ing  t h a t  t h i s  new k ind  o f  i n t e r f a c e  can be analysed as a mixture o f  per iods o f  pe r iod ic  
models which can be determined us ing SUDs. The main models involved i n  t h i s  e n t i r e l y  t e t r a -  
coordinated mixed model are the IH+ and IH-models /5/ ( f i g .  5c). 



The Z=25 (710) e'=16.26"and Z=41 (910) 8'=12.68' GBs were observed t o  have the same 
s t ruc tu re  as the p a r t i c u l a r  and new mixed model /4/ .  Instead o f  beeing un i fo rm ly  d i s t r i b u t e d  
among the  other  SUDS., the  P u n i t s  gather themselves r e s u l t i n g  i n  a l o c a l i s a t i o n  o f  a l l  the 
d is to rs ions  i n  a va r iab le  core region. 

F ia.  4 - Exoerimental ( a )  and simulated i b )  imaaes o f  a  Z=131510) GB (defocus -42nm. t h i c k -  
ness : 7nm,' t h e  tunnels are white, Ge). c) '~cheme o f  2  p e r i o i s  o i   the‘^ model corresponding 
t o  the a) and b) images. Bonds between atoms are drawn. A poss ib le  decomposition o f  a  per iod 
i n  term o f  SUDS i s  ind icated.  E, and E, are the Terso f f  and Keating energies i n  J/m2. 
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3.3 - The range 0  < k,& 3k, : -53.13's 8 '=  8 4 2  & 0"  

We i l l u s t r a t e  t h i s  domain w i t h  the  <320> i n t e r f a c e  which i s  the  on ly  GB o f  t h i s  domain we 
have exper imenta l ly  observed. S t a r t i n g  from the Z model which i n  t h i s  range must be decompo- 
sed i n t o  two A" u n i t s  arranged i n  a  zigzag manner, we ob ta in  from the SUM the  model Z;, o f  
f i gu re  3d. On the  con t ra ry  i f  the S  model i s  considered we form the S;,, model. ~eometFica1- 
l y  t h i s  l a s t  s t ruc tu re  has the advantages of beeing more p lanar  and o f  having the rea l  
p e r i o d i c i t y  o f  the CSL which i s  centered. Experimental ly i t  i s  t h i s  s t r u c t u r e  t h a t  we have 
observed on small <320> facets  o f  our (510) b i c r y s t a l .  I t s  energy i s  a lso  lower  ( f i g .  3d). 

4  - DISCUSSION AND CONCLUSION 

The SUM i s  a  powerful and simple t o o l  t h a t  permits t o  const ruct  some tet racoord inated models 
o f  any <001> t i l t GBs. The most l i k e l y  s t ructures could belong t o  these models, because they 
conta in a  minimum o f  SUDs per per iod and are then l i k e l y  t o  have the lowest energy. 

E f f e c t i v e l y  f o r  some GBs (E=65(11 3  0) and Z=13(320)) the s t ruc tu res  p red ic ted  by the SUM 
have been exper imenta l ly  observed and do have the lowest energy. The favoured Z=5 GB i s  a  
s ingu la r  value d e l i m i t i n g  two d i f f e r e n t  domains. For k , d k  , the models would be deduced 
from t h e  non-observed S  model . For k1>,3k2, they would p r e f e r  t o  come from the  Z model. 
However, i n  t h a t  l a s t  domain, the  p r i n c i p l e  o f  c o n t i n u i t y  could no t  be s t r i c t l y  used because 
the two A  u n i t s  o f  t h e  Z model are not  s t r i c t l y  the  same. 

But the  major p o i n t  i s  t h a t  i n  the  range k,>3k, the re  i s  a  domain where the  SUM i s  not  
appl icable. I f  the samples are pure enough t o  neglect  the segregation o f  i m p u r i t i e s  a t  the 
GBs, two p o i n t s  l i m i t  the  app l i ca t ion  o f  the  SUM i n  the case o f  r e a l  s t ruc tu res .  F i r s t l y ,  
p a r t i c u l a r  bordering condi t ions could favoured more complex ( i  .e. w i t h  more SUDs than the 
minimum number) per iod ic  s t ructures.  For instance the la rge  scale boundary f a c e t t i n g  cer-  
t a i n l y  s t a b i l i z e s  the  M s t ruc tu re  o f  f i gu re  4  /6,8/. I n  the case o f  <011> GBs, two s t ruc -  
tures o f  the  E=l1(233) GB have been observed /12/. One o f  them which was observed i n  a 
deformed b i c r y s t a l  i s  favoured by external  appl i e d  stresses. Second1 y,  entropy terms could 
s t a b i l i z e d  new st ructures.  This i s  the  case f o r  the  mixed models. The f a c t  t h a t  one o f  the 
d e l i m i t i n g  boundaries i s  the per fec t  c r y s t a l  i s  l i k e l y  t o  be important i n  these new kinds o f  
i n te r face .  The p e r f e c t  P  u n i t s  p r e f e r  t o  gather themselves p e r i o d i c a l l y  i n  order t o  form 
"vast" n e a r l y  undeformed s tab le  zones and t o  l o c a l i s e  a l l  the d is to rs ions  i n  a  va r iab le  core 
region. 

