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The electronic and geometrical structures, in particular the electric field gradients (EFGs), of [CdD ]~
(D = P, As, Sb) acceptor-donor pairs in Si and Ge are studied using the full potential Korringa-Kohn-
Rostoker Green's function method. In addition, also neutral complexes ((CdD°) and trimers ((CdD,]°)
in Si are investigated. The EFG depends very sensitively on the large lattice relaxations induced by the
defects and can be understood by a simple hybridization model. Our calculations are in good agreement
with experimental results and provide a consistent picture of acceptor-donor complexes in Si and Ge.

PACS numbers: 71.55.Cn, 61.72.Tt, 76.60.—k

The donor-acceptor pairsin silicon and germanium have
attracted intensive research interest for a long time [1—
5]. If impurities with opposite charges are either inten-
tionally or unintentionally introduced in semiconductors,
the Coulomb attraction leads to the formation of donor-
acceptor complexes which can cause serious technological
prablems such as an uncontrolled annihilation or creation
of charge carriers. To study the behavior of these defects,
mostly nuclear techniques such as perturbed vy angular
correlation (PAC) experiments were successfully applied
to obtain microscopic information on an atomic scale. A
very popular and well-known probe atom is the radioac-
tive '"'In/!""!'Cd nucleus. In these experimentsinitialy a
dimer complex isformed consisting of the In acceptor and
a donor atom such as P, As, or Sb, so that neutral [InD]°
(D = P, As, Sh) pairs are produced. Since such neutral
pairs have no states in the gap and thus are not magneti-
cally or electrically active, very little information can be
obtained with other experimental methods. After the de-
cay "'In — ''1Cd, the PAC measurement takes place at
the daughter complex CdD. The fact that the electric field
gradient is independent from the InD mother complex has
been proven by PAC experiments starting from the ' Cd
nucleus as mother probe atom [3]. Because of the pair
formation the cubic surrounding of the probe atom !'!'Cd
is disturbed, leading to an electric field gradient (EFG) at
the Cd site which can be determined in particular for non-
magnetic systems. This “fingerprint” of the defect system
gives some important information about the defect struc-
ture. For instance, the main axis of the EFG is found to
point along the [111] direction (» = 0), which strongly
suggests a nearest neighbor (nn) pair configuration. How-
ever, for a fundamental understanding of the complexes
electronic structure calculations are needed [ 3], which can
be performed with good precision by density-functional
methods[6,7]. The use of pseudopotential methods, which
usually give excellent results in semiconductor physics, is
not suitable in this case since the EFG is determined by
the p charge density in the inner core region [6], so that
up to now no theoretical treatment of these fundamental
acceptor-donor complexesin Si and Ge exists.
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In this paper we calculate the electronic and geometri-
cal structures and the EFGs of singly negatively charged
defect pairs[CdD]~ (D = P, As, Sb) in Si and Ge. Fur-
thermore, we show that also neutral [CdD ]’ pairs exist
which is in agreement with experiments [5]. We also in-
vestigate trimer complexes [CdD,]° (with D = P, As).
Our calculations provide a consistent picture of the physi-
cal properties of acceptor-donor complexesin Si and Ge.

The theoretica approach is based on the density-
functional theory in the local density approximation
(LDA) parametrized by Vosko et al. [8]. The calculations
are done with the multiple scattering Korringa-Kohn-
Rostoker (KKR) Green's function method [9—11]. In this
method the perturbed region around the defect complexes
is exactly embedded in the unperturbed crystal by using
Green's function technique. In this all-electron method,
the fundamental density-functional quantity, the electron
density, is calculated by a contour integral in the complex
energy plane. We have divided the energy contour into
two parts covering the energy region of the valence bands
and the gap states separately, so that we can arbitrarily
specify the occupancy of the gap states.

In our calculations we use the LDA lattice constants
(for Si, 540 A and, for Ge, 557 A) as calculated in
[12] and describe the diamond lattice structure using four
basis positions along the [111] direction, two for the Si
or Ge atoms and two empty sites. These empty sites
facilitate the I convergence in our full-potential KKR
calculations [12], where no atomic sphere approximations
for the potentia, for the charge, nor for the Wigner-
Seitz cell are used. For the substitutional nn pairs along
the [111] direction a cluster of 76 perturbed potentials
(38 atoms) with C3, symmetry was embedded in the
unperturbed ideal host crystal, whereas the substitutional
CdD, complexes were calculated along the [110] “ zigzag”
line within a cluster of 84 perturbed potentials (40 atoms)
exploiting the C,,, symmetry.

