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C H E M I C A L  BONDING OF A L L O Y  AND DOPANT ATOMS I N  AElORPHOUS S I L I C O N  

G. Lucovsky 

Department o f  Physics, North Carolina S ta te  University, RaLeigh, 1lIC 27650, 
U.S.A. 

Abstract.- The chemical bonding environments of Si and dopant atoms in al- 
loys of a-Si are characterized through a local electronegativity. This 
parameter is used as a scaling variable for empirical relations based on 
molecular data: the chemical shifts in the frequencies of Si-El and Si-F 
local vibrations, and in the binding energies of Si 2p core states. 

Introduction.- The frequencies of Si-H bond-stretching vibrations in silane mole- 
cules scale with the sum of the electronegativities of the other three atoms or 
groups (Rj as in Fig. l(a)) bonded to the Si-atom (1). By isolating a local five- 
atom cluster, similar relationships have been shown to apply for both Si-H and Si-F 
vibrations in an a-Si host (1, 2). This paper improves the model by incorporating 
the properties of the host amorphous solid in a more satisfactory and quantitative 
manner. The model introduces the concept of a local electronegativity, defined at 
each atom site and determined primarily by its immediate neighbors, but also includ- 
ing the average properties of the host network. This procedure for calculating a 
local electronegativity is an extension of an approach previously applied to calcu- 
lations of the chemical shifts of core-state binding energies in molcculcs (3). 
This paper applies a chemical bonding approach to calculations of the frequencics of 
Si-H and Si-F bond-stretching vibrations; the binding cncrgies (B.E.) of Si 2p core 
states in a-Si,C and a-Si,F alloys; and the local electronic properties of donor 
atoms in a-Si. 

Network Calculations.- The calculation of a local electronegativity, Xi, is based 
on an extension of the general principle of electronegativity equilization (5, 6). 
We use the electronegativity scale of Sandcrson ( S ) ,  noting that it is formally 
equivalent to the scales of Allrcd-Rochow (6) and Mulliken-Jaffe (6). In the Modcl 
of Ref. 5, the electronegativity, X, of the two atoms of a djatomic molecule in 
their combined state is taken as the geometric mean of their atomic electronegativi- 
ties, X = (XR~ XR2) 'I2. The partial charges on each atom, eR1 and e ~ ~ ,  are deter- 
mined by the difference between this molecular electronegativity and that of the 
neutral atom. Extension of this procedure to polyatomic molecules yields the result 
that all atoms of a large molecule attain a common value of electronegativity; i.e., 
the geometric mean of the electronegativities of the constituent atoms. This is in 
conflict with XPS (or ESCA) results which indicate that the chemical shifts of atoms 
in large molecules reflect their immediate local chemical environment with smaller 
contributions due to more remote neighbors (3). A modification of the Sanderson 
approach that takes this into account has been developed (3) and applied to a 
variety of molecules (3, 4). 

We have further extended this calculation, and have developed a procedure for 
calculating the local electronegativity of an atom, Xi(, in an amorphous solid. Con- 
sider the Si-H or Si-F sites in an a-Si host, Fig. l(b), or an a-Si02 host, Fig. 
l(c). The procedure for calculating Xk for the Si-atom bonded to the H or F-atom is 
illustrated in Figs. l(d) and l(e). We construct a "molecule" consisting of the 
Si-atom and its immediate neighbors, the H or F-atom, and the three atoms labelled 
N1, N2 and N3. To each of these N. atoms we attach nj pseudo-atoms, M, which have 
the mean electronegativity of the iost. For a-Si, nj = 3 and M has an 
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F i g .  1 L o c a l  a t o m i c  s t r u c t u r e  is  ( a )  s i l a n e  molecu l . es ,  ( b ) ,  ( c ) ,  ( d )  and  ( e )  
n e t w o r k  amorphous s o l i d s .  

e l e c t r o n c  a t i v i t y ,  X,, e q u a l  t o  t h a t  of  a  S i - a ~ o m ;  f o r  a - S i 0 2 ,  n j  = 1 and  Xm = 7 [ x ~ ~ x ~ ~ ] ~  3 ,  t h e  m o l e c u l a r  e l e c t r o n e g a t i v i t y  o f  S i 0 2 .  We t h e n  a p p l y  t h e  p r o c e d u r e  
d i s c u s s e d  i n  K e f .  3 ,  t ~ y  combini.ng t h e  nA ?I-atoms w i t h  t h e i r  PI. n e i g h b o r s .  T h i s  
y i e l d s  a  pseudo-atom, R w i t h  X i .  = [XM j ~ ~ . ] l / ( ~ j + l ) .  The l o c a l  e l e c t r o n e g a t i v i t y  
o f  t h e  S i -a tom,  X S 1  is t h e n  c a l c a l a t c d  i n  t h 2  u s u a l  way ( 6 ) ,  i . e . ,  

where  X = F o r  H. T h i s  a p p r o a c h  e m p h a s i z e s  t h e  c o n t r i b u t i o n s  o f  t h e  immedia te  n e i g h -  
b o r s ,  b u t  a l s o  i n c l u d e s  t h r o u g h  t h c  d e f i n i t i o n  o f  Xfi. t h e  p r o p e r t i e s  of  t h e  h o s t  n c t -  
work. J 

