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ELECTRONIC STRUCTURE OF SUBSTITUTIONAL 3d TRANSITION ATOM IMPURITIES IN SILICON 

A. ZUNGER and U. LINDEFELT 

Solar Energy Research Institute 

Golden, Colorado, 80401 USA. 

We report the results of a self-consistent calculation wlthin the local denslty 

approxlmatlon for al l  the substltutlonal 3d transition atom (TA) impuritles In an 

extended sil icon host crystal uslng the quasi band Green's functlon method. Chemical 

trends in the gap state enerqles and 3d-llke resonances are discussed as well as 

trends in the effectlve electronlc configuration of TA impur~tles. An explanation for 

the remarkable property that many dlfferent charged states of TA lmpurlties exlst in 

the narrow band qap, despite the fact that the corresponding ionized states of the 

free TA span a ranae of ~ 60 eV, is proposed. 

APPROACH 

We have used the quasi band crystal f ie ld 

(QBCF) self-conslstent Green's function 
method tl)'~2)," " " " which is partlcularly well 

suited for lmpurltles wlth highly locallzed 

wave function components. This method employs 

a dual representation In the defect wave func- 

tlons {41}. The f l r s t  representatlon is in 

terms of an impurity-centered local orbltal 

basls {ga(r)} 

~i (~)= Z Cia ga (~) , (I) 
a 

while the second representation is in terms of 

quasi band Bloch functlons (I) (of band index 

n and wave vector E): 

M 
~i(~)= ! ~ AI(R,E)@~(~) . (2) 

The expanslon coefflclents Ai(n,k) are in a 

slmple way related to the Cla in Eq.(1). This 

leads to the standard Koster-Slater type Green's 

function theory for impuritles represented by 

the potentlal perturbatlon AV, e.q., 

M <o ~QB><.QB 
" a " n k  '~nk I gb > 

G°(E)ab= ! ~ E.EQB 
nk 

(4) 

I f  quasi bands are not used for TA impurities, 

M~IO 4, whereas i f  quasi bands are used, M:,20. 

By choosing the basls functlons ga as pro- 

ducts of radlal functions and Kublc harmonics, 

the expansion in Eq(1) leads to a partlcularly 

convenient way for expressing physical quanti- 

ties llke wave functions, change in charge- 

density, perturbation potential etc., and 

simple ~ncluslon of pseudo-potentlal non- 

local i ty,  whlch lS important for treating TA 

impuntles. 

The present calculatlon is performed in the 

local denslty approximatlon with exchange para- 

meter ~= 1.0 and using f lrst-prlnclples non- 

local pseudopotentlals for the lmpurlty atoms. 

The electronic occupation of energy levels is 

in increasing orde~ of one-electron energies 

without leavlng holes behind (the .aufbau prin- 
ciple). 

! {~a'a - I G°(E)a'b <gblAVlga>}Cia=O' (3) RESULTS 

but with a rapidly converging band summation 

in the Green's function: 

Chemical trends: The calculated defect energy 

levels are shown in Figure I. The notatlon 4e, 
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3e etc. indlcates the gap level occupatlon for 

the neutral state of the impurlty. 

The major localized defect level of highest 

energy is the t 2 dangllng bond hybmd (DBH), 

appearlng for Sl:Zn just above the valence 

band maxlmum and dlsappearing into the conduc- 

tion bands for Sl:CO. The ~=I component of the 

t2-DBH wave functions Is qual i tatwely charac- 
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ter is t ic  of a host-llke dangllng bond (vacancy) 

wave function. However, a slgnlf!cant amount of 

impurlty-llke d-character (~20% for SI.Zn and 

increasing almost monotonlcally to 45% for 

SI:TI) is hybmdlzed into the DBH state vla the 

~=2 component (hence the name dangllng bond 

hybrld). 

Movlng in Figure I to more negative energles, 

one observes two groups of defect levels, de- 

noted as the e and t 2 crystal f le ld resonan- 

ces (CFR). The t2-CFR is systematlcally below 

the e-CFR level. Both the e and t 2 CFRs are 

very much atomlc-llke In the inner central cell 

reglon. Cons~demng thelr orbltal momentum con- 

tent, the e-CFR is essentlally a 100% d-state, 

whereas the t2-CFR is 80-100% d-l lke. Both 

CFRs start out at the SI:Zn end as belng very 

locallzed but delocallze monotonlcally as one 

progresses to the SI.TI end of the semes. 

