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The single-particle electronic structures and atomic displacements of substitutional nitrogen and
oxygen in silicon are treated theoretically in a cluster representation using both the scattered-wave
Xa (SW-Xa) and modified neglect of diatomic overlap (MNDO) electronic-structure methods. Sub-
stitutional carbon and sulfur are treated to a lesser degree for the purpose of comparison. The im-
purity X and its environment are simulated by the clusters XSi;H;; (SW-Xa and MNDO) and
XSigHss (MNDO only). In all cases, we find a localized occupied a, state in the gap with a local-
ized unoccupied ¢, state above it when the impurity atoms are on center. Using computed MNDO
total energies for XSi;H|, as a function of impurity displacement, we find spontaneous displacement
directions correctly predicted for neutral carbon, nitrogen, oxygen, and sulfur, and for negative oxy-
gen. By monitoring the single-particle energies and eigenvectors, we identify the driving force for
the spontaneous asymmetric displacements as a pseudo—Jahn-Teller effect. We further explore the
total energy with respect to simultaneous impurity and near-neighbor-silicon displacements, where
the effect of the host outside the cluster is simulated by ‘“‘external springs” connected to the four sil-
icon atoms of the cluster. We find that it is necessary to use effective springs that are quite dif-
ferent from those which follow from a valence-force treatment in order to reproduce the observed
spontaneous displacements of the substitutional nitrogen and oxygen impurities. This failure of the
simple valence-force treatment is discussed. Our results also suggest a model for the “thermal
donor” in silicon, whereby a substitutional oxygen is pushed “on center” by the strain field due to
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surrounding oxygen interstitials.

I. INTRODUCTION

A wide variety of substitutional impurities have been
studied in silicon.! In many cases, the impurities are
found to occupy the high-symmetry tetrahedral (T};) site,
thereby fourfold coordinating with the near neighbors just
as a silicon atom would. In some cases, however, the im-
purity resides “off center” in a site of lower symmetry
(Cyys Csy, - . .) with a reduced coordination number. Con-
sider the substitutional impurities carbon, nitrogen, oxy-
gen, and sulfur. Although their electronic structures as
free atoms are rather similar, they behave very differently
as substitutional impurities. Carbon®® and sulfur* are
known from experiment to reside at the high-symmetry
(T,) site, while nitrogen® and oxygen®’ displace spontane-
ously off center in different directions. Oxygen is ob-
served to be a single acceptor,®® yet sulfur is a double
donor.!® In the present investigation we treat the electron-
ic structure and spontaneous displacement of this interest-
ing sequence of impurities theoretically, with emphasis on
the off-center impurities, nitrogen and oxygen. In addi-
tion, the role of spontaneous silicon-neighbor displace-
ments is critically examined.

Spontaneous impurity displacements are well known for
defects in the ionic materials where classical electrostat-
ic'>1? and quantum-mechanical'>!* models have been pro-
posed to explain them. The most widely studied defect of
this type is substitutional Li* in KCL'*15 In the purely
covalent materials, on the other hand, one would not ex-
pect classical electrostatic arguments to be adequate;
hence, chemical mechanisms (e.g., “rebonding”) have been
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proposed. The interesting feature of the covalent materi-
als is the variety of impurity displacements which are ex-
hibited by such similar impurity atoms located in identical
environments.

The substitutional oxygen impurity in silicon, common-
ly called the “A center,” was identified by Watkins and
Corbett®’ and has been well characterized by electrical
measurements,>®  infrared absorption,7 and electron
paramagnetic resonance (EPR).%!® These studies have re-
vealed that the 4 center is an acceptor whose level position
lies at E,—0.17 eV. The substitutional oxygen in both
stable charge states (neutral and single negative) was deter-
mined to be off center in a {100) direction, thereby reduc-
ing the symmetry to C,,. The barrier for reorientation be-
tween equivalent directions has been measured for the
neutral species and found to be 0.38 eV. The paramagnet-
ic species is O~. Here, the unpaired electron was found to
reside mainly (71%) on the two near-neighbor silicons
which are opposite the oxygen displacement direction.
From stress measurements, this orbital was identified as
antibonding with respect to these two silicon atoms.

More recently, neutral substitutional nitrogen in silicon
has been identified by Brower.” As with nitrogen in dia-
mond,!” it displaces off center, but along a (111) axis,
thereby lowering its symmetry to Cs3,. The barrier for
reorientation between equivalent directions was measured
and found to be ~0.11 eV. It is a deep donor, and the un-
paired electron of the neutral impurity is localized mainly

" (~72%) on the single near-neighbor silicon along (111),

and slightly (~9%) on the nitrogen (72% p, 28% s); it is
antibonding between the two of them.

Theoretical studies of substitutional nitrogen and oxy-
gen in tetrahedrally bonded covalent materials'® 3 began
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with the treatment of nitrogen in diamond by Messmer
and Watkins.'® Extended Hiickel theory (EHT) was used
to estimate the total energy and single-particle electronic
structure of a finite-cluster representation of the host and
impurity. The resulting single-particle electronic structure
for the on-center (Ty) impurity predicted a partially occu-
pied t, state in the “gap,” and above it an unoccupied a,
state. Recognizing the Jahn-Teller instability associated
with the partially occupied orbitally degenerate state (¢,),
Messmer and Watkins then included symmetry-lowering
displacements involving the nitrogen and four near-
neighbor carbon atoms, with the result that the total ener-
gy decreased and then stabilized in a (111) off-center
trigonal displacement, consistent with experiment. Subse-
quent to the calculations of Messmer and Watkins, a num-
ber of theoretical treatments of nitrogen in diamond and
silicon have appeared which support this a-t, ordering
(t, below a;),%°~2* and hence the presence of a Jahn-
Teller instability.

A recent self-consistent Green’s-function calculation for
on-center nitrogen in diamond by Bachelet, Baraff, and
Schliiter®® revealed, however, a reversal of the a;-t, order.
Here, the a, state is lower and, hence, occupied by one
electron; the t, state is a resonance in the conduction
band. A tight-binding Green’s-function calculation of
Hjalmarson et al.?° gives a similar ordering for nitrogen in
silicon (a; below t,). Lannoo®® argues that EHT would
also give a; below t, provided that a more appropriate
parametrization were used. Impurity displacement was
not considered in these treatments.

Theoretical calculations of substitutional oxygen in sil-
icon have been reported as well. EHT cluster treatments
of the on-center impurity have been found to give a dou-
bly occupied ¢, state below an unoccupied a; state.”> A
tight-binding Green’s-function calculation of Hjalmarson
et al.? gives a, below t, as does the scattered-wave Xa
(SW-Xa) treatment of Caldas, Leite, and Fazzio?’ which
uses a Watson-sphere termination. This a;-t, ordering
has been found by the recent self-consistent Green’s-
function calculations of Singh, Zunger, and Lindefelt,’
and of Car and Pantelides.”’ In the former calculation,
both states are conduction-band resonances.

It is clear, therefore, that the more recent calculations
indicate that for on-center nitrogen in diamond and sil-
icon, and for on-center oxygen in silicon, the single-
particle a, state (occupied) is below the ¢, state (unoccu-
pied). This of course raises the question as to why nitro-
gen and oxygen spontaneously displace off center, since
the ground state is no longer degenerate. This is an issue
of current controversy. In the present investigation, we
further explore the single-particle electronic structures of
substitutional carbon, nitrogen, oxygen, and sulfur with
particular emphasis on nitrogen and oxygen.’! We then
study the spontaneous impurity and near-neighbor dis-
placements employing a method conventionally used in
molecular-geometry studies. These methods are described
in the following section.

II. METHODS

The impurity electronic structures which we describe
below involve the following two classes of approxima-
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tions. (i) We simulate the impurity environment by small
fragments of crystalline silicon, suitably terminated by hy-
drogen atoms, i.e., we use a “cluster approach.” (ii) The
eigenstates appropriate to these clusters are approximated
by two electronic-structure methods which will be seen to
have complementary advantages.

In the SW-Xa method,’>?* the atoms which form the
cluster and the entire cluster itself are surrounded by
nonoverlapping spheres, thereby partitioning space into
three regions: atomic, interatomic, and extramolecular.

The potential, with a Slater statistical exchange,* is
spherically averaged in the atomic and extramolecular re-
gions and volume averaged in the interatomic region.
This is the muffin-tin approximation. The eigenvalues
and wave functions are determined by the condition that
the wave function and logarithmic derivatives be continu-
ous at all sphere boundaries. This process of generating
wave function, then potential, is iterated until self-
consistency is achieved.

The modified neglect of diatomic overlap (MNDO) ap-
proach® is a semiempirical Hartree-Fock linear combina-
tion of atomic orbitals—molecular orbital method which
has evolved from the complete neglect of differential over-
lap method.3® In this approximation, all of the one-center
and some of the two-center integrals are retained; the oth-
ers are set equal to zero. The one-center integrals are
determined by fitting to experimental atomic data. The
nonvanishing two-center integrals are parametrized by fit-
ting to available experimental small-molecule data such as
dipole moments, heats of formation, and bond lengths.
As in the SW-Xa method, the computational sequence is
carried to self-consistency. Open shells are handled by the
half-electron approximation,’’ where the total-energy ex-
pression is adjusted to agree with the appropriate Roothan
open-shell total-energy expression®® after self-consistency
has been achieved.

