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Theory of interstitial transition-metal impurities in silicon
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The electronic structure of interstitial iron-group transition-metal impurities in silicon is calculated by the spin-

restricted scattered-wave Xa method. A representation of pure crystalline silicon is provided by the cluster. SiipHl6,

which is centered on the high-symmetry (T~) interstitial position. The sixteen hydrogen atoms serve to terminate the

cluster by tying up the dangling bonds. The neutral transition-metal impurities, Cr, Mn, Fe, Co, and Ni, are placed

at the center of this cluster. The results of the calculation indicate that the transition-metal 3d states interact

primarily with t, and e states of the SlioHls cluster which are located near the top of the valence band. Consequently,

antibonding t, and e states are pushed into the band gap for Cr, Mn, Fe, and Co with t, below e; the interaction with

the 3d state of Ni is relatively weak. Partially occupied levels in the band gap are known to be electrically active and

the results of the present calculation are in good agreement with the electron paramagnetic resonance experiments of
Ludwig and %oodbury.

.I. INTRODUCTION

The electronic properties of semiconductors
are modified by the presence of both substitutional
and interstitial Sd transition-metal impurities.
For a wide variety of these elements and in a sur-
prisingly large number of charge states, energy
levels are produced deep within the band gap. Evi-
dence for this effect in silicon comes primarily
from the electron paramagnetic resonance (EPR)
.xperiments of Ludwig and Woodbury. ' These ex-
periments indicate that the interstitial position is
favored over the substitutional position for the
iron-group transition-metal elements in silicon.
In fact, iron-group transition-metal ions covering
five columns of the Periodic Table have been found

to be electrically active as interstitials. An under-
standing of the chemical trends associated with
these transition-metal impurities emerges from
these observations. A rigorous theoretical calcu-
lation is essential if this understanding is to be
verified and extended. The single theoretical cal-
culation which has been performed for the inter-
stitial' gives results in disagreement with the ob-
servations of Ludwig and Woodbury.

The deep-level impurities in semiconductors
have been treated successfully by a number of
theoretical methods. ' " These approaches fall in-
to two categories: perturbative and cluster. The
starting point for the perturbative approach is the
band structure of the perfect solid, usually con-
tained in a Green's function. The effect of the im-
purity is treated as a localized perturbation.
Quite recently, this approach has been made tract-
able by the introduction of localized orbitals,
which represent the Green's function and the ef-
fects of the impurity potential. ' ~ This technique

has been successfully applied to the study of va-
cancy levels in Si (Refs. 3 and 4) and GaP." The
transition-metal impurities have not been treated
by this method.

In the cluster approach, a finite set of atoms is
assumed to provide an adequate representation of
the solid, particularly in the region about the de-
fect. Quantum chemistry provides a variety of
techniques suitable for calculating the electronic
structure of these molecular clusters. Extended
Huckel theory was employed in the study of deep
levels in covalent solids by Messmer and %at-.
kins. " More recently, the self-consistent scat-
tered-wave Xe approach" "has been success-
fully applied to the study of semiconductors con-
taining deep-level impurities. ' " Substitutional
transition-metal impurities in silicon have been
treated by this method. "

In the present investigation, the electronic struc-
ture of the neutral interstitial transition-metal
impurities, Cr through Ni, is generated by the
spin-restricted scattered-wave X+ method. A
cluster of ten silicon and sixteen hydrogen atoms
is assumed with the interstitial impurities located
at the geometrical center of the cluster. The six-
teen hydrogen atoms serve to terminate the cluster
by tying up the silicon dangling bonds. In order to
understand how the electronic structure of silicon
is altered by the impurity, the calculation is also
carried out for .the same cluster, but with the im-
purity absent.

In Sec. II, we discuss the model for the substitu-
tional and interstitial impurities proposed by Lud-
wig and Woodbury' based on their observations.
The details of the present calculation for the inter-
stitial impurities are described in Sec. III and the
results in Sec. IV. Section V contains a discussion
of these results.
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11. MODF.L

The electro' paramagnetic resonance studies of
Ludwig and Woodbury' provide most of what is
known about the transition-metal impurities in
silicon. The iron-group transition-metal elements
which have been identified as isolated substitution-
al or interstitial impurities are indicated in Fig. 1.
Ludwig and Woodbury have developed a model for
the electronic structure of these impurities which
is consistent with their observations. The essen-
tial features of the model are also indicated in
Fig. 1. According to the model, when the impurity
is located at the substitutional site, four of the
transition-metal electrons are involved in bonding.
The remaining electrons outside the n = 2 shell
(i.e., n & 2) occupy the 3d level which is split into
e and t, states by the tetrahedral crystal field.
The interstitial position is also characterized by
tetrahedral symmetry and the M level is split as
before; however, the sign of the crystal field is
reversed with t2 below e. In this case, electrons
are not required for bonding and, according to the
model, all n&2 electrons are contained in the 3d
shell. For both the substitutional and the intersti-
tial impurities, the single-particle levels are pop-
ulated according to Hund's rules; i.e., the high-
spin. state is favored.

