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Electronic and structural properties of germanium self-interstitials
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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 thglsf]it
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 gHlif] 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 (+/0) ionization level of the splif110] self-interstitial in Ge is placed at 0.08 eV below the valence-band
minimun (VBM), while the (0/-) 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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[. INTRODUCTION irradiation in Ge. They found that one of these defects, lying
0.20 eV above the valence-band maximvBM ), was the
Among the intrinsic point defects, the self-interstitials, va-monovacancy acceptor state. The other one, lying 0.04 eV
cancies, and Frenkel pairs are considered the most importaRglow the conduction-band maximu(@BM), was initially
ones. There are several ways to create intrinsic point defect§ntatively assigned as a donor state for the self-interstitials
in solid materials, during the growth process, by ion implan-(SI's). However, according to first-principles calculatidifs,

tation, by plasma etching, and by electron irradiation. Thes&€ S| defect in Ge introduces acceptorlevel near the
point defects play an important role in the electrical proper-CBM' This theoretical finding was the motivation for further

ties, self-diffusion, and dopant diffusion processes in semPAC investigations, in which it was shown that it is not
ossible, experimentally, to distinguish if the level intro-

conductor materials. Since Si dominates the microelectroni ;
. ; : . . duced by the SI defect near the CBM is actually an acceptor
industry, the electronic and structural properties of intrinsic =" 1 onor state

defects in this material have attracted the majority of experi- In addition, Ehrhart and Zillgé verified a high concen-

mental as well as theoretical .stud|es. . . .tration of Frenkel pairs, also created by electron irradiation
However, nowadays considerable interest exists also ity e Fazzicet all performed arab initio investigation of

the Si-Ge alloys because this material has been successfulife electronic and structural properties of vacancies in Ge.
applied in electronic and photonic devices. Indeed, there argyhile, recently, Janottet all? and Silvaet al’® investi-
numerous experimental and theoretical works addressing theated, usingab initio calculations, the Sl's in Ge. They con-
electronic and structural properties of intrinsic defects insidered, for the Sl's, the structural models which had been
Si-Ge alloys. Griglioneet al! performed an experimental previously proposed for S# Similarly to Si, the splif110]
investigation of the Ge diffusion in §iGe/Si quantum  structure in Ge has the lowest formation energy. However,
wells; similarly Zangenbergt al? studied the Ge diffusion  Silva et al8 indicated that the formation energy of SI's for
in the Sj_,Geg, alloys, as a function of the alloy concentra- Ge is “much smaller than for Si.” As far as ionization levels
tion (x). From the theoretical point of view, vacancies andare concerned, they calculaféda donor state at 0.07 eV
vacancy mediated Ge diffusion in Si-Ge alloys have beerabove the VBM, and an acceptor state at VBM+0.31 eV
investigated byab initio calculations®* And recently, we (already mentioned in the last paragraph
have performed amb initio study on the formation of ex- Recently, a new structural arrangement, which is energeti-
tended defects and their interaction with vacancies in Si-Geally stable, has been proposed for Sl in'Sit has been
alloys® As expected, the physical properties of Si-Ge alloyscalled the “displaced hexagonal.” Also, a self-interstitial-
mimic the properties of pure Si and pure Ge, in the Si-richrelated  defect, called fourfold-coordinated defect
and Ge-rich limits, respectively. Thus, in order to understandFFCD),’4-'6 has been proposed recently. The FFCD is
the properties of intrinsic defects in Si-Ge, it is important toformed by a single vacancy and a Sl, where the defect ex-
comprehend their properties in both materials, Si and Gehibits a perfect fourfold coordination. Total energy results
However, differently from Si, there are quite a few experi-indicate that the FFCD has a small formation energy in Si.
mental as well as theoretical works related to intrinsic deHowever, the FFCD has not been identified experimentally.
fects in Ge. Furthermore, to our knowledge, there areaiinitio inves-
Haessleiret al® identified, by means of perturbed angular tigation of the FFCD and the displaced hexagonal intrinsic
spectroscopyPAC), two point defects produced by electron point defects in Ge. It is worth to point out that the FFCD
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etry, the atoms were relaxed within a force convergence cri-
terion of 25 meV/A.

Ill. RESULTS AND DISCUSSIONS

In order to find out the energetically most stable structure
for the neutral Ge Sl defect, we have initially examined three
different atomic arrangements, viz., spfit10] [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 workst? Similar
results have been verified for Sl defects in Si, namely the
split [110] configuration also exhibits the lowest formation
energy*314

It is important to note that, if we consider only thegpoint
for the BZ integration, the formation energy of the spli1 0]
structure in Ge is lower than the same defect structure in
B Si.”812Using a supercell with 128 atomBg,1=12 Ry, and

FIG. 1. Structural models and the total charge densities for thep,q o point for the BZ integration, we obtained a formation
self-interstitial defects in Gé&g), (c) split[110], and(b), (d) FFCD. energy of 2.34 eV for the splitL10] defect in Si, which is

