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The electronic and structural properties of self-interstitial and self-interstitial-related defects in Ge have been
investigated by first-principles calculations. In accordance with previous works we find that the split[110]
structure is the most stable energetically, among the self-interstitial defects in Ge. However, in disagreement
with previous calculations, we find that the formation energy of the split[110] self-interstitial in Ge is larger
than the formation energy of the same defect in Si. Our results differ from previous ones because our calcu-
lations are better converged with respect to Brillouin zone sampling. Concerning charged defects, we find that
the s+/0d ionization level of the split[110] self-interstitial in Ge is placed at 0.08 eV below the valence-band
minimun (VBM ), while the s0/−d level is located at 0.37 eV above the VBM. Also, we find that a self-
interstitial-related defect, called fourfold-coordinated defect, is stable in Ge with a formation energy of 2.82 eV.
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I. INTRODUCTION

Among the intrinsic point defects, the self-interstitials, va-
cancies, and Frenkel pairs are considered the most important
ones. There are several ways to create intrinsic point defects
in solid materials, during the growth process, by ion implan-
tation, by plasma etching, and by electron irradiation. These
point defects play an important role in the electrical proper-
ties, self-diffusion, and dopant diffusion processes in semi-
conductor materials. Since Si dominates the microelectronic
industry, the electronic and structural properties of intrinsic
defects in this material have attracted the majority of experi-
mental as well as theoretical studies.

However, nowadays considerable interest exists also in
the Si-Ge alloys because this material has been successfully
applied in electronic and photonic devices. Indeed, there are
numerous experimental and theoretical works addressing the
electronic and structural properties of intrinsic defects in
Si-Ge alloys. Griglioneet al.1 performed an experimental
investigation of the Ge diffusion in Si1−xGex/Si quantum
wells; similarly Zangenberget al.2 studied the Ge diffusion
in the Si1−xGex alloys, as a function of the alloy concentra-
tion sxd. From the theoretical point of view, vacancies and
vacancy mediated Ge diffusion in Si-Ge alloys have been
investigated byab initio calculations.3,4 And recently, we
have performed anab initio study on the formation of ex-
tended defects and their interaction with vacancies in Si-Ge
alloys.5 As expected, the physical properties of Si-Ge alloys
mimic the properties of pure Si and pure Ge, in the Si-rich
and Ge-rich limits, respectively. Thus, in order to understand
the properties of intrinsic defects in Si-Ge, it is important to
comprehend their properties in both materials, Si and Ge.
However, differently from Si, there are quite a few experi-
mental as well as theoretical works related to intrinsic de-
fects in Ge.

Haessleinet al.6 identified, by means of perturbed angular
spectroscopy(PAC), two point defects produced by electron

irradiation in Ge. They found that one of these defects, lying
0.20 eV above the valence-band maximum(VBM ), was the
monovacancy acceptor state. The other one, lying 0.04 eV
below the conduction-band maximum(CBM), was initially
tentatively assigned as a donor state for the self-interstitials
(SI’s). However, according to first-principles calculations,7,8

the SI defect in Ge introduces anacceptor level near the
CBM. This theoretical finding was the motivation for further
PAC investigations,9 in which it was shown that it is not
possible, experimentally, to distinguish if the level intro-
duced by the SI defect near the CBM is actually an acceptor
or a donor state.

In addition, Ehrhart and Zillgen10 verified a high concen-
tration of Frenkel pairs, also created by electron irradiation
in Ge. Fazzioet al.11 performed anab initio investigation of
the electronic and structural properties of vacancies in Ge.
While, recently, Janottiet al.12 and Silvaet al.7,8 investi-
gated, usingab initio calculations, the SI’s in Ge. They con-
sidered, for the SI’s, the structural models which had been
previously proposed for Si.13 Similarly to Si, the split[110]
structure in Ge has the lowest formation energy. However,
Silva et al.8 indicated that the formation energy of SI’s for
Ge is “much smaller than for Si.” As far as ionization levels
are concerned, they calculated7,8 a donor state at 0.07 eV
above the VBM, and an acceptor state at VBM+0.31 eV
(already mentioned in the last paragraph).