We determine the equilibrium positions of the atoms by
the condition of vanishing forces, which was tested to be
equivalent to the condition of minimal total energy. The
forces are calculated from the charge density using the
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so-called “ionic” Hellmann-Feynman theorem [13]. Since
the positions in the perturbed crystal differ from the ones
in the ideal host the corresponding host Green's func-
tion and the potentials have to be transformed to the new
shifted positions, as described in Ref. [13]. We truncate
spherical harmonics expansions of the Green's function
and wave functions with a cutoff /.« = 4, which leads
to a potential and charge density cutoff 2/,.. In devia-
tion from [13] we replace the cellular division of space as
determined by the host lattice by a VVoronoi construction,
such that the shifted atoms are located at the center of the
new cells. For large atoms this significantly improves the
[ convergence [14].

[CdD]~ complexes in S and Ge.—The calculated
EFGs for the negatively charged [CdD]~ complexes in
S and Ge and for the neutral [CAD]° pairs in Si are
displayed in Table | for the ideal and the relaxed con-
figurations in comparison with experimental results. The
nuclear coupling constant v at the Cd site is calculated
from the largest component of the electric field gradient
tensor V,, viav = % V.., where the nuclear quadrupole
moment of the !"'Cd probe atom is assumed to be
Q = 0.83 b. Theassumed C3, symmetry yields a vanish-
ing asymmetry parameter, i, which is in agreement with
experiments. The calculated lattice relaxations for the
[CdD]™ (D = P, As, Sh) pairs in silicon and their near-
est Si-neighbors are shown in Fig. 1. The EFG depends
very sensitively on the relaxations of the atoms. With-
out lattice relaxations, the calculation of EFGs is mean-
ingless leading even to a wrong trend. For the relaxed
positions, the agreement between theory and experiment
is quite good for both Si and Ge. As it can be seen from
Fig. 1, the lattice distortions—especially at the Cd site—
strongly increase with increasing donor size. Compared
to that, the relaxations for the same defect pairs in ger-
manium are somewhat smaller, but the general trend (in-
creasing relaxations with increasing donor size) remains.
For instance, for [CdP]™ in Ge the Cd atom relaxes 0.8%

TABLE I. The quadrupole coupling constant at the Cd site,
v = eQcqV../h, cdculated using a nuclear quadrupole mo-
ment Qcq = 0.83 b and the largest component, V., of the
EFG tensor. The signisthat of V..

EFGideal EFGrelaxed EFGEXP [1_5]
Si host
[CdP] ~189 —-191 +179
[CdAS] —174 —249 +229
[CdSb] -85 —294 +271
[CdP]° -79 -56 +36
[CdAs]’ =73 —89 +83
[CdSb]° +6 —135 +129
Ge host
[CdP] ~135 —124 +86
[CdAS]~ ~118 —~182 +148
[CdSb] +2 —235 +201
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of the nn distance inward and the P atom only 2.9% of the
nn distance outward. By exchanging P with As the out-
ward movement of the Cd atom increases to 2.4%, while
the As atom shifts outward by 2.4%. In the case of the
[CdSb]~ pair the Cd atom relaxes by 11.5% outwards and
the Sb atom by 1.7% inwards, respectively. Consequently
for the CdSb pair one expects again the biggest change in
the EFG compared to the ideal configuration as can be
seen from Table I.

