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KfFect of local relaxation on the binding energy of group-V donors in silicon
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With use of a first-principles pseudoimpurity theory and a variational method, the binding energies of
the shallow donors P, As, Sb, and Bi in Si are estimated; a multivalley effective-mass equation, incor-

porating the effect of local relaxation due to the difference in sizes between the host and impurity atoms,
has been used. The extent of this relaxation is compared with results available in the literature. The
substitutional donors As, Sb, and Bi are found to occupy nearly the same volume of the Si atom in the
lattice. The model of the lattice-relaxation effect as proposed by Pantelides and Sah [Phys. Rev. B 10,
638 (1974)] is used.

I. INTRODUCTION

The problem of donor states in multivalley semicon-
ductors is of fundamental importance in semiconductor
physics. %hen a group-V element enters a Si lattice sub-
stitutionally, localized energy levels are formed in the
otherwise forbidden energy gap. Experiments reveal that
the ground-state energies of these donors depend marked-

ly on the specific impurity, while the excited-state ener-
gies are almost impurity independent. On the theoretical
side, it is well known that there is excellent agreement be-
tween the Kohn-Luttinger effective-mass theory' (KL-
EMT) and experiment for the excited states where the
bound-electron wave function has vanishing amplitude at
small r. The limited success for the ground state is due to
the wave function having a large amplitude at small r.
Many attempts have been made to go beyond the hydro-
genic model and to account for the chemical shifts —the
large discrepancies between the experimental ground-
state energies and those given by KL-EMT —which arise
due to the central-ce11 correction. Most of the attempts
failed either because of an improper choice of the impuri-
ty potential or because of the neglect of the intervalley
mixing. Though Ning and Sah were quite successful
with their phenomenological two-parameter model po-
tential, first-principles calculations were lacking. Pan-
telides and Sah reformulated the EMT in the framework
of the pseudopotential theory and reproduced the
ground-state energies of shallow donors in Si in excellent
agreement with experiment except for a small discrepan-
cy. One of the reasons for this discrepancy has been at-
tributed to the large size of the cores of the substitutional
impurities ' and the local relaxation which results. At-
tempts have been made through laser annealing tech-
niques and x-ray diffraction techniques to estimate the
local strain field and lattice relaxation due to the size
difference between the impurity and the host atoms. A
spectroscopic investigation of Pajot and Stoneham pro-
vides information on the local volume change produced
when a group-V atom replaces a Si atom. In the absence
of a simple and direct method to include the effect of lat-
tice relaxation in the calculations of donor binding ener-
gies and wave functions, Manimahalai and Palaniyandi'

have introduced an impurity-dependent effective mass to
represent the effect of lattice relaxation, which depends
strongly on the specific impurity.

In the present paper, an attempt is made to study sys-
tematically the effect of local relaxation on the donor
binding energies and to compare the local volume change
with those available in the literature. Atomic units are
used throughout.

II. DONOR BINDING ENERGIES

where Tj, (Upc)&» W&J& (Utt );, and N, are the variou"s
matrix elements and a's are the numerical coefficients
determined from symmetry considerations. For Si, the
conduction band has six equivalent minima along the
(100) directions at a distance of 0.85k,„ from the
center of the Brillouin zone. The matrix elements are
given by
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(4)

The energy spectra of donors in a multivalley semicon-
ductor are obtained by solving the effective-mass equa-
tion of Twose" within the framework of pseudopotential
theory. It is necessary here to justify the use of the
Twose multivalley effective-mass equation (MVEME), the
validity of which was sometimes questioned. Palaniyandi
and Vasantha Malliga' have shown that the MVEME of
Twose could predict the shallow donor spectrum of Si
reasonably well, over a wide range of the impurity poten-
tial.

It can be shown that the donor energies with respect to
the conduction-band minimum are given by

gg a,'a, [T;, + ( Upc ),J + W,J + ( Utt );, ]
IEd=

gga, 'a, N,,
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where Upc(r) is the screened point-charge Coulomb po-
tential, W(r) is a short-range core potential, and Uz is
the reorthogonalization potential. By making use of the
atomic core wave functions of Herman and Skillman, '

the first-principles pseudoimpurity potentials are con-
structed. With a hydrogenic trial function for the 1s
ground state

f, (r) =expI r/—aj l(era )'

Donor

Extent of
squeezing

g(%)

Binding energy
Present calculation Experiment

(meV) (meV)

P 0.00
2.80

—42.5
—45.5

—45.5

TABLE I. Effect of squeezing on the 1s ( A l ) ground-state en-
ergies of donors in silicon.

the above matrix elements are calculated and Eq. (l) is
solved variationally. The values of the parameters used
in the present work are the same as those used by Pan-
telides and Sah. The energy minimum is located for P,
As, Sb, and Bi in Si.

III. EFFECT OF SQUEEZING

As

Sb

Bi

0.00
1.67

0.00
14.83

0.00
22.52

—49.31
—53.7

—31.03
—42.7

—28.26
—71.03

—53.7

—42.7

—70.9

75.0 Bi

When substitutional impurities like P, As, Sb, and Bi
enter the Si lattice, one of the following two situation
may occur: (i) Due to lattice relaxation, the core states of
these impurities may extend out appreciably and push
away their nearest neighbors; and (ii) the core wave func-
tions of the impurity may get distorted by the local envi-
ronment of the host crystal. In the present study, the
latter case is prescribed.

