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The absence of any sizable exchange or motional narrowing of the 
electron spin resonance absorption l ines for samples with high 
concentration of homogeneously d is t r ibuted spins indicate that 
the paramagnetic centres in amorphous Ge and Si are severly lo- 
calised. An upper l i m i t  to the decay parameter a of the spatial 
extend of the wavefunctionodescribing the "free" spin in shown 
to be less than a-1 < 2.5 A. I f  d i f fe ren t  charge states of the 
paramagnetic centres are assumed to ex is t  within the gap of amor- 
phous Si and Ge, large charge- lat t ice interact ion is therefore 
required in order to of fset  the Coulomb repulsion. A possible 
model for the electron states in the gap of hydrogenated amor- 
phous s i l i con (doped or undoped) is proposed which takes this 
into account e x p l i c i t l y .  

Spatial extend of localized wavefunctions in a-Si from E.S.R. 

and magnetic Busoeptibility ~tudies. The absorption l ine g = 2.0055, 
usually named as "dangling bond" l ine is a remarkably common featu- 
re, occurring in a l l  forms of a-Si. The maximum value (the upper 
bound) for the a -1 for this l ine can be estimated from the upper 
bound on the strength of the exchange interact ion which in turn can 
be estimated from possible deviations of the magnetic suscep t ib i l i -  
ty from the normal Curie behaviour at low temperatures. Taking the 
results on u l t ra  high vacuum (UHV) evaporated a-Si (1) with 

% 
N s = 1020 cm -3 (homogeneous d is t r ibu t ion)  and with the upper bound 
on the exchange interact ion to be f ract ion of a degree (Curie beha- 
viour cbserved down to the lowest temperatures measured), one a r r i -  
ves at a value of - I  ~ 2.4 A (a-Si) and a -1 ~ 3.0 A for a-Ge. The 
absorption l ines g = 2.011 and g = 2.0043 which are also seen in 
the E.S.R. signal of amorphous hydorgenated s i l i con (a-Si:H) have 
been assigned ~2'3)" " to the valence "band t a i l "  holes ( -1 2 8 ~A) and 
the conduction "band t a i l "  electrons ( - I  ~ 150 ~ A). The lines are 
observed in boron doped (g = 2.011), phosphorous doped (g = 2.0043) 
but also in the undoped material when i l luminated with band gap 
l i gh t  (in th is case both l ines are observed). The quoted values of 
-1 for the two cases are quite unreasonable in view of the absence 
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of exchange narrowing in the f i r s t  case and of motional narrowing 
in the second. I t  is therefore evident that while the upper bound 

-1 for a of the "dangling bond" paramagnetic centre is 2.4 A, no un- 
ambiguous estimates can be made at present concerning the two "band 
t a i l "  l ines.  

Doubly occupied "dangling bond", Coulomb repulsion and the magni. 
tude of the charge-lattice interaction. The Coulomb repulsion 

between the two electrons residing on the same "dangling bond" cen- 
tre should be expected to l i e  somewhere between the unscreened va- 
lue of U < e2.a ~ 6.0 eV ( i f  the second electron's wavefunction is 
characterised by the same - 1 )  and the fu l l y  screened value of 
U > e2.~/~(O) ~ 0.625 eV (here e is the elemental e lec t r i ca l  charge 
ands(O) is the s ta t i c  d i e l ec t r i c  response function of the material) 
Because of the Coulomb repulsion between the two electrons residing 
on the same "dangling bond" being of the order of the gap energy or 
more i t  is clear that for this level to l i e  somewhere within the 
gap when doubly occupied (as required by the experimental evidence 
from the doping studies),  there must be quite an appreciable l a t t i -  
ce d is to r t ion  around the centre (again of the order of the gap ener 
gy) in order to of fset  the Coulomb repulsion and push the doubly 
occupied energy level back into the gap. 

The most d i rect  experimental demonstration of the re la t i ve l y  
large magnitude of the charge- lat t ice interact ion comes from the 
very important to ta l  y ie ld  photoemission spectroscopy experiment 
on undoped and P-doped hydrogenated amorphous s i l i con by Griep and 
Ley (4) ( i den t i f i ca t i on  of a band of local ised electron states some 
0.45 eV above the top of the valence band). 