0.43 eV higher than the formation energy of the same defect
cannot be considered just as a kind of self-interstitial defectin Ge. On the other hand, improving the BZ sampling, by
since the number of atoms is conserved in the FFCD, and th@creasing the number of speckapoints(up to fourteep, we
Sl defect involves an excess of one atbm. find that the formation energy of the Ge SI defect is higher

In this article, we report &rst-principlesinvestigation of  than the formation energy of the Si S| defect. For instance,
the Sl defect in Ge. We have considered the $pli0], hex-  the formation energy of the splil10] arrangement in Ge is
agonal, tetrahedral, and the displaced hexagonal models. V55 eV/(128 atoms, 4 specidlpoints, andEq,1=12 Ry, see
also investigated the FFCD defect in Ge. The equilibriumTable I); meanwhile for Si(using the same calculation pro-
geometries of the FFCD and the sflitl(] structures have cedurg we find a formation energy of 3.49 eV. Thus we can
been detailed. For the sp[iLt10] model, we have calculated state that, in contrast with previous theoretical
the position of the(+/0) and (0/-) ionization levels, and investigations;312the formation energy of the Sl defects in

compared them with experimental resiifs. Ge is higher than the same defects in Si. Such disagreement
is due to an inappropriate BZ sampling by using only Ehe
point.
Il. THEORETICAL APPROACH Recently, Al-Mushadani and Neédsperformed a very

comprehensive theoretical study addressing the intrinsic

The calculations were performed in the framework of thepoint defects in Si. They find a displaced hexagonal struc-
density functional theory, within the local density approxi- ture, where the interstitial Si atom moves outward from the
mation, by using the Ceperley-Alder correlatidas param-  hexagonal site by 0.48 A, which is 0.03 eV lower in energy
etrized by Perdew and Zung¥rThe electron-ion interaction with respect to théperfec) hexagonal configuration. Using a
was treated by using norm-conserving pseudopoterfflals. supercell with 128 atomsE =12 Ry, and four speciat
The wave functions were expanded in a plane wave basisoints for the BZ integration, we also obtained the displaced
with an energy cutoffEcyr) up to 16 Ry. The Brillouin zone hexagonal arrangement in Si. We find a formation energy
(BZ) was mapped by using up to 14 spediapoints?! To  0.02 eV lower than the hexagonal configuration, and the in-
simulate the self-interstitial defects, we used periodic supetrterstitial Si atom is displaced by 0.29 A from the hexagonal
cells of 64 and 128 atoms. To obtain the equilibrium geom+ing toward the tetrahedral site. However, we do not find any

TABLE |. Formation energiegin eV) of the self-interstitial defects in Ge, as a function of the number of
atoms in the supercell, number of spedighoints, and energy cutoff.

Atoms/supercell 128 128 128 64 64
BZ sampling X(T) 4k a4k 14k 14k
Ecur 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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TABLE II. Equilibrium geometry of the FFCD in Ge. The bonds 3.70 T T T T T T
Ai, Bi, andC are shown in Fig. (). The calculations were per- C ]
fomed using a supercell with 128 atoms aBgdyt=16 Ry. The 3651 +) -
bond lengths are in A. & : 1

2 360F © -

Al1-A2 B1-B4 C 55 C ]

g F / [VBM CBM 1

2.57 2.41 2.27 g 355 © -

2 L’\ / 1

_ N E 350 -
energetically stable position, for the Ge Sl atom, between the £ C /) ]
tetrahedral and hexagonal sites. That is, the displaced hex- S ]
agonal structure is not expected to occur in Ge. 345 2 B

The FFCD, shown in Fig. (b), has been proposed as an C o L
energetically stable structure in %i:16.22This point defect, 340G oa T e
formed by an self-interstitial-vacancy pair, has a relatively Chemical Potential (eV)

small formation energy. Al-Mushadani and Needs obtained a ) _ _ -
formation energy of 2.80 eV for the FFCD, in agreement FIG. 2. Formation energies of the sfit10] self-interstitial de-
with previous calculations by Goedecket al.1% who ob- fect in Ge, as a function of the electronic chemical potential. The
tained 2.34 eV. We have also calculated the FFCD in Si, an@/"oWs indicate thé-/0) and(0/+) ionization energies.

we obtained a formation energy of 2.73 eV. More impor-, 0 S . .
tantly, we find that the FFCD is also stable in Ge, with aiS Stretched by 5%(2.51 A), while (ii) the neighboring