Effective electronlc conflguratlon: To study 

the dlstrlbutlon of charge among the various 

k-components of the wave functlons, I t  ~s 
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instructive to define an effective impurlty 

atom for the defect system. To th~s end, let 

Q~ denote the total charge contained in the 

~:th angular momentum component of all occupled 

wave functions. We then define an effectlve 

electronic conflgurat~on AQ~ as 

~Q~=O~ (Impurlty) -Q~(vacancy). (5) 

Figure 2 shows the variation of AQ~ across the 

3d series for the varlous SI:TA systems. The 

total number of impurity valence electrons Z V 

is shown for comparlson (dashed l lne). The inte- 

resting result of thls figure Is that whenever 

the 3d shell can accomodate the s-electrons 

( i .e. to the le f t  of NI d 8 in the perlodlc 

table), the latter are promoted into i t .  Hence, 

whereas Fe, Mn, Cr and T~ have 6,5,4 and 2 va- 

lence d-electrons in the free atom, respective- 

ly, they have about 8,7,6 and 4 d-electrons 

when placed substitutlonally in sillcon. Thls is 

in marked contradlction to the Ludwig-Woodbury 

model, which hypotheslzes that for substltutlo- 

nal 3d elements, the d-electrons w111 be pro- 

moted into the sp shell to form a tetrahedral 
hybrld (e.g., dns 2 + dn-2slp3). For the com- 

pletely f i l led  3d elements Zn and Cu, however, 

we find that the d-electrons are belng promoted 
into a p-state, yleld~ng the effective configu- 
ration sO'24pl"56d 10 for Zn and sO'19p 0'84 
d 9'92 for Cu. 

I t  should also be noted that the components 

Q~ of the effective ~mpurlty atom ~s calculated 

wlth~n a sphere whose radius is equal to the 
S~-Si bond length (4.44 a.u.). Since O=ZQ~ ~Zv, 
~t follows that the change in charge-density is 

essentially confined to th~s central-cell (CC) 

reglon. 

St abi l l ty  of charged states: TA impurities in 

s~llcon exhlbit the remarkable property that 

many dlfferent charged states (e.g., Mn +2, 
Mn +I, Mn O, Mn - I ,  Mn "2) exlst in the narrow 

(1.2 eV) band gap region, whereas the correspon- 
ding ionized states of the free TA span a range 
o f~O eV, desplte the fact that the impurity 

charge is concentrated to the CC region. Our 

calculation explains thls remarkable behaviour 

in terms of two related effects: ( i )  As the 

occupation N of the impurlty gap level is chan- 

ged, the effectwe electronlc charge Q(N)=ZQ~N) 

in the CC region varies considerably slower. 

This Is il lustrated in Figure 3 for SI:Mn. 

F~gure 3a shows the contrlbutlons from the 

valence bands, Qvb(N), and from the gap level, 
Qgap(N), versus the gap level occupation number 

N (N=3 for Sl:MnO). I t  is clear that even i f  

Qgap(N) increases almost llnearly with N, 

Qvb(N) decreases wlth N to give a relatwely 
slow increase in the effectlve charge Q(N)= 

Qvb(N)+Ogap(N) (Figure 3b). ( I i )  Assume that by 
changlng the charge of the impurlty by AQ elec- 

trons, the defect gap level changes by A~ eV 

according to 

A~n= Un.AQ , (6) 

where U n is the intraatomic Coulomb repulsion 

energy. For free space TA, U3d~'20 eV/e. In the 

impurity case, SI:Mn, however, Un~O.4 eV/e 

(c.f. Figure 3b). Thus, the interaction with 

the solid reduces U n by essentially a factor 
of 102 . 

The small U n values for the SI:TA systems 
explain the effective impurity atom configura- 

tlon discussed earlier (c.f. Figure 2). Whereas 

the large atomic U3d values lead to the well- 
known preference for occupylng the 4s shell 

before the 3d shell is completed, small U n 
values in the solld may hence lead to popula- 

tion ~nversion in the ground state. 

*Now at Department of Theoretical Physics, 

University of Lund, S~Ivegatan 14A, 

S-223 62 Lund, SWEDEN. 
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