
Revista Brasileira de Fisica, Volume 13, no 1, 1983 

Interaction Between Dangling Bonds in Vacancy-Defects in Silicon 

M. J. CALDAS and A. FAZZIO 

Instituto de Física, Universidade de São Paulo, Caixa Postal 20.516, São Paulo, 01000, SP, Brasil 

Recebido em 21 de janeiro de 1983 

Abstract We rev iew t h e  "defect -molecule"  model i n  t h e  s i m p l e s t  scheme 
( w i t h o u t  c o n f i g u r a t i o n  i n t e r a c t i o n )  and e x p l o r e  the concept  o f  "de loca-  
l i z e d  dangl ing-bonds"  i n  t h e  s tudy  o f  t h e  i n c e r a c t i o n  between the  un- 
s a t u r a t e d  h y b r i d s  o f  t h e  mono and d ivacancy i n  s i l i c o n .  The "defect-mo- 
l e c u l e "  hami l t o n i a n  i s  w r i  t t e n  i n  p a r a m e t r i c  forrn, and t h e  parameters 
a r e  e x t r a c t e d  f rom f u l l  s e l f - c o n s i s t e n t  c a l c u l a t i o n s  f o r  b o t h  systems 
c a r r i e d  o u t  th rough  t h e  M S- X a  mo lecu la r  c l u s t e r  model. 

1. INTRODUCTION 

The " de fec t  molecule"  mo de^"^ has p layed  a  p i o n e e r i n g  r o l e  i n  

t h e  s tudy  o f  vacancy- type d e f e c t s  i n  c o v a l e n t  semiconductors3 and t h e  
4-10 

more modern m o l e c u l a r  c l u s t e r  models a r i s e d ,  i n  a  way, due t o  t h e  

p a r t i a 1  success t h e o l d e r m o d e l  ach ieved  in a  d i f f i c u l t  t h e o r e t i c a l  

f i e l d l l .  I n  t h e  o r i g i n a l  " d e f e c t  molecule"  model, t h e  s tudy  i s  r e s t r i c -  

t e d  t o  t h e  i n t e r a c t i o n s  between t h e  d a n g l i n g  bonds, w h i l e  t h e  back-bonds 

a r e  inc luded  a t  most as  f i x e d  charge d e n s i t i e s  ( i . e . ,  t h e y  do i:ot p a r t i -  

c i p a t e  i n  t h e  s e l f - c o n s i s t e n t  p rocedure ) .  For t h e  s i n g l e  vacancy, f o r  

i ns tance ,  one would s tudy  o n l y  t h e  i n t e r a c t i o n s  between t h e  h y b r i d s  a,, 

a,, a,, a,, as i n  F ig .1  i n  t h e  s i m p l e s t  scheme, and then one would as -  

semble t h e  spectrum o f  g l o b a l  s t a t e s  f o r  t h e  "molecule"  c o m p o s e d  o f  

these h y b r i d s .  

F i g . 1  - Scheme o f  t h e  d i r e c t i o n a l  d a n g l i n g  bonds i n  a s i n g l e  vacancy i n  

a  t e t r a h e d r a l  c r y s t a l .  
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instance, oiie would on l y  the i n te rac t i ons  between' the  hybr ids  a,, a2,a3 , 
a,, as i n  F ig .  1 i n  the s implest  scheme, and then one would assemble the  

spectrum o f  g loba l  s ta tes  f o r  the " ~ o l e c u l e ~ ~  composed o f  these hybr ids.  

Tht: defect-molecule model i s  subject  t o  severe r e s t r i c t i o n s ,  

the  f i r s t  bt:ing the f a c t  t h a t  the defect l eve l s  cannot be located r e l a -  

t i v e  t o  the band s t r u c t u r e  o f  the  c r y s t a l z S 3 .  Furthermore, as the  defect. 

i s  forced t o  an extreme degree o f  l oca l  i za t i on ,  the model tends t o  .su- 

perest imate many-electron e f f e c t s .  