L o c a l  V i b r a t i o n s  o f  Si-H and Si->:.-- I n  p rev i .ous  p u b l i c a t i o n s  (I.,  2 )  i t  h a s  b e e n  
shown t h a t  t h e  f r e q u e n c i e s  of  Si-H o r  S i -F  b o n d - s t r e t c h i n g  v i b r a t i o n s ,  v ( S i - X ) ,  c a n  
b e  e x p r e s s e d  i n  e i t h e r  o f  two ways:  

where  t h e  c o e f f i c i e n t s  vo,  a, o r  v o ' ,  a,' a r e  d e t e r m i n e d  by a  l i n c a r  r e g r e s s i o n  
a n a l y s i s  o i  m o l e c u l a r  d a t a .  S i n c e  e g i  i s  p r o p o r t i o n a l  t o  t h e  l o c a l  c l c c t r o n e g a t i v -  
i t y  o f  t h e  S i -a tom,  e S i  = (xS i '  - XSi)/2.08 [ x ~ ~ ] ~ / ~ ,  C q .  ( 3 )  c a n  bc r e c a s t  w i t h  X i i  
a s  t h e  c h e m i c a l  b o n d i n g  v a r i a b l e ,  s o  t h a t  

v(Si-H) = 1 4 3 3 . 2  + 1 9 9 . 5  Xii  + 12 cm-I and v ( S i - F )  = 5 7 3 . 1  + 8 0 . 0  X i i  + 11 cm-I ( 3 )  

F i g .  2 i n c l u d e s  t h e s e  e m p i r i c a l  r e l a t i o n s  a s  w e l l  a s  t h e  f r e q u e n c i c s  of  Si-X g r o u p s  
i n  a - S i ,  a-Si3N4 and  a-Si02 hosts :  S i m i l a r  t y p e s  of  r e g r e s s i o n  a n a l y s e s  h a v e  been  
per fo rmed  f o r  t h e  o t h e r  g r o u p s ;  c . g . ,  Si-H2 a n d  Si-H3 ( 1 ,  2 ) .  Thcse  c a l c u l a t i o n s  
y i e l d  assignments f o r  modes t h a t  h a v e  been s u h j c c t  t o  some c o n t r o v e r s y ;  t h e  845  cm-l 
mode i n  a-Si :H i s  a s s i g n e d  a s  a  wagging  v i b r a t i o n  of  t h e  SiH2 g r o u p  i n  a  p o l y s i l a n e ,  
(SiH*), c h a i n - s e g m e n t ,  and o f  t h e  1015 cm-I mode i n  a -S i :F  a s  a  s t r e t c h i n g  v i b r a t i o n  
o f  a n  S i F 2  g r o u p  i n  a  s i m i l a r  ( S ~ F Z ) ~  s e g n e n t .  

Chemical  S h i f t s  i n  S i  2p C o r e - S t a t e s . -  The p o s i t i o n s  o f  a t o m i c  c o r e  s t a t e s  i n  molc-  
c u l e s  o r  s o l i d s  r e f l e c t  t h e  l o c a l  c h e m i s t r y .  The g e n e r a l  a p p r o a c h  is  t o  i n c l u d e  two 
c o n t r i b u t i o n s  t o  t h e  c h e m i c a l  s h i f t  of  t h e  c o r e  s t a t e  o f  a  g i v e n  atom; o n e  d u e  t o  
c h a n g e s  i n  i t s  p a r t i a l  c h a r g e ,  and  t h e  second  d u e  t o  c h a n g e s  i n  t h e  l o c a l  e l e c t r i c  
f i e l d  p r o d u c e d  by t h e  o t h e r  n e i g h b o r i n g  a toms  ( 3 ) .  I t  is however  impossible t o  
s e p a r a t c  t h e s e  two c o n t r i b u t i o n s  v i a  any  e x p e r i m e n t a l .  measurement .  Our a p p r o a c h  f o r  
c a l c u l a t i n g  a  l o c a l  c l e c t r o n e g a t i v i t y  i m p l i c i t l y  i n c l u d e s  b o t h  o f  t h e s e  c o n t r i b u t i o n s  
a n d  t h e r e f o r e  is  a n  a p p r o p r i a t e  s c a l i n g  v a r i a b l e .  I n  t h i s  c o n t e x t  we e x p e c t  c h a n g e s  
i n  t h e  b o n d i n g  e n e r g y  t o  c o r r e l a t e  d i r e c t l y  w i t h  c h a n g e s  i n  t h e  v a l u e  of  X i .  T h i s  
is  i n d e e d  t h c  c a s c  and  f o r  t h c  b i n d i n g  e n e r g i e s  (B.E.)  o f  S i  2p c o r e  s t a t e s ,  we 
o b t a i n  