At f i r s t  glance the resul t  of this experiment seems'to present 
quite a dilemma since the photoemission to ta l  y ie ld  signal from the 
band in the gap increases with increasing N s of the "dangling bond" 
centres in the f i r s t  case while i t  increases with the decreasing 
N s in the secondl This contradict ion is however resolved i f  the 
singly and doubly occupied "dangling bond" centres in a-Si:H both 
l i e  at approximately same energy of 0.4 - 0.5 eV above the valence 
band edgel 

Looalised charges with finite charge-lattice interaction and 
the Thomas-Fermi statistics. The acceptance of the importance (at 
least in p r i nc ip le l )  of the charge- lat t ice interact ion when inves- 
t i ga t ing  the nature and the dynamics of the local ised states in the 
gap of a-Si and a-Ge has an important consequence in so far as the 
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appropriate s t a t i s t i c s  of these charges is concerned. The l o c a l i -  
sed electron with an appreciable l a t t i c e  d is to r t ion  around i t  w i l l  
cease to exhib i t  pure Fermion-like properties and can not be there- 
fore described adequately by Thomas-Fermi s t a t i s t i c s .  At high 
enough temperatures the simple, classical Boltzmann s ta t i s t i c s  w i l l  
however be adequate. 

Model for the gap states in hydrogenated amorphous silicon (un- 

doped or doped), Following the s p i r i t  of the arguments just  
put forward i t  should be now possible to sketch out a q u a l i t a t i -  

ve, schematic model of the gap states in a-Si:H (whether doped or 
undoped) which would be hopefully consistent with most of the expe- 
rimental evidence concerning the gap states in this material (5) 

BAND STATES ~ DEFECT STATES 

~Selftrapped electron 
~0.~0eV / J ~  . . . . . .  

V/t=  Charge Electron-lattice interaction 
/ increasing ( H content~) doubly occupied of the charged "dangling 

~O'90eV \'1 Decreasing (H content~) dangling bond bond" states decreasing 

~ p--dop g 
T increase ~0, 

~0.| )Self trapped "ho&e" states 
Singly occupied - -  
"dangling bond" states 

on depends on H content) 

FIGURE 1 
A model f o r  the  l o c a l i s e d  e l e c t r o n  gap s t a t e s  in  a -S i :H  

A p o s s i b l e  model a long  these l i n e s  in  shown in F ig .  1. Here the 
two E.S.R.  l i n e s  w i t h  g = 2.0043 (band t a i l  e l e c t r o n s )  and g = 2.011 
(band t a i l  ho l es )  are ass igned  to  s e l f t r a p p e d  e l e c t r o n s  and ho les  
r e s p e c t i v e l y .  I t  has to be s t r e s s e d  t h a t  both these  bands are dyna- 
m ica l  in  the sense t h a t  t hey  e x i s t  in  the  gap o n l y  when occup ied  by 
a charge ( t h e  o p t i c a l  t r a n s i t i o n s  i n t o  these  bands to  not  e x i s t ) .  
A lso  shown in  F ig ,  1 are the  two charged s t a t e s  o f  the " d a n g l i n g  
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bond" paramagnetic centre (g = 2.0055) forming a band in the gap 
some 0.45 eV above the valence band edge as observed by the total  
y ie ld photoemission spectroscopy (4). 

The role of hydrogen in Si and Ge amorphous networks. I t  is 
usually assumed that the main role of hydrogen in a-Si and a-Ge is 
to decrease the density of the "dangling bond" centres, thereby in- 
creasing the l i fe t ime of the carriers excited into the extended 
states. However, the recent measurements of the transient photo- 
conductivity t6)" " in unhydrogenated a-Ge showed that the l i fe t ime of 
the carriers in the extended states was some three orders of magni- 
tude lower than that of the carriers in the hydrogenated sample with 
approximately the same density of "dangling bond" defects! I t  seems 
therefore quite l i ke l y  that the main role of hydrogen in amorphous 
networks of Ge and Si is in fact to s t i f fen the networks, thereby 
lowering the charge-latt ice interaction (the effect is indicated 
by arrows in Fig. 1). The consequence of this decrease is the re- 
duced probabi l i ty  for seftrapping which in turn increases the car- 
r ie r  l i fe t ime in the extended states making these making these ma- 
ter ia ls  technologically usable. 
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