On the o ther  hand va luab le  physical  i n s i g h t  can be gained from 

t h i s  s imp lemode l l i ng  o f  the  defec t .  Recently ~ a n n o o l *  int roduced the  

no t i on  o f  "delocal ized" dangl ing  bonds, i n  the sense t h a t  resu l  t s  from 

more sophisi:icated models, which r e a l l y  take i n t o  account the  i n t e r a c t -  

ion  d e f e c t - l a t t i c e ,  could be i n te rp re ted  w i t h i n  the  s i m p l i f i e d  de fec t-  

-moleculemodel. A m a j o r  advantagewould be t h a t ,  i f  f o r  a p a r t i c u l a r  

se t  o f  de fec ts  there  could be discovered a t rend f o r  the behavior o f  the 

dangl ing bonds, such an u n i f i e d  p i c t u r e  can be o f  great  value when s tu-  

dying problems o f  a more complex nature.  

2. SIMPLIFIEOi "DEFECTMOLECULES" FOR THE MONO AND DIVACANCY IN 
DIAMONDSTRUCTURE CRYSTALS 

I n  the one-electron approximation the i n t e r a c t i o n  m a t r i x  f o r  
I t h e d e f e c t r r ~ o l e c u l e i s b u i l t f r o m t h e  integrais (a2(Vlaj)= vij. For 

the s ing le  vacancy the l oca l  symmetry d i c t a t e s  t h a t  the i n te rac t i on  bet -  

ween any two hybr ids  has one and the same value:  (afIVlaj) = y, # i =  
= 1 .... 4 thus, 

Y O Y Y  v =  1 
Y Y O Y  

and we can e a s i l y  solve the  eigenvalue equat ion i n  terms o f  t h e  "para- 

meter" y us ing group theory,  n o t i n g  t h a t  the  representa t ion  formed by 

the fou r  hybr lds  can be reduced, w i t h i n  the  Td p o i n t  group, t o  IAI+IT2. 

Using the appropr ia te  t ransformat lons,  we ob ta in  



I = - (a, + a, + a, + a,) Ea = P + 3 Y  > mal * 
1 

not  i nc lud ing  the  over lap  i n t e g r a l s  i n  

comon term 4 comes from the diagonal 

( t he  hybr ids  degenerate energy before i 

(-al + a2 + a3 + a 4 ) 

(al - a2 + a3 + a2) 

(a, + a, - a, - a,) 
the normal iza t ion  o f  the mls.The 

elements o f  the secular  rnatr ix  

n te rac t i on )  and the  r e s u l t i n g  

l eve i  scheme i s  shown i n  F ig .  2 supposing Y < 0. 

Fig.2 - Scheme o f  the l eve l  s p l i t t i n g  f o r  the  "mo lecu l~ "  composed of the 

dangl ing bonds o f  the s i n g l e  vancancy. 

As the l eve l  s p l i t t i n g  i s  dependent on the i n t e r a c t i o n  energy 

between hybr i ds , - &al = A = .- 4y, we can nnw proceed t o  r e v e r t  the  

process: from a complete one-electron se l f - cons i s ten t  procedure inc lud-  

ing  d e f e c t - l a t t i c e  i n te rac t i on ,  we e x t r a c t  from the l eve l  s p l i t t i n g  the 

value o f  y f o r  "delocal ized" hybr ids .  

For the divacancy i n  diamond and s i  1 icon there  a re  s i x  dangl ing  

bonds, as i n  F ig .  3, and the l oca l  symmetry i s  D 
3d' 



Fig.3 - Scheme of the directional dangling bonds in a divacancy in a 

crystal of t:he diamond structure; the vacancy sites are the centers 

of the interpenetring cubes. 

