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The potential produced by isoelectronic impurities is investigated and shown to be criti-
cally dependent upon screening. Two methods of calculation of the screened potential are
used in this paper, one based on a first-principles wave-function approach and the other
using the semiempirical theory of energy bands in semiconductors. The relaxation of the
host crystal is also taken into account and shown to be important. The results are in sat-
is factory agreement with experiment.

Isoelectronic impurities in semiconductors may
produce bound states in the forbidden gap, ' bind-
ing a hole (or an electron). Experimental data
are now available which suggest that an isoelec-
tronic impurity may bind a hole (electron) only
if its electronegativity is smaller (larger) than
that of the host atom it replaces. This rule, how-
ever, does not indicate which systems will ac-
tually have a bound state. It is also found experi-
mentally that only very large atoms (Te and Bi)
or very small atoms (N and 0) produce bound
states (isoelectronic traps). On the theoretical
side, the results achieved have been only qualita-

tive' and even the binding mechanism is not yet
clear. One mould like to be able to calculate for
a given semiconductor whether a particular iso-
electronic substitution will bind a hole (or an
electron).

In the present paper we make binding calcu-
lations on a model potential for isoelectronic
impurities and apply it to the case of isoelectron-
ic donors (i.e. , hole traps). The bare impurity
potential is assumed to be the difference of atom-
ic pseudopotentials' and is then screened using
a dielectric function which reflects the local elec-
tron density. The relaxation of the host lattice
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TABLE I. Values of E and of. the matrix elexnent J as a function of lattice relaxation, J~o is the
spin-orbit contribution to the matrix element. The actual relaxation produced in the crystal is de-
noted X. In the last two columns the predictions of the present model are compared with available
experimental data. Nuxnbers in parentheses are based on extrapolations. All energies are in eV.
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Rl ound the impurity 18 Rlso studied RIld tUx'Q8 out
to be important. The results obtained using the
pseudopotential theory are compared with those
we have calculated by using the semiempirical
dielectric theory, ' and reasonable agreement is
found.

The poteDtlRI pl oduced by Rn lsoelectx'onlc sub-
stitution is short range and will bind a particIe
only if it is sufficiently strong. Using a one-band,
one-site Koster-Slater approach, the binding con-
dltlon 18

1+J'/Z ~ 0,

where 4 is the diagonal matrix element of the im-
purity potential on the appropriate %annier func-
tion andE is an average energy related to the en-
ergy band E (k) as follows

E '=fl(2v) ajZ '(k)P~ (2)

where the integration is on the Brillouin zone and
0 is the unit cell volume. In the case of degener-
ate bands, an obvious generalization of Eq. (2)
has to be used, but condition (l) is still valid.

The average energy E, whose absolute value
will be called threshold, depends only on the band
structure of the host material and is very easily
calculated. The first column of Table I shows
R few values of E obtained neglecting spin-orbit
effects, which are small for the crystals con-
sidered.

Let us now discuss the impurity potential and
its matrix element J. An isoelect, ronic substitu-
tion implies more than the replacement of an
atomic core. The unjerturbed covalent bond be-

tween the impurity Rnd its Delghbol 8 hRS R 16ngth
R, generally different from the bond length R„of
the host crystal and consequently a stxain field
is pxoduced. If we suppose that all atoms, beyond
the nearest neighbors, move according to the
elastic continuum theory, the displacement R of
nearest DelgI1bol 8 will completely deflI16 the
strain field present in the crystal. As a measure
of this fieM we will use the dimensionless quan-
tity X =8/(R, -R„)which ranges between X=0
(no relaxation) to X= l (maximum relaxation).

Let us consider first the case X=0. To make
a specific example, let us consider GaP:Bi. The
lattice is perfectly xigid and the impurity poten-
tial ean be assumed to be the difference between
the bare atomic pseudopotentials~ of Bi and P.
The potential thus obtained must be screened,
and to begin we use the dielectric constant of
the host cxystal as given by Penn's model. ' Fur-
thermore, effects due to spin-orbit must be in-
cluded, Rnd ean be desexibed as the difference
of the model spin-orbit pseudopotentials of Bi
and P as given by Animalu. ' The estimated spin-
ox"bit cori ectloQS to eJ Rre given ln the secoDd
column of Table I. The total matrix element: J
of the impurity potentials defined in this way are
given in the third and fourth columns of Table I
for unscreened and screened potentials, respec-
tively, A comparison between the results im-
mediately reveals the importance of screening.
Substituting the numbers so far obtained into the
binding condition (1), we see that screened po-
tentials give better agreement with experiment.
Still some discrepancies exist and they seem to
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increase with increasing ionicity of the host ma-
terial (Se would produce a deeply bound state in

ZnS!). The explanation we propose is that Penn's
screening, based on the average electron den-
sity, cannot be used for a potential whose range
ls less than the atomic rRdlus. Waltel RDd Cohen'
show that the valence chRrge density of semicon-
ductors has strong deviations from the average
value of eight electrons per unit cell. In particu-
lar, the average charge density around Si, around
P in GaP, and around S in ZnS can be estimated
to be 12.5, 21.0, and 35.0 electrons per unit ceII,
respectively. Under these circumstances, a
screening based on the local electron density is
needed. We have estimated such screening by
using Penn's interpolation formula' in which quan-
tities such as the Fermi. momentum and energy,
and the plasma frequency, are evaluated accord-
ing to the average local electron density. The
Penn's gap, which does not effect the results in
the range of interest here, is left unchanged.
Using thi. s crude model of local screening, we ob-
tain the results shown in the fifth column of Table

The agreement with experiment improves but
J is still systematically too large for traps in
ZnS. It should be noted that it is the more ionic
crystals which are changed by using local density
screening but that the change is not large enough.
We will return later to this point.