Both electronic-structure methods provide single-
particle electronic structures. It is well known, however,
that the relationship between single-particle energy differ-
ences (Ae) and the corresponding total-energy differences
(AE) depends on the method considered. In the SW-Xa
method, the Ae’s and AE’s typically differ by ~0.1 eV,*
so that the Ae€’s provide reasonable transition energies
(AE’s) at a glance. This is characteristic of local-density
methods. For MNDO, on the other hand, which is a
Hartree-Fock method, these can be quite different when
relatively localized states are involved,** as they always
are in a cluster representation. The SW-Xa single-particle
electronic structures therefore contain a greater amount of
useful information.

Because of the muffin-tin approximation, the SW-Xa
method fails to provide meaningful total-energy changes
with impurity displacement. The MNDO method, on the
other hand, is designed to provide realistic molecular
geometries and is therefore well suited for calculations of
total energy versus displacement. The total energies can
then be monitored as a function of impurity-atom and
neighboring-atom displacements to determine equilibrium
conformations.

Both methods, SW Xa and MNDO, can provide
single-particle electronic structures for a given impurity
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system. Therefore, by applying both of these electronic-
structures schemes to a given system we are provided with
a measure of the severity of the collective approximations
used in both methods. This global test is a valid one be-
cause the approximations involved are quite different be-
tween the two methods. In particular, one would not ex-
pect to find a similar ordering of states if these approxi-
mations were too extreme. Differences in the magnitudes
of the relative energy separations between the two
methods are expected, however, as a consequence of the
different exchange formalisms used, that is, local density
versus Hartree Fock.

We come now to the cluster representation of the im-
purity environment. We simulate the impurity X and its
environment by two clusters, XSi;H;, (denoted cluster SI4)
and XSi;¢H;4 (denoted cluster SI16), which are centered at
the site of the missing silicon atom. The hydrogen atoms
serve to terminate the cluster by tying up the silicon dan-
gling bonds and simulating the missing, more distant, part
of the solid.

For the SW-Xa calculations, we consider only cluster
SI4, with the impurity atom on center. Here, the Si-H
distance is set equal to the Si-Si near-neighbor distance ap-
propriate to crystalline silicon (2.35 A). The exact dis-
tance one uses here is somewhat arbitrary; however, we
have shown in previous publications® that making it
larger than the natural Si—H bond length (1.48 A) pro-
vides a simple way of producing a density of states near
the band edges with which the defect states can interact.

For the MNDO calculations, we consider both clusters
SI4 and SI16. We use an Si-H distance of 2.12 A (90% of
2.35 A) for SI4, representing an arbitrary compromise be-
tween the natural Si—H bond length and the crystalline-
silicon Si-Si distance. In addition, we consider the effect
of changing this distance in the range from 1.48 to 2.35 A.
The natural Si—H bond length (1.48 A) is used for cluster
SI16, since the near-band-edge states which couple to the
defect states are provided partially by the Si-near-
neighbor—to—Si-next-nearest-neighbor interactions which
are present in this larger cluster.

Applying the MNDO method to both clusters, we first
explore the total energies and single-particle states as a
function of (100), (111), and (111) impurity displace-
ments, holding the other atoms of the cluster fixed. We
later explore the total-energy surface as a function of com-
bined impurity and near-neighbor silicon displacements.

III. COMPUTATIONAL RESULTS
AND INTERPRETATIONS

A. On-center electronic structures

The single-particle electronic structures for our SI4
cluster representations of crystalline silicon*! and neutral
on-center nitrogen and oxygen are shown in Figs. 1 and 2
using SW-Xa and MNDO, respectively. The states 1¢;
and 3a; of SisH;, represent the ‘“valence-band” and
“conduction-band” edges, respectively, in our model sys-
tem, with 1#, being the last occupied state. When nitro-
gen or oxygen (or sulfur, not shown) replaces the central
silicon, an a; (3a;) state is pulled down into our model-
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FIG. 1. Single-particle electronic structures for clusters
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Valence-band maxima are set to zero.

system “band gap.” This state and the 4¢, state above it
are both somewhat localized on the central atom and the
silicon ligands, but it is the lower-energy 3a, state which
is occupied by one electron for nitrogen and by two elec-
trons for oxygen (and sulfur). Our computed 3a,-4¢, or-
dering is therefore consistent with the results of the more
recent calculations on these and similar systems as
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described in the Introduction.

The 3a, state is a deep level in the gap. The 4z, state
appears to be a conduction-band resonance. The la, state
which lies below the bottom of the valence band is mostly
impurity s-like (2s for N and O, 3s for S); the 2¢, state
near the top of the valence band is mostly impurity p-like
(2p for N and O, 3p for S). These a; and ¢, states are the
“hyperdeep” states described by Hjalmarson et al. 26

A simple argument presented by Bachelet, Baraff, and
Schliiter® for why the a, state ought to be lower than the
t, state is illustrated in Fig. 3. Here, the atomic valence s
and p states are considered to interact with the a; and ¢,
states of the lattice vacancy into which the impurity is in-
serted. This model clearly explains the presence of the
gap (deep) and hyperdeep a, states as well as the resonant
and hyperdeep ¢, states which we find.

A comparison of Figs. 1 and 2 reveals that there is a
strong resemblance between the SW-Xa and MNDO
single-particle electronic structures. This similarity sug-
gests that the SW-Xa and MNDO approximations
(muffin-tin and MNDO, respectively) are not too severe in
these cases.

The differences present in single-particle energy spac-
ings (A€’s) between SW Xa and MNDO are readily ap-
parent, but most of these can be understood in terms of
the relationship between these A€’s and the excitation en-
ergies (AE’s) as described in the Introduction. A “A-SCF”
calculation (where SCF denotes self consistent field)
(AE’s) for the band gap of SisH;, using MNDO gives a

ground-singlet (1¢$) to excited-singlet (1z73a]) energy
separation of ~2 eV. Here, the ground- and excited-state
energies are separately calculated self-consistently. This is
much smaller than the single-particle energy separation
between 1¢; and 3a; of ~6 eV, and is much closer to the
SW-Xa excitation energy (AE ~ Ae) of ~1 eV.

We now consider an approximation which is common
to both of these calculations. In both SW Xa and MNDO
we have used the small SI4 clusters to simulate the impur-
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FIG. 4. Single-particle electronic structures for clusters
Si17H36, NSi16H36, and OSi16H36 (dSi—Hz 1.48 A) from MNDO.
Valence-band maxima are set to zero. Note that the lowest a;,
state for each cluster is not shown in the figures. It would be lo-

cated at —15.9, —19.0, and —26.6 eV for Si;;Hzs NSij¢Hje,
and OSi;¢Hj3s, respectively.

ity environment. In order to explore this approximation,
we apply MNDO to these same impurity systems, but us-
ing the larger SI16 clusters. The corresponding SI16
single-particle electronic structures for crystalline silicon
and on-center nitrogen and oxygen are shown in Fig. 4. In
Fig. 5, the oxygen results from MNDO using SI16 [Fig.
5(a)] and SI4 [Fig. 5(b)] are shown together.
The single-particle electronic structures appropriate to
the SI16 cluster are clearly similar to those from the
smaller SI4 cluster. Although it is not shown, the same is
true for sulfur. Here again we find a localized and occu-
pied a; gap state directly below a localized and unoccu-'
pied t, resonant state. This suggests that the computed
a,-t, ordering is not simply a small-cluster effect. In fact,
there is very little change in the a- and t,-state positions
relative to each other and the valence-band maximum in
going from SI4 to SI16. The choice of a larger than
natural Si-H distance in SI4 is largely responsible for this
good agreement, as demonstrated in Fig. 5(c) where we
show the results for an SI4 cluster (OSisH},), but with a
natural Si-H distance of 1.48 A (call this cluster SI4’).
Here, the a; and ¢, states relative to the valence-band edge
agree less well with those of cluster SI16.
A similar observation can be made by a comparison of
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existing SW-Xa calculations of substitutional oxygen.
Caldas, Leite, and Fazzio?” have used a Watson-
sphere—terminated 16-silicon cluster, and they too find an
a, state directly below an unoccupied ¢, state. Again, this
demonstrates that this a-¢, ordering is not an anomalous
small-cluster effect.

The computed single-particle electronic structures,
therefore, would appear to predict that nitrogen is a single
donor, and that oxygen and sulfur are double donors.
However, contact with experiment cannot be made from
these calculations for nitrogen and oxygen, since they are
known from experiment to reside off center in a site of
lower symmetry. Sulfur, on the other hand, is found from
experiment to be on center and it is, in fact, a double
donor. The first (single) donor level for sulfur is observed
at ~E,—0.3 eV,” or relative to the valence band,
~E,+0.85 eV. The SSigH;, SW-Xa calculation of Car-
tling*! which uses the type of cluster that we have called
SI4, gives ~E,+0.9 eV, as estimated from the 3a;-1t,
single-particle energy separation. This is in good agree-
ment with experiment.