Recently, a new structural arrangement, which is energeti-
cally stable, has been proposed for SI in Si,14 it has been
called the “displaced hexagonal.” Also, a self-interstitial-
related defect, called fourfold-coordinated defect
(FFCD),14–16 has been proposed recently. The FFCD is
formed by a single vacancy and a SI, where the defect ex-
hibits a perfect fourfold coordination. Total energy results
indicate that the FFCD has a small formation energy in Si.
However, the FFCD has not been identified experimentally.
Furthermore, to our knowledge, there are noab initio inves-
tigation of the FFCD and the displaced hexagonal intrinsic
point defects in Ge. It is worth to point out that the FFCD
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cannot be considered just as a kind of self-interstitial defect,
since the number of atoms is conserved in the FFCD, and the
SI defect involves an excess of one atom.15

In this article, we report afirst-principlesinvestigation of
the SI defect in Ge. We have considered the split[110], hex-
agonal, tetrahedral, and the displaced hexagonal models. We
also investigated the FFCD defect in Ge. The equilibrium
geometries of the FFCD and the split[110] structures have
been detailed. For the split[110] model, we have calculated
the position of thes+/0d and s0/−d ionization levels, and
compared them with experimental results.6,9

II. THEORETICAL APPROACH

The calculations were performed in the framework of the
density functional theory,17 within the local density approxi-
mation, by using the Ceperley-Alder correlation18 as param-
etrized by Perdew and Zunger.19 The electron-ion interaction
was treated by using norm-conserving pseudopotentials.20

The wave functions were expanded in a plane wave basis
with an energy cutoffsECUTd up to 16 Ry. The Brillouin zone
(BZ) was mapped by using up to 14 specialk points.21 To
simulate the self-interstitial defects, we used periodic super-
cells of 64 and 128 atoms. To obtain the equilibrium geom-

etry, the atoms were relaxed within a force convergence cri-
terion of 25 meV/Å.

III. RESULTS AND DISCUSSIONS

In order to find out the energetically most stable structure
for the neutral Ge SI defect, we have initially examined three
different atomic arrangements, viz., split[110] [shown in
Fig. 1(a)], tetrahedral, and hexagonal. Our calculated forma-
tion energies, summarized in Table I, indicate that the split
[110] model is the energetically most favorable. This result is
in accordance with previous theoretical works.7,8,12 Similar
results have been verified for SI defects in Si, namely the
split [110] configuration also exhibits the lowest formation
energy.13,14

It is important to note that, if we consider only theG point
for the BZ integration, the formation energy of the split[110]
structure in Ge is lower than the same defect structure in
Si.7,8,12Using a supercell with 128 atoms,ECUT=12 Ry, and
the G point for the BZ integration, we obtained a formation
energy of 2.34 eV for the split[110] defect in Si, which is
0.43 eV higher than the formation energy of the same defect
in Ge. On the other hand, improving the BZ sampling, by
increasing the number of specialk points(up to fourteen), we
find that the formation energy of the Ge SI defect is higher
than the formation energy of the Si SI defect. For instance,
the formation energy of the split[110] arrangement in Ge is
3.55 eV(128 atoms, 4 specialk points, andECUT=12 Ry, see
Table I); meanwhile for Si(using the same calculation pro-
cedure) we find a formation energy of 3.49 eV. Thus we can
state that, in contrast with previous theoretical
investigations,7,8,12 the formation energy of the SI defects in
Ge is higher than the same defects in Si. Such disagreement
is due to an inappropriate BZ sampling by using only theG
point.

Recently, Al-Mushadani and Needs14 performed a very
comprehensive theoretical study addressing the intrinsic
point defects in Si. They find a displaced hexagonal struc-
ture, where the interstitial Si atom moves outward from the
hexagonal site by 0.48 Å, which is 0.03 eV lower in energy
with respect to the(perfect) hexagonal configuration. Using a
supercell with 128 atoms,ECUT=12 Ry, and four specialk
points for the BZ integration, we also obtained the displaced
hexagonal arrangement in Si. We find a formation energy
0.02 eV lower than the hexagonal configuration, and the in-
terstitial Si atom is displaced by 0.29 Å from the hexagonal
ring toward the tetrahedral site. However, we do not find any

FIG. 1. Structural models and the total charge densities for the
self-interstitial defects in Ge,(a), (c) split [110], and(b), (d) FFCD.

TABLE I. Formation energies(in eV) of the self-interstitial defects in Ge, as a function of the number of
atoms in the supercell, number of specialk points, and energy cutoff.