Since we reproduced the experimental results and gave
a description of the geometrical arrangements, our goal
is now to attain more insight into the origin of the
EFG by a detailed analysis of the electronic structure.
The main contribution to the EFG is given by the
quadrupole component of the charge density, which is
mainly determined by the p-p anisotropy contribution of
the Green’s function [6]. Because of the [111] symmetry
axis adong the defect pair we choose this direction to
be the z axis of our coordinate system. Then the EFG
along the [111] direction is proportional to the anisotropy
of the p charge of the Cd atom: V.. & [*"{p,.(E) —
3[pp(E) + ppy(E)}AE [6]. The projections of the
local p density of states along the [111] direction, p . (E),
and perpendicular to [111], p,.(E) = p,y(E), are shown
inFig. 2. The p, orbital belongs to the fully symmetrical
A, subspace of the C;, symmetry group, while the p,
and p, orbitals belong to the E subspace. If the charge
density around the Cd site is symmetric, asis the case for
an isolated substitutional Cd atom, the p charge density
is isotropic (p,x = p,y = pp;) leading to a vanishing
EFG V_,. The origin of the EFG can now be understood
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FIG. 1. Lattice relaxations for the defect atoms and the nn
atoms of [CdD]™ (D = P, As, Sh) defect pairsin Si.  Shown
is the three-dimensional arrangement of the CdD complex (top,
left hand) and the (110) planes containing the CdD pairs and
the two representative Si neighbors. Relaxations are given in
percentage of the nn distance.
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FIG. 2. The p-orbital local density of states (LDOS) of the
CdAs pair in Si a the Cd site. The solid line represents
the anisotropy of the local p density of states, p,.(E) —
e (E) + p,y(E)] which determines the EFG. The indi-
vidual contributions p,, (dashed line) and p,, = p,, (dotted
line) are also given.

by a simple hybridization model starting from the single
defects. A single Cd?~ acceptor has an occupied T, level
(inthe notation of the T; symmetry group of the single de-
fect) at the bottom of the energy gap, while the single D
donor atom hasan A, level at the top of the band gap. Be-
cause of the C3,, symmetry of the pair the 7, level splits
up into a symmetric A; level, which can be occupied by
two electrons, and into an E level, which can take up four
electrons. The E state consists, locally at the Cd site, of
the more or less unperturbed p, and p, states of the Cd?~
acceptor, which for symmetry reasons cannot hybridize
with the A; state of the donor atom and form a deep level
at 0.18 eV above the valence bands (the calculated band
gap of Si is 0.49 eV). In contrast to this, the new A,
states of the C3, symmetry group essentially consist of
two hybrids of the s and p, orbitals of the Cd atom and
the A, orbital of the donor. However, only the bonding
hybrid of these A; (C3,) states is occupied, which is, due
to hybridization, shifted down into the valence band (see
Fig. 2) while the corresponding antibonding intensity is
shifted up into the conduction band. For the EFG it is
most important that the unoccupied A; antibonding states
in the conduction band contain, due to hybridization, also
a p, contribution of the Cd atom, so that locally the Cd p,
charge is decreased and transferred into A; charge at the
donor site, while the p, and p, charges are practically un-
affected. Therefore the loss of the p, charge leads to an
anisotropic p-charge distribution, giving rise to an EFG
at the Cd site. Since the hybridization increases with in-
creasing donor size, so does the EFG, reflecting the in-
creased loss of the p, charge of the Cd atom.

[CAD]’ complexes in S.—In PAC experiments with
different donor concentrations and very high annealing

temperatures, Achtziger and Witthuhn [5] found strong
evidence that the CdD pairs in silicon form electrically
deep centers with two different charge states, i.e., [CdD ]~
and [CdD1°, leading to two different EFGs. Though the
sign of the EFG cannot be determined by the experiments,
by assuming the same sign for both charge states the
resulting change in the EFG, Aggg, turned to be more
or less independent of the donor type (about 145 MHZz).

The above-mentioned results are unequivocally con-
firmed by our calculations. For this we have performed
spin polarized calculations, with the majority E level filled
by two electrons and the minority level by only one elec-
tron, without reducing the C;,, symmetry (n = 0). This
leads for al three donor types to a small magnetic mo-
ment of 0.07 up and a small hyperfine field of 8 kG at the
Cd site. The resulting EFGs for both the ideal and the
relaxed positions are shown in Table I.