The many-electron state associated with each
transition-metal impurity can be characterized by
the quantum numbers, S, L', and 4, where rep-
resents total spin, and I-' and J are effective or-
bital angular momentum and effective total angular

momentum, respectively. The effective or-
bital angular momentum is quenched by the
crystal field in al.l of the configurations. con-
sidered except 3d and 3d; in these two cases, orbi-
tal degeneracy associated with the partially filled t2
states remains. The g values associated with
these two configurations contain both orbital and

spin contributions. However, the EPH measure-
ments reveal that the orbital contribution is re-
duced considerably from the free-atom value (gz
«1). In addition, there is a sizable reduction in
the spin-orbit constant associated with these im-
purities. These observations are consistent with
hybridization of the transition-metal orbitals with
the surrounding ligands. The dynamic Jahn- Teller
effect also provides an explanation for these ob-
servations. " Both the Jahn-Teller effect and co-
valency may be participating in this reduction,
but it is not known which predominates.

The essential features of Ludwig and Woodbury's
model for the interstitial are summarized below:

(i) all n &2 electrons contained in the 3d shell,
(ii) 3d level split with t, below e,
(iii) high-spin states favored (Hund's rule),
(iv) orbital angular momentum and spin-orbit

interaction strongly reduced.

III. CALCULATION

The cluster chosen to represent pure crystalline
silicon consists of a cage of ten silicon atoms cen-
tered on the interstitial position and surrounded by
sixteen hydrogen terminators. There are two
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FIG. 1. Transition-metal ions which have been observed by electron paramagnetic resonance in silicon and corre-
sponding model for the electronic structure. The symbols $, L, and J represent total spin, effective orbital angular
momentum, and effective total angular momentum, respectively (after Ludwig and Woodbury, Ref. 1, p. 266).
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shells of silicon atoms (four and six atoms in each)
and two shells of hydrogen atoms (four and twelve
atoms in each) as shown in Fig. 2. The distance
between nearest neighbors is taken as that appro-
priate to the pure crystal with r, =4.444a, . The
hydrogen terminators serve to tie up the dangling
bonds and effectively eliminate spurious surface
levels from the valence band and from the band

gap. The interstitial impurity is represented by
this cluster with the appropriate transition-metal
element placed at the center.

The electronic structure of the molecular cluster
is calculated according to the spin-restricted scat-
tered-wave X& method of Johnson and Smith. ~3'~7

Since this method has been discussed at length
elsewhere, ' only a brief summary w'ill be given
here. The atoms which form the cluster and the
entire cluster itself are suri. ounded by nonover-
lapping spheres, thereby partitioning space into
three regions: atomic, interatomic, and extra-
molecular. The wave function is expanded in a
set of partial waves within each region. The eigen-
values and wave functions are determined by the
condition that the wave functions and logarithmic
derivatives be continuous across all boundaries.
The potential energy is represented by a muffin-
tin approximation where the potential is spherical-
ly averaged in the atomic and extramolecular re-
gions and volume averaged in the interatomic re-
gion. The exchange term is approximated by the
Slater statistical exchange with 0' given by
Schwarz. " The process of generating wave func-
tion, then potential is carried to self-consistency.

FIG. 2. SitoHq8 cluster centered on the interstitial
position. Hydrogen terminators are not shown, but be-
long at the end of each dangling bond.

In the present calculation, partial waves up to
l =2 are employed in the transition-metal and ex-
tramolecular" regions, up to l = 1 in the silicon
regions, and up to l'= 0 in the hydrogen regions.
The atomic- and outer-sphere radii are chosen so
that the spheres touch but do not overlap; i.e.,
xgtoIIIk 2 221ao and r OIIteg —11.110a0. The value of
0' appropriate to silicon is used for the hydrogen
terminators. ' The maximum relative difference,
hV/V, between successive potentials provides a
measure of self-consistency. We require that this
parameter be less than one percent before the
iterative sequence is terminated. After conver-
gence has been achieved for one transition-metal
impurity, this potential is used as a starting point
for the next element in the transition-metal series.