Atoms/supercell 128 128 128 64 64

BZ sampling 1ksGd 4k 4k 14k 14k

ECUT 12 Ry 12 Ry 16 Ry 12 Ry 16 Ry

Split [110] 1.91 3.55 3.55 3.58 3.54

Tetrahedral 2.29 3.85 3.84 3.85 3.84

Hexagonal 2.49 3.99 3.99 3.99 4.00
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energetically stable position, for the Ge SI atom, between the
tetrahedral and hexagonal sites. That is, the displaced hex-
agonal structure is not expected to occur in Ge.

The FFCD, shown in Fig. 1(b), has been proposed as an
energetically stable structure in Si.14–16,22This point defect,
formed by an self-interstitial-vacancy pair, has a relatively
small formation energy. Al-Mushadani and Needs obtained a
formation energy of 2.80 eV for the FFCD, in agreement
with previous calculations by Goedeckeret al.,16 who ob-
tained 2.34 eV. We have also calculated the FFCD in Si, and
we obtained a formation energy of 2.73 eV. More impor-
tantly, we find that the FFCD is also stable in Ge, with a
formation energy of 2.82 eV. The equilibrium geometry of
the FFCD in Ge is summarized in Fig. 1(b) and Table II. The
C Ge-Ge bond is compressed by 5% compared with the bond
length of the Ge bulk(2.39 Å), while theA1 andA2 bonds
are stretched by 8%. Furthermore, the calculated total charge
density, depicted in Fig. 1(d), indicates an increase(reduc-
tion) of the eletronic concentration along theC (A1 andA2)
bond(s).

Having stabilished that the split[110] model corresponds
to the most probable structure for the self-interstitial defects
in Ge, we summarize its equilibrium geometry in Fig. 1(a)
and Table III. We have considered two different calculation
procedures, viz.,(a) ECUT=12 Ry and theG point for the BZ
integration, and(b) ECUT=16 Ry and four specialk points
for the BZ integration. Using the calculation procedure(a),
we find: (i) The equilibrium bond length of the Ge dimer,
aligned along the[110] direction[D in Fig. 1(a)], is equal to
2.54 Å, corresponding to a bond stretch of 6% compared
with the bond length of the Ge bulk.(ii ) The bond lengths
D1–D4 (neighboring the Ge dimer) are all identical, and
also with the same value as the Ge-dimer bond lengthsDd.
(iii ) A, B, and C Ge-Ge bonds are slightly compressed/
stretched within a range of 0.02 Å, compared with the Ge-Ge
bond length in the perfect crystal. These results compare
very well with those obtained by Silvaet al.8 On the other
hand, using the calculation procedure(b), we obtained a dif-
ferent picture for the equilibrium geometry:(i) The Ge dimer

is stretched by 5%(2.51 Å), while (ii ) the neighboring
Ge-Ge bond lengthssD1–D4d are equal to 2.55 Å.(iii ) The
Ge-Ge bond lengthA sBd is compressed(stretched) by 0.04
Å (0.04 Å), compared with the bond length of the Ge bulk.
Identical results were obtained forECUT=12 Ry.

Figure 1(c) depicts the total charge density along the Ge
dimer of the split[110] structure. The Ge dimer exhibits a
covalent character, with a slightly reduced charge density
along the Ge-Ge bond, which is attributed to the increase of
the Ge-Ge dimer bond length.

Concerning the properties of charged defects, we calcu-
lated the ionization energies of the Ge SI defect. The forma-
tion energies, considering three charge statessqd :−1, 0, and
+1, were calculated using the procedure described in Ref. 23.

We find that the average potentials,V̄D andV̄H [see Eq.(8) of
Ref. 23], are aligned within an energy range of 0.02 eV in the
bulklike region of the defect-containing supercell. Figure 2
ilustrates our calculated formation energies. The ionization
levels, with respect to the Ge bulk VBM, correspond to the
electronic chemical potential where the formation energies of
two different charge states become equal.23 We find that the
s+/0d level is placed at 0.08 eV below the VBM, i.e., reso-
nant in the valence band of bulk Ge, and thes0/−d ionization
level is located at 0.37 eV above the VBM. Meanwhile, Silva
et al.8 find the s+/0d level near the VBMsVBM+0.07 eVd,
and thes0/−d level 0.31 eV above the VBM. Recent experi-
mental investigations6,9 verified a level, for the SI defect in
Ge, lying 0.04 eV below the CBM of Ge. However, the ex-
periments were not able to distinguish if this level is an
acceptor or a donor state. Thus, our calculations, in accor-
dance with Silvaet al.,8 indicate that the experimentally veri-
fied ionization level at 0.04 eV below the CBM is indeed an
acceptor state.