Intherelaxed geometry the sign of theEFGS V., remains
the same (compared to [CdD ] ™) and the differences, Agrg,
are 135, 160, and 159 MHz for CdP, CdAs, and CdSb
pairs, respectively, which is in good agreement with the
experimental data. On the one hand, the difference results
from the different charge and on the other hand from the
changein theforces on theatoms. The reduction of charge
mainly affects the relaxations of the Cd atom, so that in
the case of the P donor the Cd atom moves now slightly
inward by 1.7% of the nn distance, while the P atom moves
outward about 5.9% (instead of 4.5%) of the nn distance.
For the As donor the situation changes only a little, since
the As donor moves outward by 6.3% nn distance like the
P donor, but the Cd acceptor shifts outward by only 0.9%
(instead of 4.5%) of nn distance. Inthe case of the[CdSb]°
pair the acceptor displacements are—compared to the
[CdAS]” pair—increased (10.2% outward) and the donor
relaxations decreased (2.3% outward). The lowering of
the EFG can be understood again in terms of the above-
mentioned hybridization model. Since one electron is
taken out of the E state, the overcompensation of p,. by
% [ppx + ppyl, leading to the strong anisotropy of the Cd
p chargein[CdD] ™, isreduced. SincetheE level itself is
not affected by the hybridization, the change of the charge
state of the defect leads to a donor independent change of
the EFG.

[CdD,]° trimers in S.—In the case of stronger doping
with P and As donor atoms the PAC spectrayield [13] two
additional frequencies for the nuclear coupling constants,
+195 and +238 MHz for P and As, respectively. In both
measurements the asymmetry parameter is n = 0.65.
Because of symmetry considerations the additional EFGs
were attributed to a substitutional trimer along the [110]
zigzag line as shown in Fig. 3. The calculated relaxed
positions are shown in Fig. 3. The top left-hand portion
of the picture shows the three-dimensional arrangement of
the impurity atoms and their nearest neighbors. The right-
hand side shows the zigzag line with two neighboring
host atoms in the (110) plane and the bottom left-hand
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FIG. 3. Lattice relaxations for the defect atoms and for the
nn aoms of CdD, (D =P, As) in Si. Shown are the
three-dimensional arrangement of the CdD complex (top, left
hand), the (110) planes containing the CdD pairs and the two
representative Si neighbors (bottom Ieft), and the (110) planes
including the zigzag line (right hand), which contains the CdD,
complexes and the two representative silicon neighbors. The
relaxations are given in percentages of the nn distance.

portion the (110) plane to display the other neighboring
host atoms. As in Fig. 1 the numbers given refer to the
relative relaxations as a percentage of the nn distance. For
the relaxed positions we calculate the nuclear quadrupole
constants to be » = +222 MHz, n = 0.68 for [CdP,]°
and v = +246 MHz, 5 = 0.70 for [CdAs,]°. Both
results are close to the experimental values. Especialy
the asymmetry parameter n iswell reproduced. The EFG
lies in the [001] plane as expected from the symmetry.
Both EFGs can be qualitatively understood as resulting
from the superposition of the values for single [CdD ]~
pairs. For the single pairs the tensor of the EFG Q;;

can be written as Q' = —(V.,/2)8;; + 3 V..e;''ej'.
The second pair is oriented along the direction [111].
The resulting tensor, Q;; = Q//' + Q/}', consists of two

equal eigenvalues (V,, and —V,;) and a vanishing one, so
that the asymmetry parameter is n = 1 and the absolute
value of the two nonvanishing eigenvalues agreeswith V.,
of the single pair. Because of the electronic and geometric
relaxations the superposition model is, of course, too
simplified. There exists aso a small component of the
EFG in the [001] direction, which leads to the degeneracy
breaking and thus to a lowering in . This component
also causes a small deviation of the absolute values of the
EFG compared to the single pairs.

We performed self-consistent density-functional calcu-
lations of the electric field gradients of different acceptor-
donor complexes in silicon and germanium. Our results
show that the EFG of the Cd probe atom is determined
to alarge extent by the lattice relaxations of the complex
and the neighboring Si atoms. From this we conclude that
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the calculated lattice distortions give reliable information
about the complicated geometrical structures of the defect
complexes. The origin of the EFG can be qualitatively
understood by a simple hybridization model and results
from a loss of p. charge at the Cd site. The [CdD]~/°
pairs in Si are proven to induce deep €electrically active
centers in the energy gap. The lowering of the EFG in
the case of neutral pairsis shown to be a consequence of
reloading the gap level and is nearly independent of the
dopant due to the loss of the local p, and p, charges.
The complexes [CdP, ]’ and [CdAs,]° produce almost the
same EFGs as the single pairs, which can qualitatively be
explained by a superposition of the single EFGs. Thuswe
obtain a consistent picture of the electronic and geomet-
rical structure of acceptor-donor pairs in Si and Ge and,
in particular, a simple understanding of the EFGs of the
CdD complexes measured by PAC experiments.
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