If we now allow the lattice to relax, the addi-
tional potential produced by the displacement of
atoms has to be considered. For maximum re-
laxation (X= 1), the total impurity potential can be
obtained by subtracting the pseudopotential of a
GaBi crystal from that of GaP and then retaining
only that portion of the potential which is inside
the unit cell containing the impurity atom. We
have used, whenever possible, the pseudopoten-
tials given by Cohen and Bergstresser, ' with the
undetermined constant potential V, evaluated
from the experimental values of the ionization
potentials. The matrix elements J obtained in
this way are shown in the seventh column of
Table I. These numbers include the spin-orbit
correction which we assume to be the same as
that for A' = 0, since spin-orbit effects have been
showne to depend only slightly on pressure. For
those crystals for which pseudopotential form
factors are not available, the matrix element J
has been estimated on the basis of electronegativ-
ity differences. The effect of relaxation is to
make the potentials more attractive to holes, as
was expected. since in all cases here considered,
relaxation makes the bonds longer and therefore

weaker (i.e. , more attractive to holes). Note
that in this A'=11imit, we have circumvented the
problem of screening by being able to use the
empirical screened pseudopotentials.

The potential matrix element J can also be
evaluated by using a different approach to semi-
conductor band structures: the dielectric theory, '
The isoelectronic substitution GaP:Bi can also
be described as follows: A unit cell of GaP is
substituted with 3 unit cell of GaBi in the limit
X=1, and with a compressed unit ceII of GaBi
(so as to match la'ttice constants) for X = 0. The
matrix element Z(X = 0) can be obtained by sub-
tracting the average ionization potentials' of
GaP and compressed GaBi, where for average
we define the mean at I, X, and I.with weights
1, 3, and 4, respectively. The ionization poten-
tial of a compressed crystal is calculated from
the deformation potentials of the valence band
recently obtained by Lawaetz. " The same meth-
od can also be used for J(X =1). In this case the
dlffe16nce lD RverRge ionization potentlRIS 1D-

eludes Rlso kinetic dlffel. eDces which must not
appear in J. Kinetic contributions are subtracted
off using an average value of the kinetic energy
in the top valence bands equal to 1.76(2wk)~/2ma'
which is the free-electron value for a crystal
with lattice constant a. The results obtained in
the two limits X=O and X=1, corrected for spin-
orbit contributions, are given in t:he sixth and
eighth columns of Table I.

Excellent agreement between the two methods
is obtained for X =0 in Si and GaP. For ZnS
the dielectric theory predicts a much weaker po-
tential and since this theory has been shown to
be valid for all values of ionicity, we believe
that the discrepancy is due to our crude model
of local screening and/or the need for nonlinear
screening since the bare potentials for Zn8 are
very deep. In this limit therefore we wiII trust
more the method based on the dielectric theory.
Satisfactory agreement is obtained for A = 1,
since the discrepancies between 'the two methods
do not seriously affect the final result. In fact
actual relaxations are always far from this limit.
No argument has been found in favor of one meth-
od or the other and we arbitra, rily use the pseudo-
potential method in this limit.

The behavior of J for intermediate relaxation
has been obtained by linear interpolation between
the two limits X=O and X =1. Figure 1 shows
the dependence of J on relaxation for traps in
GaP and indicates the importance of relaxation
for this problem.
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ly discrepancy is for GaP:Sb where we predict
a barely bound state whereas experiment shows
a barely unbound state. No isoelectronic traps
are predicted in Si due to its high threshold.

As shown by Faulkner' and by Phillips, ' the
binding energy of these traps i.s a delicate quan-
tity and we do not attempt an evaluation here,
but the strong effect of relaxation we have found
seems to indicate that the binding energy must
be very sensitive to an externally applied pres-
sure. In this respect, isoelectronic traps would
differ from traditional donors and aeceptors
which are bound by pressure-independent Cou-
lomb forces and therefore rigidly follow the as-
sociated energy-band extremum. A strong pres-
sure dependence of the binding energy of isoelec-
tronic traps has indeed been observed in GaP."

It ls a pleasul e to thank C H. Henry for his
generous contributions throughout this work,
J. C. Phillips and E. O. Kane for many helpful
discussions, and R. A. Faulkner who provided
a copy of his computer code for pseudopotential
band-structure calculations.

FIG. 1. Dependence of the matrix element J on lat-
tice relaxation for GaP:As, GaP:Sb, and GaP:Bi. The
broken line represents the threshold (E I. The dots in-
dicate the actual relaxation and show that according to
the present model Bi and Sb are traps in GaP whereas
As is not. Note that Sb will produce a barely bound
state while experimental data seem to indicate a barely
unbound state.

At this point, to find out if a bound state exi.sts
or not, we need only to know the actual relaxa-
tion X, the one which minimizes the strain ener-
gy. Using the previously defined model for strain
fieM, usual values of the elastic constants and
the force constants given by Martin, ' we obtain
for X the values shown in Table I and the dots of
Fig. l.

The binding mechanism here proposed agrees
with the experimental observation that a hole ean
be bound in GaP by Bi and in ZnS by Te. The on-
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