B .E .  = 8 9 . 7  + 3 . 2 5  X i i  + 0 .07  eV. ( 4 )  
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12ig. 3 illustrates the application of Eq. (4) to a calculation of the R.E. 
of the Si 2p state in a-Si,C alloys (7). We assume a "virtual crystal" model in 
which the neighbors of a given Si-atom have the properties of an average alloy atom. 
The experimental results are well-described by this model; i.e., the chemical shifts 
of the B.E. of the Si 2p state are proportional to changes in the local electronega- 
tivity of the Si atom. XPS spectra have also been obtained for a-Si,H alloys (10). 
These studies indicate a ct~cmical shift of approximately 0.15 eV for 10-15 atomic % 
H. Our calculations yield a similar val.ue for the chemical shift. 

The XPS spectra of a-Si,F alloys containing 30-40 atomic % F exhibit two 
features due to Si 2 p  states ( 8 , 9 ) ,  one at about 99 eV attributed to Si-atoms with 
only Si-nearest neighbors and a second weaker feature at %I02 eV attributed to Si- 
atoms with more than one F neighbor, i.e., either SiF2 or SiF3 groups. In the con- 
text of model calculations based on Eq. (4) the peak at %99 eV is due to Si-atoms 
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with Si-nearest neighbors immersed in a host network with the average Si-F alloy pro- 
perties. The peak at %lo2 eV is best explained as being due to Si-atoms within 
(SiF2), groups. This interpretation of the XPS data is in accord with the interpre- 
tation we have given to the IR data; i-e., the feature at 1015 cm-l. Other explana- 
tions have been proposed for these features, e.g., they are both due to SiF3 (12); 
however, these explanations are not as well supported by our calculations. 

Donor Atoms in a-Si.- There is a general belief that a-Si, doped with phosphorous 
or arsenic, contains two types of P or As-atoms; threefold-coordinated sites which 
are inactive as dopants, and fourfold-coordinated sites which are the analogs of 
the active donor-atom sites in crystalline-Si. There is also experimental evidence 
that doping by P or As can only be accomplished in the presence of H or F 
which remove defect states from the gap. This means that the three or fourfold- 
coordination by itself is not sufficienL to promote doping. We have calculated a 
local electronegativity for the three and fourfold-coordinated sites of P in a-Si, 
and have used these values of Xi, to obtain the partial changes on the P-atom and its 
immediate Si-neighbors, and the B.E. of the P 2p core states. For the neutral P- 
atom in the threefold-coordinated site, e = -0.12~ and esi = +0.04e. For the 
"positively" charged P-atom in the fourfoyd-coordinated site, e % 0.0 and esi = 

0.17~. The P 2p binding energies for these configurations are E.B. = -129.4 eV for 
P3' and E.B. = -130.9 eV for p4+. Preliminary XPS measurements on partially 
crystallized and heavily P-doped a-Si film yield an asymmetric line with two 
gaussian components at approximately 129 and 130 eV. 

The negative partial charge on the P-atom in the P3' inactive site may be 
the liolc trap responsible for the cnhanccd electron photoconductivity in P-doped 
a-Si (11). This assignment assumes that P3' and P&+ centers are introduced at all 
doping levels. A second model for the hole trap is that it is a native defect of 
the a-Si host: e.g., a threefold-coordinated and negatively-charged Si-atom, Si3-. 
This trap would then be activated by the movement of the Fermi level that accompa- 
nies the doping process. Furthermore, the trap in question would have not been 
neutralized by the univalent alloy constituent, H or F. This second model seems un 
likely. Moreover, a similar argument to the one we have proposed above can also be 
envoked to explain the decrease of electron photoconductivity in Boron doped Si. 
This model is based on H4- active doping sites and B30 inactive sites. 

Summary.- We have developed a new method for calculating the local electronegativity -- 
for atoms in amorphous solids. We have shown that changes in this electronegativity 
can be used to explain changes in the frequencies of bond-stretching vibrations of 
Si-H and Si-F groups, and changes in the B.E. of the Si 2p core state. IJe have also 
demonstrated how the model can be used to identify differences in the local environ- 
ments of three and fourfold-coordinated donor atom sites. A similar analysis is 
also applicable for acceptors. 
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