From the atomic core wave functions available at 96
points (r), the distorted core wave functions for various
impurities at the new points (r') are calculated by the
prescription

r' =r —gr/100,

where g is the percentage of squeezing. The distorted
core wave functions are renormalized and are used to re-
calculate the donor ground-state energies as a function of
q. From Fig. 1, the values of g for which the experimen-
tal ground-state energies are reproduced are found and
given in Table I. Assuming that Pauling's tetrahedral co-
valent atomic radii'" of the impurity atoms undergo the
same extent of squeezing as that of the core wave func-
tions, the modified values of the tetrahedral covalent radii
of the impurity atoms in Si lattice are determined and
given in Table II. Similarly, the changes in volume of the

TABLE II. Effect of squeezing on Pauling's tetrahedral co-
valent radii and on the volumes of the impurity atoms.

Extent of Squeezed
squeezing radii

Donor g (%) (A)
Change in volume hV/Vo
a b c

Si
p
As
Sb
Bi

2.80
1.67

14.83
22.52

1.07
1.16
1.16
1.13

0.023
0.017
0.233
0.438

—0.08
0.04
0.17
0.30

—0.17
0.03
0.57
0.94

'Present study.
Spectroscopical data of Pajot and Stoneharn, Ref. 9.

'Derived from a comparison of Pauling's tetrahedral covalent
radii.

Donor State

Extent of Variational
squeezing parameter

g (%) (a.u. )

Binding energy
Present study Expt.

(meV)

P 2s(A, )

1s(T2)

1s (E)

0.00
2.80
0.00
2.80
0.00
2.80

32.0
31.3
37.8
37.8
38.9
38.8

—8.83
—8.99

—31.26
—31.28
—30.58
—30.62

—8.95'

—33.9

—32.6

TABLE III. Effect of squeezing on the binding energies of
donors in silicon.

)
E 55.0

As 2s(A, )

1s(T, )

1$ (E)

0.00
1.67
0.00
1.67
0.00
1.67

30.5
30.0
40.2
40.2
40.8
40.8

—9.08
—9.19

—29.97
—30.00
—29.54
—29.58

—9.26'

—32.6

—31.2

35.0

I I

-3 0 3.0
I I I I I

9.0 15.0 21.0
('i. )

Sb 2s(A, )

1s(r, )

1s (E)

0.00
14.83
0.00

14.83
0.00

14.83

38.5
32.0
42.2
41.6
43.0
41.9

—7.79
—8.77

—28.95
—29.21
—28.39
—29.99

—8.79'

—32.9

—30.5

FIG. 1. Effect of squeezing on 1s ( A, ) state energies. 'Ning and Sah's theoretical estimate, Ref. 4.
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impurity atoms P, As, Sb, and Bi when they get squeezed
in the Si lattice are determined and given in Table II, to-
gether with the b V/Vo values reported in the literature
for the above impurities. For the above g values the
2s( A

& ) state energies of P, As, and Sb are calculated and
are found to be in good agreement with Ning and Sah's
theoretical estimates, as can be seen from Table III.

IV. DISCUSSIONS

From Table I it is seen that the substitutional impuri-
ties P, As, Sb, and Bi seem to undergo squeezing due to
local relaxation. The effect of this squeezing is to make
the levels deeper. From Table II it is seen that the substi-
tutional impurities As, Sb, and Bi assume more or less the
same radii of the Si atom in the lattice. Table II shows
that there is good agreement between the hV/Vo values

obtained for As and Sb in the present work and those
from the spectroscopic data of Pajot and Stoneham.
This suggests that the observation made by Pajot and
Stoneham that the volume changes are definitely smaller
than the estimates derived from Pauling's tetrahedral co-
valent radii is corroborated and that the forced hybridi-
zation of the atomic orbitals could be the origin of the ap-
parent shrinking of the free atom when tetrahedrally
bound in the Si lattice.

The positive volume change observed for P contradicts
the concept of the tetrahedral covalent radii. In addition
to the negative volume change (

—0.08) due to P diffusion
reported by Pajot and Stoneham, Cohen, ' and
McQuhae and Brown' have also reported a negative
change in the overall volume of —0.11 and —0.15, re-

spectively, for As and Sb. But, recent x-ray measure-
ments of the Si lattice expansion indicate a small in-

crease of the lattice parameter, or a positive b,d /do value

( (0.14), for Si if the impurity (any one of B, P, As, and
Sb) is introduced in low concentrations. This supports
the positive parameter change of hd/dc (0.026) observed
for P in the present work. Again, the trend in the x-ray
measurements for As and Sb in low concentrations is in

agreement with the results of the present work.
The effect of squeezing on the donor ground-state ener-

gy is much more pronounced in the case of Bi in Si, as ex-

pected. However, the effect of squeezing on ls(T2) and

ls (E) state energies of substitutional donors in Si (Table
III) is found to be negligible when compared with that for
the ls ( A, ) or 2s ( A

&
) state energies, as the wave func-

tions for these states have vanishing amplitude in the im-

mediate vicinity of the impurity site.
Thus the effect of squeezing makes the levels deeper.

As the group-V impurities enter the Si lattice substitu-
tionally, due to local relaxation As, Sb, and Bi tend to oc-
cupy more or less the same volume of the Si atom they
replace. However, P seems to contradict this observa-
tion. The substitutional donors P, As, Sb, and Bi, ir-
respective of their Pauling tetrahedral covalent radii, un-

dergo a contraction as a local relaxation as they enter the
semiconductor lattice in 1ow concentrations.
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