B. Defect geometries from MNDO

We now proceed to investigate symmetry-lowering dis-
placements for substitutional nitrogen and oxygen using
the MNDO method. Implicit in the following is the as-
sumption that the processes which are important in deter-
mining molecular geometries are also those which are im-
portant here in determining impurity geometries. With
this assumption, we can proceed in a very direct way to
apply MNDO to the problems at hand.

The MNDO matrix elements have been determined
elsewhere by fitting computational results to measured
quantities from appropriate free atoms and small mole-
cules.® Since few, if any, of these small molecules con-
tain a Si—Si bond, it is not clear that such a bond would

(a) (b)) (c)
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FIG. 5. Comparison of single-particle electronic structures
for three cluster representations of substitutional oxygen: (a)
OSII6H36 (ds, =1. 48°A) (b) OSI4H12 (dsl =2.12 A) and (c)
OSiH;;, (dSi_H= 1.48 A).
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be well represented using the reported silicon parametriza-
tion. We have therefore tested the Si—Si bond using the
three clusters, Si;H;¢ (SI16), SisH;, (SI4’), and SigHs, by
allowing sets of silicon atoms to relax and seek out their
equilibrium positions. The shell of four near-neighbor sil-
icons to the central silicon in Si;;Hj3s remains essentially
at 2.35 A when allowed to move radially in a rigid cage.
In the SisH;, cluster, the Si-Si distance for a SiH; unit
moving rigidly relative to the rest stabilizes at ~2.25 A.
This same distance is found for the Si, bond length in
SigH]g (Hg-Si3'Si2-Si3-H9) with one Si- Si3H9 unit moving
rigidly against a similar unit where both use a natural Si-
H distance of 1.48 A Therefore, we find that the Si—Si
bond length of 2.35 Ais predicted in all cases to within
<0.1 A. This is consistent with the MNDO results of
Verwoerd* on silicon-containing molecules. Also, our
computed Si—Si bond-stretching spring constant of
~11 eV/A? (determined from SigH;; or Sij;Hs as
described above) is consistent with the value of ~10
eV/A? determined from compressibility measurements.**

In a more severe test, we have simulated the disiloxane
molecule (OSi,Hg), and we find that the Si—O and Si—H
bond lengths are also properly reproduced. However, the
Si—O—Si bond angle is predicted to be 180°, which is not
consistent with the measured value of ~144°. Large-
basis-set ab initio Hartree-Fock calculations also predict
this angle to be 180°. It has been argued that d functions
are required in order to obtain agreement with experi-
ment.*’ Fortunately, the Si—O—Si bond-bending energy is
small and is, therefore, not a critical factor in determining
the oxygen displacement in a cage of silicon atoms. Here,
the important factor is the Si—O bond-stretching energy,
which is well represented by this method.

C. Spontaneous impurity displacement in a rigid cage

We now apply the MNDO method to neutral substitu-
tional nitrogen and oxygen in the SI4 cluster representa-
tion. The cluster total energies as functions of impurity
displacements are shown in Figs. 6 and 7. Here, the other
atoms are held fixed with the near-neighbor silicons locat-
ed at crystalline silicon sites. The nitrogen impurity is
seen to be stable off center in a (111) direction, thereby
lowering its symmetry to Cj;,. The oxygen impurity is
stable off center in a (100) direction, thereby lowering its
symmetry to C,,. Not shown are neutral carbon and
sulfur which are found to remain on center, and negative
oxygen which also goes off center in a (100) direction.
This simple model therefore predicts correctly the dis-
placement directions for all five of these observed substi-
tutional impurity systems.

Although we hesitate to take too seriously the details of
these potential-energy curves in view of the simplicity of
our model, we point out a few interesting features. The
nitrogen exhibits a shallow on-center minimum and a
deeper off-center minimum located at 0.55 A in the
(111) direction with a depth of 0.05 eV. The barrier for
reorientation is therefore ~0.05 eV; i.e., reorientation ap-
pears to require that the nitrogen go through or near the
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origin since the (100) and (111) directions have no off-
center minima. This energy is close to the observed bar-
rier of 0.11 eV.> The oxygen minimum is at 1.0 A in the
(100) direction with a depth of 1.0 eV. The correspond-
ing reorientation barrier, estimated from the (110)
minimum (the saddle point through which reorientation
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occurs), is ~0.47 eV, again close to the observed barrier
of 0.38 eV .6

Since the observed nitrogen and oxygen displacements
are correctly predicted in this simple model, we proceed to
use these single-particle results to develop an understand-
ing of the driving force for this off-center behavior. We
first consider the substitutional nitrogen single-particle
electronic structure with respect to nitrogen (111) dis-
placement using the SI4 cluster representation. In Fig.
8(a) we show the energy eigenvalues corresponding to the
states 3a; and 4¢, (call them a, and t,). The ¢, state cou-
ples to the trigonal displacement and, hence, splits into
states of a; (labeled a{') and e symmetry in Cj,. (Corre-
spondingly, we label as a] the state deriving from the 3a,
state in T; symmetry.) The curvature in the a state and
an accompanying lowering of the aj state suggest cou-
pling between the two states produced by the displace-
ment.!> Such a coupling, if large enough, could provide
the driving force for the displacement.

In the single-particle picture, the Hamiltonian matrix
for linear Jahn-Teller electron-lattice coupling within
these two states can be written in terms of the ¢, (@) and
ty(111y (@) basis states as'>3

A—IQ GQ
GQ O

Here, A is the t,-a; separation, Q the trigonal (t,) dis-
placement coordinate, I the trigonal Jahn-Teller coupling
coefficient for the excited ¢, state, and G the coupling
coefficient which provides off-diagonal a;-f,¢y;;) cou-
pling.

As discussed recently by Lannoo
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framework (including the elastic energy, + kQ?) for the
similar problem of nitrogen in diamond, this can provide
a stable off-center trigonal displacement for the lower-
energy state for a continuous range of values for G and I
between the two extremes: (i) G =0, I*/k >2A, and (ii)
I=0, G*/k>A/2. The first can be considered a pure
Jahn-Teller splitting of the excited ¢, state which provides
a lower off-center minimum energy than the “ground” a,
undisplaced state. The second case is a pure
“pseudo—Jahn-Teller” effect, where the interaction is
purely off diagonal between the two a; states.

It is difficult to decide from the eigenvalues of Fig. 8(a)
which of these extremes better describes our situation, or
if it is something in between. The reason for this is that
the separation between the occupied and unoccupied states
is exaggerated, as described earlier. We therefore look in-
stead at the eigenvectors, that is, the character of the wave
functions as a function of displacement.

We project out of the a} and a; states the a; and ¢,
components (in T,) as a function of displacement. This is
shown in Fig. 8(b) separately for the contribution on the
central nitrogen atom and on the four silicon neighbors.
On the nitrogen atom, the a; and ¢, components are sim-
ply the fractional 2s and 2p character, respectively. For
the four silicon neighbors, they represent the total 3s +3p
contributions on those atoms to the @, and ¢, components
of each defect orbital.

The interaction between these two states is evident in
the figure, the a, and ¢, character of the two orbitals
tending to reverse with displacement. The transition is
not abrupt, indicating significant off-diagonal coupling G.
On the other hand, the fact that the two orbitals have
comparable a; and ¢, character at the equilibrium dis-
placement indicates that the levels have almost crossed
(IQo~A). The origin of the nitrogen displacement there-
fore appears to be associated with the Jahn-Teller instabil-
ity of the nearby unoccupied 4¢, state, ie., a
pseudo—Jahn-Teller effect.

These arguments are also confirmed in the experimental
results. Brower® found from N hyperfine analysis that
the wave function on the nitrogen was 72% p and 28% s,
similarly reflecting the strong ¢, character on the central
atom. The ¢, character of the ligands is also evidenced by
strong hyperfine interaction with only the (111) silicon
atom. Our a state is computed to be localized ~8% on
the nitrogen, ~22% on the (111) silicon, and ~3% on
the remaining three silicons. The nitrogen charge and
large ratio of Si{111) to Si; charge is therefore consistent
with experiment. We note, however, that the EPR results
indicate significantly more charge on the (111) silicon
(72%) than we find (22%). This does not appear to be a
small-cluster effect, since it persists even in the large-
cluster (SI16) calculations. The description in terms of a
pseudo—Jahn-Teller effect also explains the lack of dis-
placement for CP% or N, because for these the 3a, state is
unoccupied.

These pseudo—Jahn-Teller arguments may be similarly
presented in a many-electron (total-energy) framework.
Here, the 24, ground state is given by the configuration
-+ (3a;)!(4t,)°. The ground state in the lower symmetry
is, therefore, primarily a linear combination of this state
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and the A, partner in C;, symmetry derived from the 2T,
first excited state which has a configuration
-+ (3a;)%4t,)'. It is the first excited state which ap-
pears to provide the driving force for the displacement.

We now consider the substitutional oxygen impurity.
First, O’* is found to remain on-center as C° and N7,
while Ot moves off center to a minimum in the (111).
direction as N°. Hence, the pseudo—Jahn-Teller argu-
ments which we have used to describe the nitrogen sys-
tems, Nt and N°, appear to apply to the isoelectronic im-
purities O+ and O, as well. The neutral-oxygen impuri-
ty, however, shown in Fig. 7, has only a saddle point in
the (111) direction, with a new deeper minimum in the
(100) direction. This is also found to be true for O~.