formation energy of 2.82 eV. The equilibrium geometry of G€-G€ bond lengtheD1-D4) are equal to 2.55 Aiii) The
the FFCD in Ge is summarized in Figlt} and Table II. The ~G€-Ge bond lengtth (B) is compressedstretched by 0.04
C Ge-Ge bond is compressed by 5% compared with the bonf (0-04 A), compared with the bond length of the Ge bulk.
length of the Ge bulk2.39 A), while theAl andA2 bonds !dentical results were obtained f&yr=12 Ry.
are stretched by 8%. Furthermore, the calculated total charge Figure Xc) depicts the total charge density along the Ge
density, depicted in Fig. (@), indicates an increasgeduc- dimer of the spllt[llo].structu_re. The Ge dimer exhibits a
tion) of the eletronic concentration along tBe(A1 andA2) covalent character, with a shghtly reduced charge density
bonds). along the Gg—Ge bond, which is attributed to the increase of
Having stabilished that the split10] model corresponds the Ge-Ge dimer bond length.
to the most probable structure for the self-interstitial defects Concerning the properties of charged defects, we calcu-
in Ge, we summarize its equilibrium geometry in Figa)l Igted the |9n|zat|on_engrg|es of the Ge Sl defect. The forma-
and Table Ill. We have considered two different calculationtion energies, considering three charge staggs-1, 0, and
procedures, viz(a) Ecyr=12 Ry and thd” point for the Bz ~ +1, were calculated using the procedure described in Ref. 23.
integration, andb) Ecy1=16 Ry and four specidk points  We find that the average potential, andV, [see Eq(8) of
for the BZ integration. Using the calculation procedyag Ref. 23, are aligned within an energy range of 0.02 eV in the
we find: (i) The equilibrium bond length of the Ge dimer, bulklike region of the defect-containing supercell. Figure 2
aligned along th¢110] direction[D in Fig. 1(a)], is equal to ilustrates our calculated formation energies. The ionization
2.54 A, corresponding to a bond stretch of 6% comparedevels, with respect to the Ge bulk VBM, correspond to the
with the bond length of the Ge bulkii) The bond lengths electronic chemical potential where the formation energies of
D1-D4 (neighboring the Ge dimgrare all identical, and two different charge states become ecfidalVe find that the
also with the same value as the Ge-dimer bond leiiBth  (+/0) level is placed at 0.08 eV below the VBM, i.e., reso-
(i) A, B, and C Ge-Ge bonds are slightly compressed/nant in the valence band of bulk Ge, and {Bé-) ionization
stretched within a range of 0.02 A, compared with the Ge-Gdevel is located at 0.37 eV above the VBM. Meanwhile, Silva
bond length in the perfect crystal. These results comparet al8 find the (+/0) level near the VBM(VBM+0.07 eV),
very well with those obtained by Silvet al® On the other  and the(0/-) level 0.31 eV above the VBM. Recent experi-
hand, using the calculation procedyb®, we obtained a dif- mental investigatior’s’ verified a level, for the SI defect in
ferent picture for the equilibrium geometry) The Ge dimer ~ 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-
interstitial defect in the splitl10] configuration, as a function of the dance with Silvaet al.? indicate that the experimentally veri-

number of speciak points(Ny). The bondsA—Di are shown in Fig. g jonization level at 0.04 eV below the CBM is indeed an
1(a). The calculations were performed using a supercell with 128 ’

i acceptor state.
t Ecyr=16 Ry. The bond length A. . .
aloms anteur y. The bond lenghs are in Our calculated single-particle energy levels, for the neu-

tral split [110] structure in Ge, reveal that the highest occu-

TABLE Ill. Equilibrium geometry of the neutral Ge self-

Nk A B c b bL-D4 pied state(HOMO) is placed at 0.04 eV above the VBM.
I 2.39 2.43 2.38 2.54 254 Figure 3a) shows that the HOMO spreads out along the
4 2.35 2.41 237 251 255 Ge-Ge bonds, with a strong valence band character. On the

other hand, at 0.20 eV below the VBM, namely resonant
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the electronic structure of Sl defects and Sli-related defects in
Ge. We find that the splifl10] Sl 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 S| defects
in Si. However, in contrast with previous theoretical wotks,
we find that the Sl 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 S| defec) & not
expected to occur in Ge.

The calculated ionization energies, for the sglitlQ]
structure, indicate that the-/0) level is resonant within the
valence band0.08 eV below the VBN, and the(0/-) ion-
ization level lies 0.37 eV above the VBM. These results, in
accordance with Silvat al.g indicate that the experimentally
verifiec?® 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
. . o o > a o-like bonding state along the Ge-Ge bond of the S| defect.
LUMO is depicted in Fig. &). It is interesting to note that gjmijary we vgrified an ugoccupied state at 0.24 eV above

the LUMO is localized on the Ge atoms neighboring the Sp"tthe VBM stronaly localized alona the Ge-Ge bond of the SI
[110] SI defect. In contrast, at 0.24 eV from VBM, we find éj]efect d i ?

an unoccupied state localized along the Ge-Ge bond of the
defect, cf Fig. &d).

FIG. 3. (a) Highest occupied electronic state at 0.04 eV above
the VBM, (b) occupied electronic state at 0.20 eV below the VBM,
(c) lowest unoccupied electronic state at 0.18 eV from VBM, and
(d) unoccupied electronic state at 0.24 eV from VBM.

with the Ge valence band, we find &like bonding state
along the Sl defect, as shown in FigbR® Similar electronic
distribution has been obtained by Siletal.[see Fig. 8) of
Ref. §. At 0.18 eV from the VBM, we find the lowest un-
occupied statdLUMO). The electronic distribution of the
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