
~ Solid State Communications, Vol.45,No.4, pp.343-346, 1983. 0038-I098/83/040343-04503.00/0 
Printed in Great Britain. Pergamon Press Ltd. 

S ~ U T I O N A L  3d IMPURITIES IN SILICON: A SELF-REGULATING SYSTEM 

Alex Zunger and U. Lindefel t  

Solar Energy Research Institute, Golden, Colorado 8040 I, USA 

(Received 1 October 1982 by A. A. Maradudin) 

A precise self-consistent calculation of the  electronic structure of neutral sub- 
stitutional 3d impurities in silicon within the local density formalism reveals 
striking chemical regularities. The remarkable compression of the energy level 
ladder corresponding to different charged states in a narrow energy gap is shown 
to result from a special charge self-regulating mechanism, much like homeostasis 
in biology. In contrast to free transition atoms, a s-,d population cross-over can 
occur in this system. 

The properties of transition atom (TA) impurities 
in semiconductors have been the subject of extensive 
research over the past 25 years 1-3. In this Communi- 
cation we present the first ab-initio self-consistent 
study of the electronic structure of TA impurities in 
an infinite semicondueting host crystal. This is made 
possible by very recent advances 4 in the self- 
consistent Green's function formulation of hyperlocal- 
ized impurity states with interacting d orbitals. We 
have calculated the electronic properties of all substi- 
tutional 3d impurities, from Ti through Zn, in silicon. 
We use the quasi hand crystal-field method described 
in detail elsewhere 4. It reflects to a very good 
approximation (~0.1 eV in energies and 2-3% in charge 
densities) the predictions of the physical input--first 
principles nonloeal pseudopotentials ~, unrelaxed lat- 
flee geometry and a Fermi-Dirac level occupation 
scheme--rather than computational approximations. 
The calculation reveals a number of striking chemical 
regularities, identifies a self-regulating behavior which 
enables the system to sustain many charged energy 
levels in a narrow energy range, and predicts a s-~ d 
population inverssion in the ground state. 

Chemical  Trends: Fig. 1 shows the variations in the 
defect- induced e and t 2 energy levels  in silicon along 
the 3d impurity series.  Gap level  occupation numbers 
are  indicated for the neutral  defects .  For resonances, 
we plot only their  peak energies.  The 10-fold degener-  
a te  a tomic  3d level  splits in the crystal  into a four- 
fold degenerate  e- type and a six-fold degenerate  
t2-type crystal  field resonances (CFR). This pair 
appears for Si:Zn near the bottom of the valence band 
(VB) as atomicl ike,  highly local ized (% local izat ion in 
the central  cell  q = 90%), d-like (98% d) s ta tes .  As one 
progresses to l ighter impurities,  these VB resonances 
deloealize and hybridize with the host p-states and 
their  energy as well as (crystal-field) split t ing 
increases.  The highly local ized e CFR level  f irst  pen- 
e t ra tes  the band gap for Si:Mn ("e threshold"), whereas 
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CFR level,  repelled by the large density of host t 2 

states at ~EVB-I  eV, is pinned inside the VB and never 
makes it to the gap. The antiboncling counterpart of 
t CFR is the dangling bond hybrid (DBH) level t~  BH. It 
is a hybrid between the four neigbbouring Si dangling 
bonds with a smaller admixure of impurity atomic orb- 
itals. It starts in Si:Zn just above the VB maximum as 
a deloealized (q = 22%), predominantly p-like (77% p,  TD1 1 1 rgdTc0 Tw0 Tw(it ) Tj10.56 0 9D1 1 1 rgacceptoc0 Tw(7inside ) Tj25.20 0 511 1 1 rg0.8te.~Tc0 Tw(makes ) Tj28.08 0 TD1 1 1 rgA.56 Tc02 TDes one moves to lighter impur- 

energy of t~  BH increases smoothly, and the ities, the 
state disappears for the first t ime into the conduction 
band for Si:Co ("t 2 threshold"). The level is then 
pinned inside the conduction band by the repulsion 
(avoided crossing) from the large density of t 2 host 
states at ~EvB+3.8 eV. 

There are four notable features in the results of 
Fig. 1. First, for a given impurity, the system sustains 

*PACS INDICES: 71.55-i; 71.55.Fr; 71.70.Ch. 
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