In Figs. 9(a) and 9(b) we show the a; and ¢, eigenvalue
and wave-function character, respectively, for neutral oxy-
gen as a function of (100) oxygen displacement. Here,
the ¢, state splits into b, a; (labeled a{'), and b, states of
C,,. (A similar level structure is obtained for O, but
with the extra electron in the b; state.) This is fully con-
sistent with EPR studies of O~ which reveal the symme-
try of the unpaired-electron orbital to be b; (Ref. 6). The
b, state is found to be localized ~0% on the oxygen,
~30% on the two silicons opposite the oxygen (100) dis-
placement direction, and ~0% on the remaining two sil-
icons. This is consistent with experiment to the extent
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FIG. 9. (a) Energies of 3a; (a}) and 4¢, (by,a;,b,) states vs
oxygen (100) displacement for OSisH;, (ds;_y=2.12 A) from
MNDO. (b) Projected 4, and T, (in T,) character on oxygen
(solid) and on ligands (dashed). The arrow on the displacement
axis denotes the position of the minimum total energy.
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that most of the ligand charge is on the silicons which are
opposite the oxygen displacement. In absolute terms,
however, this computed charge (~30%) again falls short
of experiment (~70%), and, as with nitrogen, it does not
appear to be a small-cluster effect.

Here again, the eigenvalues [Fig. 9(a)] and, particularly,
the wave-function character [Fig. 9(b)] reveal interaction
between the occupied @] and unoccupied a{ states.
Therefore, the origin of the displacement again appears to
be the Jahn-Teller instability and coupling of the nearby
4t, state. In this case it would appear to be a pure
pseudo—Jahn-Teller effect in the sense that no linear diag-
onal coupling for either of the two a, states can occur for
a (100) central-atom displacement.

This two-level pseudo—Jahn-Teller model for oxygen
may be expressed in a total-energy framework, as
described earlier for nitrogen. Here we run into a prob-
lem, however, as the two-level linear-coupling model al-
ways predicts a deepest minimum in the trigonal ((111))
direction. This is not the case experimentally or from our
calculation. That the oxygen (100) minimum is lower
than the (111) minimum suggests a partial breakdown
of this simple model. Such a failure might be expected
from a system which exhibits a large relaxation where
quadratic terms and linear coupling to higher excited
states may become important. The present manifestation
of this appears to be a deepening of the (100) well rela-

tive to the (111) well.

D. Cluster termination and size effects

We now consider the sensitivity of these predictions to
variations in our cluster model of the impurity environ-
ment by (i) varying the Si-H distance in the SI4 clusters,
and (ii) repeating these calculations using the SI16 clus-
ters. We find that the off-center behavior is partially
quenched for oxygen and fully quenched for nitrogen by
either reducing the Si-H distance or by using the SI16
clusters. The abrupt nature of the nitrogen transition to
the on-center position with reduced Si-H distance is clear
from Fig. 10.

In order to understand why the degree of spontaneous
displacement depends on the cluster in this way, we ex-
plore the SI4, SI4', and SI16 impurity environments by us-
ing a carbon atom as a probe. The carbon atom is well
suited for this purpose, since it is a first-row atom such as
nitrogen and oxygen, yet it has an on-center minimum in
all cases. (As we have seen, this is a consequence of the a,
gap state being unoccupied.) We consider first the SI4
and SI4' clusters. By monitoring the total energy as a
function of carbon displacement from the on-center posi-
tion, we find spring constants of 3.9 and 6.0 eV/A? for
carbon displacements in SI4 and SI4’, respectively. This
increase in the spring constant represents a stiffening of
the lattice framework at the impurity site, which would
tend to make it more difficult for an impurity to move off
center in the SI4' cluster. Associated with this change in
spring constant Ak is a change in the potential-energy sur-
face of 5 Ak Q2 for impurity displacement Q. Using the
Ak of 21 eV/A2 predicted by our carbon-atom probe
(6.0—3.9 eV/A 2), we find this additional energy sufficient
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FIG. 10. Total energy of cluster NSi;H;, from MNDO as a
function of nitrogen (111) displacement for various Si-H dis-
tances. The numbers on the right-hand side of the figure (0.8,
0.85, 0.9, and 1.0) indicate the amount by which 2.35 A is scaled
to give the corresponding Si-H distance.

to quench the small nitrogen off-center minimum found
with the SI4 cluster, but sufficient only to reduce the
much larger oxygen off-center minimum. For example,
the nitrogen minimum of —0.05 eV at 0.55 A in the
(T11) direction (SI4) would be raised in energy by 0.32
to +0.27 eV if we increase the spring constant as
described. The SI4’ energy at this displacement (from
MNDO) is 40.27 eV, consistent with this model.

We can argue in a simple bond-orbital picture that this
comes about because we have strengthened the Si-near-
neighbor—to—Si-next-nearest-neighbor bonds. Viewed
this way, the four Si bonds which point into the impurity
region are now expected to be more sp>-like, as they would
be for silicon atoms in crystalline silicon. Therefore, in
the SI4’' cluster, spontaneous impurity displacements
would be less likely since the enhanced sp® character
would favor a tetrahedrally coordinated impurity. Similar
arguments apply to the quenching of impurity displace-
ments in going from SI4 to SI16 as well. Since one might
have expected this to be an improvement in the theory,
especially in going to the SI16 clusters, it seems at first
difficult to understand why the predicted nitrogen dis-
placement is now incorrect. What this must mean is that
our apparent success with the simple SI4 cluster is, at
least in part, fortuitous.

E. Spontaneous impurity and near-neighbor
displacements

The most obvious omission in our treatment of impuri-
ty relaxation so far is the failure to consider the response
of the silicon atoms which form the environment of the
impurity. In this section we explore the effect of includ-
ing these additional relaxations by two separate simple
models.
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1. SI16 “rigid-cage” model

We consider first the spontaneous displacements of the
four near-neighbor silicons in our SI16 cluster, with the
impurities at the origin and all other atoms held fixed (the
Si,H3g part of XSi;¢H3 now represents our rigid cage).

We begin with a fully symmetrical relaxation (a; sym-
metry) of these four silicon atoms. When a silicon atom is
at the center of the SI16 cluster, the near neighbors are
found to remain essentially at their perfect-crystal sites, as
mentioned earlier. The near-neighbor silicons relax out-
ward by ~0.1 A when the central silicon is removed,
creating a lattice vacancy. This direction is consistent
with the results of surface studies*®*’ and recent Green’s-
function calculations on the lattice vacancy in silicon.*®
When the central silicon is replaced by either on-center
carbon, nitrogen, or oxygen, the near neighbors are found
to relax inward by ~0.35 A. An inward relaxation of
~0.1 A is found for on-center sulfur. Here, we find a
substantial difference between the oxygen and nitrogen
systems (which do displace off center) and the sulfur sys-
tem (which does not). The larger sulfur atom appears to
prevent such a large radial collapse of the near neighbors.
However, now, with this inward silicon relaxation present,
both the nitrogen and oxygen impurities are found to
remain on center. The off-center behavior is fully
quenched by even small inward silicon displacements.
Again using the carbon atom as a probe of the impurity
environment, we find that the spring constant with respect
to carbon-atom motion increases from 4.2 to 17.3 eV/A 2
as we impose this inward silicon displacement, consistent
with this further quenching of the impurity displace-
ments.

It would be quite difficult with a direct measurement to
determine experimentally if this predxcted inward dis-
placement of 0.35 A is reasonable. What is known from
experiment, however, is that carbon, which remains on

center, exhibits an infrared absorption (local mode) with
wavelength 16.5um (Ref. 3). Our spring constants of 4.2
and 17.3 eV/A? correspond to carbon oscillations with
wavelengths of 32.6 and 16.0 um, respectively. It is clear,
therefore, that at least for carbon, the inward silicon relax-
ation is necessary to obtain agreement with infrared mea-
surements; only then is the predicted spring constant suf-
ficiently large. Such an inward collapse is certainly not
surprising for the case of a small first-row atom replacing
silicon. This observation, however, does not solve the
problem for nitrogen or oxygen, which are known from
experiment to go off center.

It is also known from experiment that there is a sub-
stantial tetragonal component to the silicon displacement
about the substitutional oxygen impurity.® This means
that the near-neighbor silicons pinch together in a pair-
wise manner, as they do in the neutral- and negative-
charge states of the lattice vacancy.*’ Therefore, we have
explored this symmetry-lowering ey displacement in the
presence and absence of the a; displacement described
above, again with oxygen on center. We find very large ¢
spring constants (~9 eV/A2) for Q,,=0.35 A “in” and

~13 eV/A? for Q,, =0, where energies are given per
atom for actual atom displacements) and no spontaneous
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ey displacements in either case.

The source of the large-ey spring constant calculated
above is readily found to be the substantial bond stretch-
ing which occurs between near- and next-nearest-neighbor
silicon atoms. This is, of course, a consequence of our
freezing the atoms outside of this first shell of silicons
(i.e., our rigid cage). In reality, more distant silicon neigh-
bors could respond to the near-neighbor silicon eg dis-
placements by relaxing through bond-bending modes
which have associated with them small spring constants,
e.g., these are perhaps represented mainly by the soft sil-
icon TA modes. Hence, in order to properly account for
the total-energy change with respect to the eqy displace-
ment, it would be necessary to consider the recovery of
many more distant shells of silicon atoms to the motion of
the four near neighbors. The need for such a distant-
neighbor recovery was recognized by Larkins and Stone-
ham,*® and more recently by Baraff, Kane, and Schliiter®!
in their treatment of the lattice vacancy in silicon where a
modified Keating model was used to simulate this effect.

