
~ 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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either a t 2 or an e gap level, but not both (Si:Fe is a 
marginal ease), in contrast with early assumptions 1'6. 
Second, a large part of the impurity charge appears in 
resonances (e.g., t CFR) and is therefore directly avail- 
able for screening, in contrast with the interstitial 
ease w h e r e  all of t h e  impurity valence electrons 
occupy gap states 3b. Third, the gap levels are not 
pinned inside the band gapT; their energy continues to 
rise monotonically as Z decreases. The limiting separ- 
ation between the bonding and antibonding t 2 levels is 
not determined by the 

Stability of Charged States: Whereas the first few 
ionization potentials of a sp-eleetron atom usually 
span a large energy range 8, when such an atom forms a 
shallow impurity state in a semiconductor (e.g., Si:P), 
it can sustain a number of ionized states in a very nar- 
row energy range inside the band gap, often ~0.I eV. 
Both phenomena are understandable. Characterized by 
a weak central cell potential, the low effective mass 
and the large dielectric constant of the host crystal 
combine to produce a small effective Rydberg R* and 
very extended orbits (q~l%) for the impurity level. 
Even if the intra atomic Coulomb energy per electron 
U is not small, the energy E__ of this extended orbit ~ p  . 
varies only slowly with its occupatzon number N (pro- 
portioned to the formal net charge Qnet ). On the other 
hand, for free atoms, the localized nature 
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bonding responsible for this e f fec t  is i l lustrated in 
Fig. 3a which analyzes QvB(N) in terms of the various 
wave function representat ions.  It is seen that  whereas 
the a 1 and t 1 valence 
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Effec t ive  E l e e t ~ e  Conf ig~a t ion :  Whereas the 



346 SUBSTITUTIONAL 3d IMPURITIES IN SILICON: 

4U. Lindefelt and A. Zunger, Phys. Rev. B ~ 846 (1982). 

5A. Ztmger and M.L. Cohen, Phys. Rev. B ~ 5449 (1978); ~ 4082 (1979). 

6F.D.M. Haldane and P.W. Anderson, Phys. Rev. B ~ 2553 (1976). 

7H.p. Hjalmarson, P. Vogl, D.J. Wolford and J.D. Dow, Phys. Rev. Lett. 44, 810 (1980). 

8C. Corliss and J. Sugar, J. Phys. Chem. Ref. Data ~ 1253 (1977). 

9The correction to U d due to the long-range Coulomb interactions set b~ f the charge outside R = 7.4 a.u. esti- 
mated perturbationally to be smaller than 0.1-0.2 eV, indicating that R is small. Further, Fig. 2b iUustrates 
the correction needed to transform the one-electron energies of Fig. 1 to ionization energies. Using the 
transition state method, the e 3 ~  e 2 ionization energy is calculated as the one--electron eigenvalue of e 2"5. 
The correction is seen to be small ( 0.1 eV). 

Vol. 45, No. 4 