Our calculated single-particle energy levels, for the neu-
tral split [110] structure in Ge, reveal that the highest occu-
pied state(HOMO) is placed at 0.04 eV above the VBM.
Figure 3(a) shows that the HOMO spreads out along the
Ge-Ge bonds, with a strong valence band character. On the
other hand, at 0.20 eV below the VBM, namely resonant

TABLE II. Equilibrium geometry of the FFCD in Ge. The bonds
Ai , Bi, and C are shown in Fig. 1(b). The calculations were per-
fomed using a supercell with 128 atoms andECUT=16 Ry. The
bond lengths are in Å.

A1–A2 B1–B4 C

2.57 2.41 2.27

TABLE III. Equilibrium geometry of the neutral Ge self-
interstitial defect in the split[110] configuration, as a function of the
number of specialk pointssNkd. The bondsA–Di are shown in Fig.
1(a). The calculations were performed using a supercell with 128
atoms andECUT=16 Ry. The bond lengths are in Å.

Nk A B C D D1–D4

1sGd 2.39 2.43 2.38 2.54 2.54

4 2.35 2.41 2.37 2.51 2.55

FIG. 2. Formation energies of the split[110] self-interstitial de-
fect in Ge, as a function of the electronic chemical potential. The
arrows indicate thes−/0d and s0/ +d ionization energies.
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with the Ge valence band, we find as-like bonding state
along the SI defect, as shown in Fig. 3(b). Similar electronic
distribution has been obtained by Silvaet al. [see Fig. 3(a) of
Ref. 8]. At 0.18 eV from the VBM, we find the lowest un-
occupied state(LUMO). The electronic distribution of the
LUMO is depicted in Fig. 3(c). It is interesting to note that
the LUMO is localized on the Ge atoms neighboring the split
[110] SI defect. In contrast, at 0.24 eV from VBM, we find
an unoccupied state localized along the Ge-Ge bond of the SI
defect, cf Fig. 3(d).

IV. CONCLUSIONS

In summary, using first-principles calculations, we have
examined the energetic stability, equilibrium geometry, and

the electronic structure of SI defects and SI-related defects in
Ge. We find that the split[110] SI structure is energetically
more stable than the tetrahedral and hexagonal models by
0.29 eV and 0.44 eV, respectively. The energetic preference
of the split[110] model has also been verified for SI defects
in Si. However, in contrast with previous theoretical works,8

we find that the SI defect formation energy in Ge is higher
compared with the same defects in Si. In Ref. 8 the forma-
tion energies of 3.20 and 2.29 eV have been reported for SI
defects in Si and Ge, respectively, while here we find 3.49
and 3.55 eV for the same defects. Our results differ from
previous ones because our calculations are better converged
with respect to BZ sampling. It is worth to point out that an
accurate determination of intrinsic defects formation energies
in Si and Ge is important for understanding SiGe alloy prop-
erties, for instance, self-diffusion and diffusion of impurities.

The self-interstitial-related FFCD, previously verified in
Si, is also energetically stable in Ge. On the other hand,
based upon our total energy results, the displaced hexagonal
structure(also an energetically stable SI defect Si) is not
expected to occur in Ge.

The calculated ionization energies, for the split[110]
structure, indicate that thes+/0d level is resonant within the
valence band(0.08 eV below the VBM), and thes0/−d ion-
ization level lies 0.37 eV above the VBM. These results, in
accordance with Silvaet al.,8 indicate that the experimentally
verified6,9 ionization level at 0.04 eV below the CBM is in-
deed an acceptor state. From our calculated single particle
energy levels, we find that the HOMO exhibits a strong va-
lence band character, and at 0.2 eV below the VBM we find
a s-like bonding state along the Ge-Ge bond of the SI defect.
Similarly, we verified an unoccupied state at 0.24 eV above
the VBM strongly localized along the Ge-Ge bond of the SI
defect.
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