IV. RESULTS

The electronic structure associated with the
cluster Si»H„as calculated by the scattered-wave
Xo. method with an empty sphere at the center is
shown in Fig. 3(b). The results of the calculation
are consistent with experiment [see Figs. 3(a) and

3(b)], A gap of 0.84 eV is found to separate the
occupied and unoccupied single-particle levels.
For a very large cluster, this quantity would cor-
respond to the band gap of bulk silicon, "which is
measured to be 1.16 eV. The width of the occupied
valence states is 10.4 eV; the experimental va-
lence-band width for bulk silicon is -12-13 eV.'

It is instructive to characterize the states of the
Si»H„cluster in the central interstitial region.
The t, and e states are of particular importance
since, by symmetry considerations, they are per-
mitted to interact with the M states of the transi-
tion metal when it is inserted into that position.
The degree to which they interact will depend upon
the amount by which the t, and e states overlap
with the transition-metal Sd states. This is indi-
cated in Fig. 3(c). Here, we have taken as a mea-
sure of the overlap the fractional d-like (I = 2)
character of the t, and e states of the SiyoHg6 clust-
er in the empty central-sphere region, i.e., the
square of the d projection of each state integrated
over the central sphere. Since our interest lies
in localized states formed in the forbidden gap,
the cluster orbitals of importance are those close
to the band edges. It is clear from the figure that
the 4t, and 2e states are the valence-band states
of primary importance. In addition, it will be
shown that the 5t, state is also important, by vir-
tue of its interaction with the 4t, state.

The principal results of the present calculation
are contained in Fig. 4. We begin with ¹ion the
left since it has a closed-shell configuration. We
note that the energy-level structure remains es-
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sentially unaltered by the presence of the M im-
purity, aside from the appearance of the filled lev-
els labeled dt& and de. These levels are evidently
derived from the compact and fully occupied ¹iSd

state. A departure from the unperturbed electron-
ic structure occurs when ¹iis replaced by Co.
ElectricaOy active deep levels are created as 5t,
and 2e are pushed up into the band gap. This is
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accompanied by a large upward displacement of the
dt, and de levels. This process continues as we

move backwards in the transition-metal series un-
til Cr is reached when the 5t2 and 2e levels begin
to move into the conduction band. It is noted that
for the transition-metal impurities Co through
Cr, the 5tl level remains below 2e.

It is instxuctive to monitor the charge distribu-
tion associated with electrons in the states dt„
de, 4t» 5t2, and 2e. The corresponding fractional
charge contained within the central transition-
metal atomic sphere for each single-electron state
is shown in Fig. 5(a}. This can he considered to
represent the fractional amount of time spent by a

single electron in this region, for each orbital.
Again starting with ¹i,the electrons in states 4tm,

5t„and 2e have the itinerant character of band-
state electrons while those occupying the dt, and

de states are highly localized on the ¹iatom.
The dt, and de levels are essentially atomic Ni d
states. When Ni is replaced by Co, the dt2 and de
electrons begin to delocalize while 5t, and 2e as-
sume a greater transition-metal character. This
trend continues through the transition-metal se-
ries. As the states dt, and de lose their transition-
metal character in going from Ni to Cr, they de-
locabze onto the neighboring silicon atoms. Spe-
cifically, the dt, electrons spread primarily onto
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FIG. 5. Uppermost curves (a) represent the probabil-
ity of finding an electron in the transition-metal sphere
for each of the states indicated. The lower curve (b)
represents the total charge (all electrons plus nucleus)
in this saro.e region.

the four tetrahedrally coordinated silicon atoms,
the de states onto the six remaining octahedrally
coordinated silicon atoms. Conversely, as the

states 5t, and 2e gain transition-metal character
in going from Ni to Cr, they become less silicon-
like. The total amount of charge (electronic plus
nuclear) in the impurity sphere is indicated in

Fig. 5(b). It is noted that even though the transi-
tion-metal 3d states become strongly delocalized
(dt, and de), the total charge remains relatively
constant.