The exploratory calculations described above reveal
practical difficulties associated with our SI16 rigid-cage
model, where only near-neighbor silicon displacements are
included. A softening of the SI16 lattice framework with
respect to symmetry-lowering displacements appears to be
necessary. In principle, this might be accomplished with a
larger cluster by treating the response of more silicon
atoms. Also, the inward collapse of the near neighbors
which was found to quench the off-center behavior cannot
be further explored without considering the coordinated
motion of the impurity and neighbors. (Note that, thus
far, we have considered only the motion of the impurity in
a framework of undisplaced silicons, and vice versa.) In
view of computer storage and time limitations, such an
approach is not possible within the framework of our
MNDO cluster model. We therefore consider a hybrid
model which we describe in the following section.

2. Hybrid model

In this final set of calculations we consider the spon-
taneous displacements of the impurity and four neighbor-
ing silicon atoms simultaneously. Unlike our SI16 treat-
ment, here we attempt to provide a more realistic frame-
work in which the impurity and near-neighbor silicons
can move. Ideally, one would like a large cluster where
more-distant neighbor silicons respond properly to the dis-
placements of these five atoms, unlike the rigid cage of
the preceding section. In practice, however, because of the
large number of coordinates we wish to vary, we must re-
strict this calculation to a very small cluster. Our hybrid
model consists of two parts. First, we have an SI4’ cluster
where the hydrogen terminators are constrained to move
with (i.e., they follow) the four silicon atoms. “Springs”
are then connected to each of these silicon atoms to simu-
late the presence of more-distant silicon neighbors. Con-
sider, for example, the springs on the (111) silicon. Since
we are simulating the forces due only to silicon atoms out-
side of the near-neighbor shell, the springs for the (111)
silicon are constructed to have a preferred (111) direc-
tion. They are, therefore, characterized by three quanti-
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ties: (i) k|—the spring constant along the (111) direc-
tion, (ii) k,—the spring constant perpendicular to the
(111) direction (axial symmetry assumed), and (iii) the
origin for the (111) spring, which is measured from the
crystalline-silicon near-neighbor site, inward or outward
along the (111) direction. The spring energy associated
with the (111) silicon atom can be written as
Eqpring=7k)(Q) — Q)+ 7k, 01 ,

where Q” and Q, are displacements from the crystalline-
silicon site along and perpendlcular to the (111) direc-
tion, respectively, and Q|| locates the (111) spring ongm
With these added spring energies, the automatic minimi-
zation feature of the MNDO program is used to locate the
total-energy minima. This is done separately for C,,- and
C,,-symmetry displacements of the impurity and four sil-
icon neighbors.

In this hybrid model our springs essentially describe the
elastic properties of a lattice vacancy, in that they attempt
to provide the forces on the four nearest-neighbor atoms
surrounding a lattice site due to all of the lattice atoms ex-
cept the central one. As a guide in the choice of the
spring parameters, we consider two separate estimates for
the lattice vacancy—a theoretical one based upon a
valence-force treatment of the interatomic forces,’! and an
experimental one based upon results for the lattice vacan-
cy in diamond.>?~%°

(a) Valence-force estimate. A large-cluster valence-
force treatment of the lattice vacancy in silicon by Baraff,
Kane, and Schliiter’’ suggests force constants for the
nearest-neighbor atoms of k| =1.87 eV/A? and k, =3.7
eV/A2 (simply the a, and e spring constants of Table V
of Ref. 51 divided by 4), with the spring origins located at
the near-neighbor crystalline-silicon sites. Using these
values in our hybrid model, we find that nitrogen remains
on center and oxygen displaces off center in the (111)
direction, inconsistent with experiment.

Physically, the most obvious source of error in such a
valence-force treatment is the omission of important
changes in the system’s electronic structure associated
with the removal or replacement of an atom. This is
clearly seen in more rigorous treatments of the lattice va-
cancy, where the near-neighbor silicons are predicted to
relax outward toward the triangle of next-nearest-neighbor
silicons,*® thus exhibiting a tendency to become sp? bond-
ed with them. This effect would not be present in a
valence-force treatment. In fact, in our hybrid model of
the vacancy with valence-force—derived external springs,
the silicon atoms are found to relax inward. This suggests
that our spring origins ought to be located outward from
the near-neighbor crystalline-silicon sites, properly reflect-
ing the vacancy characteristic to back bond differently
when the central silicon is not present.

We attempt to compensate for this deficiency by first
using the valence-force—derived springs described above,’!
but with origins for the [111] springs displaced outward
along the corresponding [111] directions. We do this for
displacements of 0.3, 0.6, and 0.9 A. At06 A everything
remains qualitatively the same except for the emergence of
a nitrogen minimum in the (T111) direction, but which is
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still higher in energy than the minimum at the origin. At
0.9 A nitrogen displaces off center in the trigonal direc-
tion. Oxygen remains trigonal, but a tetragonal minimum
begins to emerge. It appears, therefore, that with these
spring constants, unreasonably large outward displace-
ments of the spring origins would be necessary to obtain
agreement with experiment. (A displacement of 0.78 A
brings a silicon atom to the plane of its three back-bonded
neighbors). In fact, these and further exploratory calcula-
tions suggest that a large k|:k, ratio would also be re-
quired in order to achieve the observed (100) off-center
impurity behavior for oxygen. A valence-force treatment,
however, will always give a ratio k|| /k, which is less than
1. This is easily seen by considering an atom connected by
springs, each characterized by k, to four fixed neighbors.
The change in energy for motion in any direction is
kesQ?/2, where ko=4k/3. If one spring is removed,
thus creating a vacancy, we find k. p=4k /3 for motion
perpendicular to the missing spring, but ke =k /3 for
parallel motion; hence, this gives the ratio k| /k; =+

(b) Experimental estimate. The simple rigid-cage
valence-force model above, with k| /k; = +, predicts
ketky k, =4:2:1 for the E, T, and 4, vibrational modes

for the vacancy, close to the results of the larger-cluster
valence-force treatments.’! The corresponding phonon en-
ergies for the vacancy would be o, :co,zzcoa1=2:\/§:1. No

direct experimental results exist for these values in the
case of the silicon lattice vacancy. However, Davies>? has
recently identified the characteristic e and ¢, side bands on
the GR1 luminescence band associated with the neutral
vacancy in the analogous material diamond. The phonons
were found to be w,=40 meV and oy, =95 meV, corre-

sponding to k, :k,=5.6:1, the reverse of the valence-force

prediction. Cons1stent also with this, an a; phonon of 80
meV observed on the ND1 band* currently believed to be
associated with the negatively charged vacancy in dia-
mond>*>’ gives ko, > k.

This serves as direct experimental evidence that the
simple valence-force treatment can be grossly in error.
Specifically, it confirms that the equivalent k|, /k, spring
ratio must be significantly larger than the valence-force
estimate. To determine an alternative set of spring con-
stants we therefore scale the values implied above for the
diamond vacancy (k, =18.5 eV/A2 giving @, =80 meV,

k,=4.6 eV/A? g1v1ng 0, =40 meV) to those approprlate
for silicon. We can do this in two ways. (i) Multiply the
diamond-vacancy frequencies by the ratio of silicon and
diamond Raman frequencies. (ii) Multiply the diamond-
vacancy spring constants by the ratio of silicon and dia-
mond ry/K values, where r is the near-neighbor separa-
tion and K is the compressibility. The resulting a; and e
s111con-vacancy spring constants are, respectively, 6.8 and
1.7 eV/A by the Raman-frequency scaling, and 5.1 and
1.3 eV/A? by the ry/K scaling. We now use the average
of these two empirically inferred silicon-vacancy spring
constants as a guide in determining our three adjustable
parameters.

Our procedure is to take the spring origins at the
crystalline-silicon sites and the progressively move them
out. For each origin, we adjust our parallel and perpen-
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dicular spring constants so that the a;- and e-vacancy
spring constants match the experimentally inferred values.
We use a short self-consistency cycle to achieve a relaxed
conformation and spring constants appropriate to this
conformation. For example, for spring origins displaced
outward by 0.3 A parallel and perpendicular spring con-
stants of 6.9 and 0.8 eV/A 2, respectively, yield a relaxed
vacancy conformation with near neighbors to the vacancy
center relaxed outward by 0.23 A and pinched together
(tetragonal eq displacement) by 34.1°. These predictions
appear fully consistent with the large tetragonal displace-
ments found from experiment* and the outward breath-
ing dlsplacements found from other theoretical calcula-
tions*® for the vacancy in silicon. The a; and e spring
constants are found to be 5.8 and 1.6 eV/A 2 respectlvely

The need for an outward displacement of ~0.3 A for
this new parametrization is also evident in the calculations
for the substitutional nitrogen and oxygen. Without an
outward origin, we find that the observed nitrogen and ox-
ygen off-center behavior is still quenched by the inward
radial motion of the near-neighbor silicon atoms. As the
spring origins are moved out, the spontaneous displace-
ment sets in, but, 1f the outward displacement is signifi-
cantly less than 0.3 A, we find that the trigonal minimum
for substitutional oxygen is deeper than the tetragonal
minimum, contrary to experiment.® In the results to be
described below, we have therefore chosen the 0.3- A out-
wardly displaced orlgm and the corresponding spring con-
stants (k| =6.9 eV/A? and k, =0.8 eV/A?).