The interaction between "nearest-neighbor" hybrids must also have the 

sarne value for any two hybrids, (a l  /V i a2 )  or ( a ;  (Via;) for example, 

and we will still cal1 it y. For "second-neighbor" hybrids, i.e.,neigh- 

bors across the divacancy (ai IV la ! ) ,  the local symmetry constrains 
3 

the interactions between an hybrid in one o f  the rnirror planes and the 

hybrids in the other two mirror planes to assume the same value, not 

necessarily equal to the interaction between hybrids in the same plane. 

Thus, in the notation of Fig. 3 

and the complete interaction rnatrix is 



According t o  the representat ions o f  the D3d p o i n t  group, the  

representa t ion  formed by these s i x  hybr ids  can be reduced t o  1A + 
19 + IAzu + 1E + lEu, and a f t e r  the  corresponding u n i t a r y  t ransformat ions 

g 
we o b t a i n  the so lu t i o r i  o f  the eigenvalue equat ion i n  terms o f  the para- 

meters Y ,  Y' and 1-i : 

1 
E = Q + 2 y  - 3y1(1+21-i) =-  (a, +a,  + a 3  - a i  - a: - a,) 

a2u "2u J6 

- (a, - a, + a; - a i )  i 

where.we again d i d  no t  inc lude the over lap  i n t e g r a l s  i n  the  normal iza-  

t i o n ,  and Q has the  same meaning. We no t  t h a t  s e t t i n g  1-i = 1 would re -  

su1.t i n  an acc identa l  degeneracy o f  the  e l eve l s .  

As for the  s ingle-vacancy, we can now o b t a i n  the magnitude o f  

the hybr ids  i n t e r a c t i o n s  from the leve1 s p l i t t i n g s ;  from complete c a l -  

cu la t i ons  on both systems f o r  a chosen ma te r i a l  we can assess the  i n -  

fluente o f  the  environment on the  behavior o f  the  dangl ing bonds. 

3. THE VACANCY AND DIVACANCY IN SILICON 

We have studied the s i n g l e  vacancy andp,!he divacancy i n  Si 

through a molecular c l u s t e r  model, w i t h i n  the  formalism o f  the  s e l f -  

-consiçtent  Mu l t i p l e- Sca t te r i ng  method13 i n  the Xa l oca l  dens i t y  ap- 

proximat ion  (MS-Xa) . The dangl i ng  bonds a t  the  surface o f  the  c1 us te r  



are  kept  from i n t e r f e r i n g  i n  the e l e c t r o n i c  s t r u c t u r e  through the me- 

thod o f  t ransference o f  e lec t rons  t o  a Watson sphere
g
. 

The s ing le  vacancy ( s i  :V) was simulated by a c l u s t e r  wi t h  a 

cen t ra l  empty sphere p lus  16 S i  atoms i n  Td symmetry'O; the  se l f- con-  

s i s t e n t  resu l t s ,  compared t o  the  r e s u l t s  f o r  a "per fec t "  c l u s t e r  w i t h  

17 S i  atoms, permi t  us t o  i d e n t i f y  t he  two l e v e l s  associated t o  the  

dangl ing bonds as an a, l eve l  s l i g h t l y  below the top  o f  the valence 

band, and ai l eve l  near the  middle o f  the band gap, as shown i n  Fig.  

4. These r e s u l t s  r e f e r  t o  the  neutra1 unrelaxed system and compare very  

Si: V 

Fig.4 - a) representa t ion  o f  the molecular c l u s t e r s  used t o  study the  

s ing le  vacaricy i n  S i :  the c l u s t e r  s imula t ing  the bu lk  c r y s t a l  has 17 

S i  atoms i n  T symmetry, and the dashed sphere i s  the  s i t e  o f  implan- d 
t a t  ion  o f  the  vancancy. b) se1 f -consi s t e n t  energy spectrum f o r  t he  

c l u s t e r  16 Si+V, represent ing the system Si:V, i n  the  gap region.  

we l l  w i t h  ot:her t heo re t i ca l  r e s u l t s  obtained through r i go rous  se l f- con-  

s i s t e n t  pseudo-potential c a l c ~ l a t i o n s ' ~ ~ ' ~ .  