Even when t h e  SUM does n o t  work, a  method using the  concept o f  SUD can be appl ied t o  
b u i l d  the  observed st ructures.  I t  c o n s i s t s i n a ~ s o c i a t i n g  t o  every basic SU a  Burgers vector 
o f  the p e r f e c t  c r y s t a l  and forming what we c a l l  a  s t r u c t u r a l  u n i t  - d i s l o c a t i o n  (SUD). Two 
main steps are then needed t o  make a  model. F i r s t l y ,  the Burgers vector  o f  the i n t e r f a c e  
(BVI) must be decomposed i n t o  SUDs. Secondly, f o r  a  given decomposition t h e  d i f f e r e n t  SUDs 
are arranged and the model i s  completed w i t h  p e r f e c t  P  u n i t s .  As the BVI decomposition and 
the  SUD arrangements are no t  unique, numerous e n t i r e l y  te t racoord inated model S can be b u i l t .  
This method i s  no t  p red ic t i ve .  I t s  aim i s  t o  b u i l d  a l l  the poss ib le  models among which the 
experimental s t ructures w i l l  be found. The most l i k e l y  models are the ones proposed by the 
SUM because they have a  minimum o f  SUDs and f o l l o w  the  PC. The same formalism can be used t o  
const ruct  and analyse the asymmetrical [001] GBs. It could be adapted t o  others GBs. I n  the 
case o f  the  <011> ti lt GBp, as a  BV o f  the per fec t  c r y s t a l  cannot be assigned t o  every SU 
( f o r  instance the boat shape 6  atoms r i n g s  do n o t  de f ine  d i s l o c a t i o n  cores o f  the per fec t  
c r y s t a l )  the  formalism should be general ized in t roducing p a r t i a l  o r  "pseudo" d is loca t ions .  

Acknowledqements : We thank Dr  JJ Bacmann and h i s  group f o r  t h e i r  h e l p f u l  discussions and 
f o r  the  b i c r y s t a l s  they k i n d l y  gave us. 

/ l /  HORNSTRA, J., Physica 26 (1960) 198. 
/2/ SUTTON, A.P. and VITEK, V., P h i l .  Trans. R. Soc. A309 (1983) 1. 
/3/ KOHYAMA, M., Phys. S ta t .  Sol.  b  141 (1987) 71. 
/4/ BOURRET, A. and ROUVIERE, J.L., i n  P o l v c r v s t a l l i n e  Semiconductors e d i t e d  by M o l l e r  H.J., 

Strunk H.P. and Werner J.H., Springer-Verlag (1988) 8. 
/5/ ROUVIERE, J.L. and BOURRET, A., i n  P o l v c r v s t a l l i n e  Semiconductors e d i t e d  by M o l l e r  H.J., 

Strunk H. P. and Werner J.H., Springer-Verlag (1988) 19. 
/6/ ROUVIERE, J.L., thes is  Grenoble (1989). 
/7/ BACMANN, J.J., PAPON, A.M., PETIT, M. and SILVESTRE, G., P h i l .  Mag. A51 (1985) 697. 
/8/ D'ANTERROCHES,C. and BOURRET, A., P h i l .  Mag. A49 (1984) 71. 
/5/ BOLLMANN, W., Crvsta l  defects  and c r v s t a l l i n e  in ter faces,  Springer-Verlag B e r l i n  (1970). 
/10/ TERSOFF, J., J. Phys. Rev. 837 (1988) 6991. 
/11/ KEATING, P.N., Phys. Rev. 145 (1966) 674. 
/12/ PUTAUX, J.L. AND THIBAULT-DESSEAUX, J., t h i s  conference. 