We now explore the cluster total energy versus neutral
substitutional nitrogen displacement, where now the four
near-neighbor silicons respond to the motion of the im-
purity. The total energy as a function of nitrogen dis-
placement is shown in Fig. 11. We find a minimum for a
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FIG. 11. Total energy of NSijH;, cluster with external
springs (hybrid model) from MNDO as a function of nitrogen
displacement. Here, the silicon neighbors respond to the dis-
placements of the impurity as described in the text. The inset
shows the nitrogen and near-neighbor silicon positions at equili-
brium in a (110) plane. Not shown are the other two near-
neighbor silicons which are out of this plane.
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nitrogen displacement of 0.70 A in the (TTT) direction,
and a local minimum on center. This is in qualitative
agreement with our SI4 cluster results. The response of
the near-neighbor silicon atoms to the motion of the nitro-
gen as we move it off center is revealing. When nitrogen
is fixed on center, the near-neighbor silicons relax inward
by 0.27 A. This is consistent with the SI16 calculation of
the preceding section. As indicated earlier, an inward sil-
icon relaxation of this magnitude would quench any off-
center behavior. Up to a nitrogen displacement of ~0.1
A, the silicons move in such a way as to preserve approxi-
mately the on-center tetrahedral coordination of nitrogen
and silicons, i.e., the near neighbors are “dragged” along
with the nitrogen. For larger (111) nitrogen displace-
ments, the (111) silicon springs back, exhibiting the out-
ward relaxation characteristic of the lattice vacancy. The
relaxed coordinates are shown in the inset of Fig. 11.
Furthermore, the unpaired-electron charge is now 60% lo-
calized on the (111) silicon, in better agreement with the
EPR studies of Brower.” [We note, however, that a size-
able fraction of this increased localization over that of the
SI4 cluster (22%) may be a consequence of moving in the
hydrogen terminators, e.g., an SI4' calculation with an im-
posed nitrogen off-center displacement of 0.7 A gives a lo-
calization of 51%:.]

The important point here is that beyond a certain nitro-
gen displacement, the tendency of the silicons to collapse
radially inward disappears and the previously described
off-center characteristics prevail. The eigenvalues and
eigenvectors have characteristics which are similar to
those from the original SI4 calculations, so it again ap-
pears that a pseudo—Jahn-Teller mechanism operates.

Neutral oxygen is found to have a saddle point in the
trigonal direction and a true minimum in the tetragonal
direction, as shown in Fig. 12. This is again consistent
with experiment® and our earlier SI4 calculations. The
near-neighbor silicons respond to the oxygen displacement
in a manner which is similar to that of the nitrogen im-
purity. With oxygen fixed on center, the near-neighbor
silicons move inward by 0.22 A. This is again similar to
the corresponding SI16 calculation. Beyond a critical ox-
ygen displacement, the silicons which are opposite the ox-
ygen (100) displacement direction spring back and pinch
together, again exhibiting vacancylike characteristics. The

final displacements are shown in the inset of Fig. 12. The
localization of the first unoccupied state, which would ac-
commodate the unpaired electron of O™, is 62% on the
silicons opposite the impurity direction. This again is in
better agreement with the EPR studies,’ although much of
this improvement again may be due to the moved-in hy-
drogen terminators. The pseudo—Jahn-Teller features are
found to be similar to those of our earlier SI4 treatment.

The nature of the near-neighbor relaxations has been in-
ferred by EPR studies® and reveals primarily an e, dis-
placement, consistent with the present results. Further-
more, infrared studies reveal that the v; vibrational wave-
length for oxygen is 12 um (see Fig. 12 and corresponding
caption).” Our calculations give a value of 12.4 um, in
good agreement with experiment. Without the silicon dis-
placements, the wavelength would be much too large, just
as it was for substitutional carbon.
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FIG. 12. Total energy of OSisH;, cluster with external
springs (hybrid model) as a function of oxygen displacement.
Here, the silicon neighbors respond to the displacement of the
impurity as described in the text. The inset shows the oxygen
and near-neighbor silicon positions at equilibrium in the two
perpendicular (110) planes (flattened into two dimensions on the
figure for convenience). In this inset, the v; vibrational mode
would be represented by an “up-down” motion of the oxygen
impurity.

Carbon and sulfur are found to be on center, consistent
with experiment.>~* The inward silicon relaxations for
carbon and sulfur are 0.29 and 0.03 A, respectively, con-
sistent with the SI16 results. The carbon vibrational
wavelength is 16.0 um, again consistent with the SI16 cal-
culation (16.0 um) and experiment® (16.5 um). Also, neg-
ative oxygen is off center in a (100) direction, only now
the silicons opposite the oxygen displacement direction are
found to move apart. The angle between them increases
from 76° to 101°, indicating the presence of a #,-symmetry
displacement. These results are again fully consistent
with experiment.® L

Positive oxygen is found to go off center in the (111)
direction, consistent with our earlier SI4 calculations and
pseudo—Jahn-Teller interpretation. Inconsistent with the
previous SI4 calculation, however, is that 0*t is now
found to displace even farther in this trigonal direction.
This could be a small-cluster effect, associated with the
large positive charge which builds up on the (111) sil-
icon; that is, an anomalous electrostatic interaction similar
to that called upon to explain off-center behaviors in ionic
crystals. Large charge buildups of this kind are not repro-
duced in our SI16 calculations, suggesting that the O’*
displacement would not actually occur in the real crystal.
We cannot, however, rule out the possiblity that this is
real effect, perhaps associated with the interactions of oth-
er occupied and unoccupied states which we have not con-
sidered, since this charge state of oxygen has never been
observed. Positive nitrogen is found to remain on center,
consistent with our SI4 treatment.
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IV. DISCUSSION

The results of the hybrid model demonstrate that the
quenching of the nitrogen and oxygen off-center behavior,
as suggested by our SI16 calculations, can be averted if we
(i) consider simultaneous impurity and near-neighbor re-
laxations, and (ii) provide a sufficient outward force on
these silicons by a combination of large radial spring con-
stants and outwardly displaced spring origins. The need
for (ii), which is contrary to a simple valence-force treat-
ment of the interatomic forces, suggests that a significant
change in the near-neighbor-silicon back bonding occurs
when the central silicon is either removed or replaced by
an impurity. With these outward forces, the tendency for
inward silicon-neighbor displacement still exists, but is
sufficiently restrained (0.27 vs 0.35 A for the SI16 cluster)
to allow the off-center motion to take over. It is interest-
ing to note that the final silicon near-neighbor positions
(insets of Figs. 11 and 12) reveal relatively little and most-
ly outward radial displacements from their original posi-
tions, although the tendency for a “collapse” is still evi-
dent in that the nearest Si;-N and Si,-O distances are
greatly reduced from the normal Si-Si distances. In effect,
by partially restraining the uniform breathing-mode col-
lapse of the silicon neighbors, the central atom is forced to
go off center in order to nestle in closer to its silicon
neighbors.

The question arises therefore as to whether the effective
elastic properties of the near-neighbor silicon atoms im-
plied by this hybrid model are realistic. In other words,
are the displaced origins for the springs and the magni-
tudes of the spring constants (k) and k,) deduced from
the experimental estimate [Sec. III E 2(b)] reasonable? We
consider these questions in order.

(1) We have argued earlier that an outward displace-
ment of the spring origins is reasonable in the sense that
we are considering the forces on the silicon neighbors in
the absence of the central atom. It is well known that
threefold-coordinated atoms in covalent molecules tend to
go planar with sp? bonding. In the silicon lattice with the
next-nearest shell fixed in position, the silicon near neigh-
bors would be planar at 0.78 A outward displacement.
Clearly any reasonable fraction of this could be rational-
ized for the displaced origin.

(2) The magnitudes of the spring constants have been
deduced by scaling directly from experimental values
determined for the vacancy in diamond.”>~5 This must
be considered a strong argument that they are indeed real-
istic. They depart significantly, however, from the
valence-force estimates (k| is significantly greater, k,
correspondingly less) for both silicon and diamond. Be-
cause the valence-force model is a simple and intuitively
reasonable model, it is surprising that it could be so far
off. Other evidence of its failure, however, also exists:
Theoretical estimates for silicon and diamond®**¢—>° and
direct experimental measurements for silicon* both indi-
cate large trigonal Jahn—Teller coupling coefficients for
the vacancy. With the valence-force parameters, trigonal
displacements would be predicted. Instead, the displace-
ment is observed to be tetragonal, indicating again that the
trigonal force constant must be greater than the tetragonal



29 THEORY OF OFF-CENTER IMPURITIES IN SILICON: ...

one, contrary to the valence-force prediction, and reflect-
ing the stiffer radial springs with k| >k,. Finally, our
calculations themselves appear to require these elastic
properties in order to reproduce the well-documented off-
center displacements for these first-row impurities.