A spin-unrestricted calculation was attempted
for the CrSi»H~, cluster, but it failed to converge.
The maximum relative difference between succes-
sive potential energies (n V/V) provides a mea-
sure of self-consistency. The divergence was
realized when this parameter froze at about two

percent while the spin-up and spin-down levels
continued to move apart. This effect has been ob-
served. by other investigators for substitutional Cr
and Fe in Inp (Ref. 21) and GaAs. ' Although this
divergence is not fully understood, it has been
suggested that the hydrogen terminators are in-
volved. ' In an attempt to investigate this point,
the spin-up and spin-down potentials in the hydro-

gen spheres were replaced by the corresponding
averages of the two spins. Although the silicon
valence-band states stabilized, the dt» de, 5t»
and 2e states continued to split even after the rel-
ative difference between successive potentials
froze at about one percent. A further investigation
of this effect is in progress.

V. DISCUSSION AND CONCLUSIONS

The present calculation predicts an energy-level
structure which is consistent with the model pro-
posed by Ludwig and Woodbury. ' Our results sup-
port the identification of neutral Cr, Mn, and Fe
as interstitial impurities" and indicate that Co is
also a candidate for electrical activity. In all
cases, the calculation supports the sign of the
crystal field as proposed with the t, level located
below the e level. A previous calculation predicted
an inverted ordering. ' Since no state of a, sym-
metry is produced in the gap or valence band, we
conclude that the 4s states of interstitial 3d tran-
sition-metal ions are energetically unfavorable
with the result that all of the n &2 electrons occupy
the 3d states. This is in agreement with the model
of Ludwig and Woodbury. Finally, the delocaliza-
tion associated with the partially filled 5t, and 28
levels in the gap is consistent with the observed
reduction of the orbital angular momentum.

Since the spin-unrestricted calculation failed to
converge, the Hund's-rule occupation observed by
Ludwig and Woodbury could not be verified. There-
fore, the observed occupancy represents input to
our spin-restricted calculations. It is noted, how-
ever, that in the spin-unrestricted calculation, the
energy-level structure did predict a Hund's-rule
occupancy up to the stage where the potential-dif-
ference self-consistency parameter, 6V/V, froze
at a constant value. Beyond this, the levels con-
tinued to spread into the valence and conduction
bands.

The energy-level positions may be interpreted
on the basis of ligand-field theory. The transition-
metal 3d states are expected to interact primarily
with the 3P states on the ten silicon atoms which
surround the interstitial. In particular, a set of
o-type (pointing toward the center) f, orbitals may
be constructed from P functions centered on the
four tetrahedrally coordinated silicons. Similarly,

p functions on the nearby set of six octahedrally
coordinated silicons provide a o-type e orbital.
As demonstrated by Fig. 3(c), the v orbitals of
primary concern can be associated with the 4t, and

2e states of the Si„H„cluster. When ¹ is intro-
duced into the Si„H„cluster, bonding and anti-
bonding t, and e states are produced. The bonding
levels are denoted dt, and de in Fig. 4; the anti-
bonding levels are represented by the states 4t,
and 2e. As a consequence of the large energy dif-
ference between the ¹i3d and cluster 4t, and 2e
states, the 4t, and 2e levels are not perturbed sig-
nificantly by the interaction. When Ni is replaced
by Co, the dt, and de states rise substantially and

the 3d levels begin to hybridize with the surround-
ing ligands. The 28 level is forced upward into the
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gap. The 4t2 level starts upward but through its
interaction with the 5t2 level forces it, in turn, in-
to the gap. The 5t, and 2e levels therefore repre-
sent the antibonding states resulting froxn the in-
teraction of the transition-metal 3d state with sili-
con levels near the top of the valence band. This
process continues through the transition-metal
series as indicated in Fig. 6. The 4t~ level lies
belom the 2e level in the Si«H„cluster and this
ordering of levels, transmitted to the 5t, level,
prevails throughout the txansition-metal series.
It is noted, however, that the crystal-field split-
ting approaches zero for interstitial Co and Fe
(see Figs. 4 and 6). This may be partially an arti-
fact of our finite-sized cluster in which 4t, has a
level of the same symmetry, located above it in the
valence band while 2e does not. The 5t~ deep level
in the impurity cluster approaches the 2e level
since it is pushed up indirectly, via the 4t3 level.
In a more realistic calculation (larger cluster),
numerous t2 and e states would be expected above
4t2 and 2e so that states of both symmetries could
be pushed up indirectly. This could serve to in-
crease the crystal-field splitting. Homever, since
there will always be more localized t, than e
states, this effect near Co and Fe will probably re-
main to some degree.