Si: v. 
l 

I 
gap OzU 

Fig.5 - a) representat ion o f  the molecular c l u s t e r s  used t o  study the  

divacancy i n  S i :  the c l & t e r  s imula t ing  the bu lk  c r y s t a l  has 20 S i  

atoms i n  D3d symmetry, and the dashed spheres a re  the  s i t e s  o f imptan-  

t a t i o n  o f  the two vacancies. b) se l f - cons i s ten t  energy spectrum f o r  

the c l u s t e r  18 Si+V2, represent ing the system Si:V2 , i n  the  gap r e -  

g ion.  

For the  divacancy #e used a c l u s t e r  w i t h  2 cen t ra l  empty sphe- 

res p lus  18 S i  atoms i n  D3d symrnetry, as i n  F ig .  5 ,  referenced t o  a 

"perfect"  c l u s t e r  w i t h  20 S i  atoms16. O f  the 4 de fec t  o r b i t a l s  3 i n -  

troduce l eve l s  w i t h i n  the band gap, and on l y  the eu leve1 i s  found 

l y i n g  above the bottom o f  the conduction band. These resu l  t s  (a lso  

shown i n  F ig .  5)  r e f e r  t o  the unrelaxed defec t  i n  the neutra1 charge 

s ta te .  

Summarizing the re levant  resu l t s ,  we have f o r  the  systems 

and 
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The f i r s t  informat ion provided by these models i s  tha t ,  as the  

y i n t e g r a l s  have negat ive values, the  rebonding between these hybr ids  

i s  e n e r g e t i c a l l y  favorable.  

The i n t e r a c t i o n  between nearest-neighbor hybr ids  f o r  both sys-e 

tems i s  o f  the same order  o f  magnitude, bu t  the  s u r p r i s i n g  r e s u l t  i s  

t h a t  the i n te rac t i ons  across the  defec t  between opposi t e  hybr ids  ( i n  the 

same m i r r o r  plane) i s  a l s o  o f  t h i s  o rder  o f  magnitude. F u r t h e r m o r e ,  

t he re ' s  a s t rong asymmetry as concerns i n te rac t i ons  ou t  o f  the  m i r r o r  

plane tha t  i s  pa tent  i n  the value o f  = 0.12 << 1 .  

These r e s u l t s  i nd i ca te  f i r s t l y  t h a t  the second neighbor hybrids 

i n t e r a c t i o n  cannot reasonably be neglected, and so f o r  more d i s t a n t  hy- 

b r i d s  a complete study i s  s t i l l  necessary. Also, besides the  f a c t  t h a t  

the magnitude of these i n te rac t i ons  cannot ye t  be thoughtconvergentwi th 

the s i z e  o f  the  defec t ,  the use o f  these values i n  o ther  systems does 

no t  seem t o  be s t ra igh t fo rward  due t o  poss ib le  asymmetries, the degree 

o f  which i s  no t  known "a p r i o r i " .  

The authors would l i k e  t o  thank D r .  M. Lannoo, who p r i m a r i l y  

suggested the  work. 
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RESUMO 

Fazemos uma breve revisão do esquema mais s imp l i f i cado  do mo- 
de lo  da "molécula de de fe i t o"  (sem interação de conf iguração),  e explo-  
ramos o conce i to  de o r b i t a l  f l u t u a n t e  "deslocalizado" no estudo da i n -  
teração dos h íb r i dos  não saturados da mono e divancância em s i 1  í c i o .  O 
hami l toniano da "molécula de d e f e i t o"  é e s c r i t o  em forma paramétr ica, 
sendo os parâmetros então ex t ra ídos  de cá l cu los  autoconsistentes cmple-  
tos  para os do i s  sistemas, real izados através do modelo de aglomerados 
moleculares no formalismo do Espalhamento M ú l t i p l o  - Xa. 