At this juncture, we can only point out this large
discrepancy between the valence-force prediction and
what appears to be the actual elastic environment of the
XSi, cluster. This represents a fundamental and impor-
tant problem and a challenge to theorists. What really is
the correct elastic environment for a small cluster of
atoms in the diamond-structure lattice? All modern
electronic-structure calculations of defects are of clusters
in the sense that no matter how elaborate the actual calcu-
lation extends over only a small finite number of atoms.
To handle lattice relaxation, a hybrid lattice-continuum
connection to the rest of the lattice will always be re-
quired. With the recent emergence of electronic-
structure—calculation techniques with pseudopotentials
that supply reliable total energies, these questions can
perhaps begin to be addressed.

A good recent example of this hybrid approach is the
work of Baraff, Kane, and Schliiter’! on the vacancy in
silicon. By combining a calculation of the linear tetrago-
nal Jahn-Teller coupling coefficient for moving the four
nearest neighbors in a self-consistent electronic Green’s-
function treatment with springs on these atoms derived
from a valence-force treatment, they predicted the Jahn-
Teller displacements and resulting negative-U behavior
with remarkable accuracy, as subsequently verified by ex-
periment.®® Was this agreement an accident? Our argu-
ments here suggest that it may have been. If they had cal-
culated the trigonal coefficients, it is quite likely that they
would have predicted even larger trigonal displacements
(as all previous calculations invariably have’®36—>9),
negating their good agreement. This points up the impor-
tance of addressing this problem.

In the present hybrid-model calculations, the changes in
the nitrogen and oxygen eigenvalues and wave-function
characters are similar to those found in the SI4 treatment,
which considered only impurity displacements. There-
fore, the pseudo—Jahn-Teller arguments of Sec. IIIC ap-
pear to apply here as well, where the unoccupied and
Jahn-Teller-split 4¢, state provides the driving force for
spontaneous displacement through its interaction with the
occupied 3a, state. : _

It is instructive to note that these 3a, and 4¢, states for
substitutional nitrogen and oxygen are mostly on the
neighbors and only weakly on the central atoms. They are
therefore more “vacancylike” than “central-atom-like,”
and can be considered to be made up mostly from the a,
and ¢, “dangling-bond” vacancy orbitals. In fact, experi-
mentally, the electronic structure and electron-lattice cou-
pling determined by EPR studies for O~ are very similar
to those determined in the same way for the negative-
charge state of the isolated vacancy (V~), which also ex-
hibits a spontaneous C,, displacement.®*°

Viewed this way, the instabilities for both the nitrogen
and oxygen atoms can be considered to come from the
characteristic Jahn-Teller instabilities of the vacancy.
These small, strongly electronegative first-row atoms bond
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relatively weakly to the neighboring silicon-vacancy orbi-
tals, leaving them partially intact as the 3a; and 4¢, levels
in or near the gap, as in Fig. 3. For nitrogen, the instabili-
ty sets in only weakly and therefore in the predicted
(I11) direction. For the more compact electronegative
oxygen atom, with an extra electron, the displacement sets
in more strongly, flipping over into the characteristic C,,
V™ mode.

There is an intriguing difference, however, between the
instabilities of the isolated vacancy and those of these
first-row atoms. The instabilities of the vacancy appear to
require partial occupancy of the ¢, orbitals, with a conven-
tional Jahn-Teller effect. There is no evidence, for in-
stance, of pseudo—Jahn-Teller displacement for V2+
which has an (a,)? configuration similar to that for O°.
Both oxygen and nitrogen, on the other hand, appear to be
pseudo—Jahn-Teller systems relying heavily on the off-
diagonal coupling between the a,- and ¢,-vacancy orbitals.

The presence of a small central atom therefore appears
to have enhanced the pseudo—Jahn-Teller instability asso-
ciated with the vacancy. Our results suggest that this may
occur in two ways.

(1) The presence will reduce the a,-t, vacancy splitting
A because of the greater interaction with the a; symmetry
ligand orbitals. This is illustrated in Fig. 3 and is borne
out in the SW-Xa results, Fig. 1, where the 3a-4¢, split-
ting is ~0.5 eV, compared to the corresponding results
for the vacancy of ~1.4 eV.5!

(2) The off-diagonal coupling can be enhanced by the
presence of the impurity ion. In fact, this is precisely
what our results are telling us. In the SI4 cluster, we are
only moving the central-ion and large off-diagonal effects
result. A simple physical argument for this is as follows:
Off-diagonal coupling between the a; and ¢, states pro-
duces a net displacement of charge between the ligands.
There is no obvious physical driving force for this in the
case of the isolated vacancy. Motion of a central strongly
electronegative (and hence partially charged) atom, how-
ever, clearly encourages this.

Finally, our hybrid model has demonstrated for the first
time the delicate balance that exists between the natural
tendency for inward collapse around a small first-row
atom, stabilizing it on center, and the pseudo—Jahn-Teller
tendency of the impurity to move off center, bonding in
effect with only two (oxygen) or three (nitrogen) of its
neighbors. This competition suggests some interesting
consequences. For instance, in a region of a silicon crystal
with sufficiently strong compressional stress, our results
suggest that oxygen would go on center and, as sulfur, be-
come a double donor. This provides a possible simple
model for the “thermal donors”®? (known to be double
donors®®) that are formed by oxygen aggregation at
~450°C in silicon. Oxygen is normally incorporated in-
terstitially in silicon. In this configuration, it nestles be-
tween two bonding silicon atoms, pushing them apart and
providing a compressional field around it. A small inter-
stitial oxygen aggregate is therefore strongly compression-
al, and a substitutional oxygen in the core could be forced
on center with respect to its four silicon neighbors. This
provides a natural explanation for the fact that there are a
large number of distinguishable but generically similar
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donors (different number of oxygen atoms in the aggre-
gate), yet there appears to be a threshold size (approxi-
mately four oxygen atoms) for formation. To our
knowledge, this model has not been previously suggested.

V. SUMMARY

The single-particle electronic structures and atomic dis-
placements of substitutional nitrogen and oxygen (and, to
a lesser degree, carbon and sulfur) in silicon have been
studied using a cluster representation. The on-center elec-
tronic structures were generated by both the SW-Xa and
MNDO methods for the cluster XSiyH;,, and by MNDO
for the larger cluster XSij¢H3s. The MNDO method was
used to study impurity and near-neighbor displacements
by monitoring the cluster total energy.

The primary on-center result predicted by both
electronic-structure methods is that a localized a; single-
particle state is the last occupied state for neutral substitu-
tional nitrogen, oxygen, and sulfur. An unoccupied but
also localized ¢, state is found above it. This ordering of
a, and t, states is independent of cluster size and cluster
termination, at least to the extent that we have explored it.
This ordering is consistent with the results of other recent
calculations.

Using the MNDO method in the small-cluster represen-
tation (XSigH;,) with silicons frozen at crystalline sites,
the displacement directions are correctly predicted for
neutral nitrogen ((111)), oxygen ({100)), carbon and
sulfur (on center), and for negative oxygen ((100)). By
monitoring the single-particle eigenvalues and eigenvec-
tors, we have identified what appears to be a
pseudo—Jahn-Teller effect which provides the driving
force for the spontaneous displacements. The presence of
the impurity atom seems to enhance the a;-f, coupling
beyond that of the lattice vacancy, and therefore en-
courages the spontaneous asymmetric displacement even
though the ¢, state is not occupied.

We have failed to reproduce these displacements with
the larger cluster (XSi;gHs¢), finding no nitrogen off-
center displacement and a substantially reduced oxygen
displacement. The oxygen displacement disappeared as
well when a symmetric displacement (spontaneous and in-
ward) of the near-neighbor silicon atoms was included.
This result is misleading, however, since (i) the impurities
were frozen at the origin while the silicon displacement
was imposed, and (ii) the Si;,H;s cage was frozen and
could not respond to the motion of the near-neighbor sil-
icons.

These failures led us to examine critically the motion of
the near-neighbor silicons and the corresponding role
played by the response of more-distant shells of silicon
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neighbors. We used the small-cluster XSijH;, (with
hydrogen terminators at the natural Si-H distance of 1.48
A) which permitted us to consider simultaneously the
spontaneous displacements of the impurity and its four
near neighbors. The effect of the host outside of this
small cluster was simulated by springs connected to the
four silicon atoms of the cluster. We first tried spring pa-
rameters derived from the large-cluster valence-force
treatment of Baraff, Kane, and Schliiter’! for the lattice
vacancy in silicon. These failed to give the predicted ni-
trogen and oxygen relaxations. We linked this failure to
two deficiencies inherent in any valence-force treatment.
(i) The e-symmetry spring constant is predicted to be too
large relative to the a- and 7,-symmetry spring constants
as evidenced by recent optical studies of the lattice vacan-
cy in the similar material diamond. (ii) The valence-force
treatment fails to take account of changes in the near-
neighbor back bonding associated with the creation of the
vacancy. We, therefore, adjusted our external springs so
that our force constants for the lattice vacancy in silicon
agreed with those determined from experiment for the
diamond vacancy, but scaled to silicon. Also, we moved
the spring origins radially outward to account for the ten-
dency of the near neighbors to back bond differently, now
with sp? characteristics, when the central silicon is miss-
ing. With these new parameters, we predict vacancy and
substitutional carbon, nitrogen, oxygen, and sulfur relaxa-
tions in agreement with experiment. Furthermore, our
simple pseudo—Jahn-Teller model for the spontaneous im-
purity displacement seems to prevail even though the en-
ergy surface is now complicated by the presence of silicon
displacements. This treatment which includes silicon dis-
placements on an equal footing with the impurity dis-
placements does, however, suffer from the necessity of us-
ing a less-sophisticated cluster representation.