As indicated in Fig. 1, the transition-metal in-
terstitials have been observed in a variety of
charge states. A number of factors determine
whether a given charge state is stable. Starting

2e
5t2

5t&

de
dt2

f f f I

Qo Fe Mn Cr

FIG. 6. Schematic representation of ligand field de-
scription of bonding and antibonding levels for Cr
through Ni interstitials in Si. The thicker lines indicate
a relatively large transition-metal character.

with the neutral charge state, electrons may be
added, creating acceptor levels, or removed,
creating donor levels. Two factors which limit
the number of electrons which can be accepted ox
donated are the crystal field and exchange interac-
tions mhich provide a stability for filled and half-
filled t, and e levels. Also, since levels move up
(down) when electrons are added (removed), there
will be only a limited number of stable states be-
fore a partially filled level entexs the conduction
(v'alence) band. Haldane and Anderson" have con-
sidered this effect, concluding that the magnitude
may be reduced significantly from the atomic val-
ues by hybridization with band states. In this pa-
per, we have performed single-particle-state cal-
culations for the neutral defect only. Homever,
considering the above factors, they can serve as
a rough guide to the stability of the other charge
states as mell. For instance, if the lomest partial-
ly occupied level is close to the conduction band,
as in the case of Cr', an acceptor level (Cr ) is
not expected. A single donor level is expected,
however, corresponding to the xemoval of the
spin-down electron (see Fig. I) from the partially
filled t, state. This is confirmed experimentally
by the EPB observations of both Cro and Cr'.
Further donor action is less likely because the
next electron must come from the more stable
(Hund's rule) half filled e state. The lowest par-
tially filled state for Mno is somewhat lower in

energy explaining the existence of a single accept-
or level (Mn is stable). On the other hand, the
Mn' level is still fairly high in the gap allowing
for the two observed donor levels associated with
the removal of the two spin-down electrons from
the t, state. The highest occupied orbital for Feo
is still lomer in energy. At least one donor state
(confirmed by the stability of Fe') is expected.

%e see that for these ions, the multiple donor
and acceptor action (experimentally verified for
Cr, Mn, and Fe) are simply related to the filling
and emptying of the partially occupied spin-down
t2 states. Mn is most strategically located in the
gap so that aQ of the available states from Mn
(t~') to Mn" (t~') are stable. This general fea-
ture is borne out in our calculation, the average
(spin-up and spin-down) t, state for neutral Mn'

being in the upper half of the gap. The arguments
that we have developed would predict no other
charge states for ¹i;however, ¹i'is observed but
occupying a distorted lattice site. In general,
Jahn- Teller distortions can also stabilize diffex ent
charge states. In addition, this stability could re-
flect the raising of the 2e spin-down level into the
gap by the exchange splitting.

Unfortunately, there appear to be few, if any,
reliable measurements at present for the electri-



1858 De LEO, WATKINS, AND FOWLER

cal level positions in the gap associated with these
interstitial ions to which we can compare our re-
sults. This is primarily because the interstitial
ions are fast diffusers in the lattice and defect
pairing clouds the interpretation of the measure-
ments. There does seem to be a reasonable con-
sensus developing, however, that the single donor
state of Fe may be at E„+0.4 eV.' This is in fair
agreement with our result which locates the donat-
ing 5t, level at 0.68 eV above the filled 2t, level of
the cluster.

To make a more proper connection to the donor
level position, a transition-state calculation should
be made which, for a very large cluster, would
correspond to a calculation with a half-electron re-
moved from the 5t2 level. (This is a statement of
the failure of Koopmans's theorem for our single-
particle-state calculation. } This would lower the
predicted donor level position in the gap some-
what. On the other hand, a properly converged
spin-unrestricted calculation would raise the level
because the electron is being removed from the
minority (lower occupancy) spin-down state. These
refinements are being explored and will be the sub-
ject of subsequent publications.

In summary, the present calculation predicts
electrically active levels deep within the band gap
for neutral interstitial Cr, Mn, Fe, and Co. Phys-
ically, they arise from t, and e orbitals, localized
primarily on the nearest- and next-nearest-neigh-
bor silicons, that are close to the top of the va-
lence band which are pushed up into the gap in the
presence of the interstitial 3d ion. The t, level is
located below the e level in all cases, consistent
with the model of Ludwig and Woodbury.
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