Finally, we have demonstrated the delicate balance be-
tween a first-row impurity’s tendency to go off-center and
the tendency of near-neighbor silicons to collapse inward
and quench the off-center behavior. We suggest the latter
conformation, driven by the strain field of nearby intersti-
tial oxygens, as a possible model for the thermal donors in
silicon.

ACKNOWLEDGMENTS

The authors are grateful to the Lehigh University Com-
puting Center for the generous amount of computer time
and assistance which was made available. This research
was supported by the U.S. Navy Office of Naval Research
Electronics and Solid State Science Program Contract No.
N00014-76-C-1097.

IFor a recent review of defects in semiconductors, see S. T. Pan-
telides, Rev. Mod. Phys. 50, 797 (1978).

2R. C. Newman and J. Wakefield, J. Phys. Chem. Solids 19, 230
(1961).

3R. C. Newman and J. B. Willis, J. Phys. Chem. Solids 26, 373
(1965).

4G. W. Ludwig, Phys. Rev. 137, A1520 (1965).

SK. L. Brower, Phys. Rev. Lett. 44, 1627 (1980); Phys. Rev. B
26, 6040 (1982).

6G. D. Watkins and J. W. Corbett, Phys. Rev. 121, 1001 (1961).

7J. W. Corbett, G. D. Watkins, R. M. Chrenko, and R. S.
McDonald, Phys. Rev. 121, 1015 (1961).

8G. K. Wertheim, Phys. Rev. 105, 1730 (1957); 110, 1272
(1958).



29 THEORY OF OFF-CENTER IMPURITIES IN SILICON: ...

9D. E. Hill, Phys. Rev. 114, 1414 (1959).
10R. Q. Carlson, R. N. Hall, and E. M. Pell, J. Phys. Chem.
Solids 8, 81 (1959).
113, A. D. Matthew, Solid State Commun. 3, 365 (1965).
12M, J. L. Sangster and A. M. Stoneham, Philos. Mag. B 43, 597
(1981); Phys. Rev. B 26, 1028 (1982).
13y. Opik and M. H. L. Pryce, Proc. R. Soc. London Ser. A 238,
425 (1957).
14M. D. Glinchuk, M. F. Deigen, and A. A. Karmazin, Fiz.
Tverd Tela (Leningrad) 15, 2048 (1973) [Sov. Phys. Solid State
15, 1365 (1974)].
15W. D. Wilson, R. D. Hatcher, G. J. Dienes, and R. Smolu-
chowski, Phys. Rev. 161, 888 (1967).
16G. Bemski, G. Feher, and E. Gere, Bull. Am. Phys. Soc. 3,
135 (1958).
17W. V. Smith, P. P. Sorokin, I. L. Gelles, and G. J. Lasker,
Phys. Rev. 115, 1546 (1959).
18R, P. Messmer and G. D. Watkins, Phys. Rev. B 7, 2568
(1973).
195, Brand and M. Jaros, Solid State Commun. 21, 875 (1977).
20M. Astier, N. Pottier, and J. C. Bourgoin, Phys. Rev. B 19,
5265 (1979).
21A. Mainwood, J. Phys. C 12, 2543 (1979).
22], A. Vergés, J. Phys. C 14, 365 (1981).
23A. Chatterjee and C. E. Jones, Bull. Amer. Phys. Soc. 21, 90
(1976).
24y, V. Sidorik and A. N. Zhevno, Phys. Status Solidi B 107,
K57 (1981).
25G. B. Bachelet, G. B. Baraff, and M. Schliiter, Phys. Rev. B
24,4736 (1981). ‘
26H. P. Hjalmarson, P. Vogl, D. J. Wolford, and J. D. Dow,
Phys. Rev. Lett. 44, 810 (1980); P. Vogl, in
Festkorperprobleme (Advances in Solid State Physics), edited
by J. Treusch (Vieweg, Braunschweig, 1981), Vol. XXI, p.
191.
27M. J. Caldas, J. R. Leite, and A. Fazzio, Phys. Status Solidi B
98, K109 (1980).
28y, A. Singh, A. Zunger, and U. Lindefelt, Phys. Rev. B 27,
1420 (1983); V. A. Singh, U. Lindefelt, and A. Zunger, Phys.
Rev. B 27, 4909 (1983).
29R. Car and S. T. Pantelides, Bull. Amer. Phys. Soc. 28, 288
(1983).
30M. Lannoo, Phys. Rev. B 25, 2987 (1982).
31G. D. Watkins, G. G. DeLeo, and W. B. Fowler, Physica
(Utrecht) 116B, 28 (1983).
32K. H. Johnson and F. C. Smith, Jr., Phys. Rev. B 5, 831
(1972). Xa computer program written by F. C. Smith, Jr.,
and K. H. Johnson, Massachusetts Institute of Technology,
Cambridge, MA.
33K. Schwarz, Phys. Rev. B 5, 2466 (1972).
343, C. Slater, The Self-Consistent Field for Molecules and Solids
" (McGraw-Hill, New York, 1974).
35M. J. S. Dewar and W. Thiel, J. Amer. Chem. Soc. 99, 4899

3207

(1977); 99, 4907 (1977); M. J. S. Dewar, M. L. McKee, and
H. S. Rzepa, ibid. 100, 3607 (1978); W. Thiel, Quantum
Chemistry Program Exchange 11, 379 (1979).

36J. A. Pople and D. L. Beveridge, Approximate Molecular Orbi-
tal Theory (McGraw-Hill, New York, 1970).

3TM. J. S. Dewar, J. A. Hashmall, and C. G. Venier, J. Amer.
Chem. Soc. 90, 1953 (1968).

38C. C. J. Roothaan, Rev. Mod. Phys. 32, 179 (1960).

39G. G. DeLeo, G. D. Watkins, and W. B. Folwer, Phys. Rev. B
23, 1851 (1981); 25, 4962 (1982); 25, 4972 (1982).

40E. Merzbacher, Quantum Mechanics (Wiley, New York, 1970),
p. 538.

41B. G. Cartling, J. Phys. C 8, 3171 (1975); 8, 3183 (1975).

41, L. Rosier and C. T. Sah, Solid-State Electron. 14, 41
(1971); J. Appl. Phys. 42, 4000 (1971).

43W. S. Verwoerd, J. Comp. Chem. 3, 445 (1982).

44], Waser and L. Pauling, J. Chem. Phys. 18, 747 (1950).

45R. Meier and Tae-Kyu Ha, Phys. Chem. Minerals 6, 37 (1980);
C. A. Ernst, A. L. Allred, M. A. Ratner, M. D. Newton,
G. V. Gibbs, J. W. Moskowitz, and S. Topiol, Chem. Phys.
Lett. 81, 424 (1981).

46H. D. Shih, F. Jona, D. W. Jepsen, and P. M. Marcus, Phys.
Rev. Lett. 37, 1622 (1976).

47A. Redondo, W. A. Goddard III, T. C. McGill, and G. T. Sur-
ratt, Solid State Commun. 21, 991 (1977); J. Ihm and
M. L. Cohen, Phys. Rev. B 21, 1527 (1980); 22, 2135(E)
(1980).

48U, Lindefelt (unpublished). M. Scheffler et al. (unpublished).

4G. D. Watkins, in International Conference on Lattice Defects
in Semiconductors, Freiburg, Germany, 1974 (I0P, London,
1975), p. 1.

S0F. P. Larkins and A. M. Stoneham, J. Phys. C 4, 143 (1971); 4,
154 (1971).

51G. A. Baraff, E. O. Kane, and M. Schliiter, Phys. Rev. B 21,
5662 (1980).

52G. Davies, J. Phys. C 15, L149 (1982).

53G. Davies, J. Phys. C 7, 3797 (1974).

54E. V. Sobolev and A. P. Eliseev, J. Struct. Chem. (USSR) 17,
802 (1976).

55G. Davies, Nature 269, 498 (1977).

563, Friedel, M. Lannoo, and G. Leman, Phys. Rev. 164, 1056
(1967).

STF. P. Larkins, J. Phys. Chem. Solids 32, 965 (1971).

58C. A. Coulson and F. P. Larkins, J. Phys. Chem. Solids 32,
2245 (1971).

59F. P. Larkins, J. Phys. Chem. Solids 32, 2123 (1971).

60G. D. Watkins and J. R. Troxell, Phys. Rev. Lett. 44, 593
(1980).

61L. A. Hemstreet, Phys. Rev. B 15, 834 (1977).

623, R. Patel, Semiconductor Silicon, 1981 (The Electrochemical
Society, Pennington, N. J., 1981) p. 189.

63D, Wruck and P. Gaworzewski, Phys. Status Solidi A 56, 557
(1979).



