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Self-interstitial defect in germanium
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Electronic and structural properties of a self-interstitial defect in Ge are studied through first-principles
calculations. As in Si, the lowest-energy configuration is(th&0) dumbbell. However, the defect in Ge seems
to involve four rather than just two atoms, and we propose to call it a kite defect. The formation energy for the
interstitial at a hexagonal site is significantly higher in Ge when compared to Si, which may help to explain
why in Ge only the vacancy contributes to self-diffusion. An interpretation of recent perturbed angular corre-
lation spectroscopy results is also presented.

During the first years of research in the field of semicon- The present calculations follow exactly the same proce-
ductor physics both germanium and silicon attracted a lot oflure used before in the study of the vacaficyamely ab
attention. However, as time went by, only silicon survived asnitio total energy calculations based on the density-
a viable material for electronic devices. This led to a muchfunctional theory with the local-density approximation
greater understanding of its properties, including its intrinsiqLDA) for the exchange-correlation potentlalVe used a
defects like vacancies and self-interstititiis. However, the  supercell with 128 atoms plus an extra one to describe the
recent interest in Si/Ge alloys and heterostructures hagermanium interstitial. The electron-ion interactions were
brought Ge again to the spotlighin a recent experiment, described using norm-conserving pesudopotentials of Bache-
using perturbed angular correlatiofPAC) spectroscopy, let, Hamann, and Schier’® in the Kleinman-Bylandét
Haessleinet al.” were able to provide new microscopic in- form. A plane-wave basis set was used with an energy cutoff

formation about intrinsic defects in germanium. The PACqf 12 Ry and the Brillouin zone was sampled using d&ne
experiment detected two point defects produced by electropoint (I' poiny. This size of supercell and number of
iradiation trapped af*in probes, and their properties are k-points used were shown to give reasonable results for the

gUd'e? ﬁs a funcgon ,?,f ;he' ilectronlc cfh;:mlcal pOter?t""‘:vacancy in our previous wofkWhen performing geometry
ne of them was laentilied with great confidence as a sing ptimizations all the atoms were allowed to move until all

vacgncyo.l The second_obser\llfe_d dEfG_’(_:tlh?ﬁ b;.\en tedntatlve mponents of the forces were smaller than 0.0005 hartree/
assigned as a germanium se -|nte_rst|t|a. € dependence gh, For the calculations with the interstitial in the charge
the results on the chemical potential led the authors to pro,

St niform char nsity @f= —q/Q¢ey i t
pose that the interstitigh/0) ionization level should be lo- tshztiorl]’itaclé” (;)fvol(l:m?e(g)ijetosezsque th(lt/t tﬁgllwshiﬁéd:;/jstgm
cated somewhere between 0.02 and 0.06 eV below the bofs charge neutral.
tom of the conduction band. . We have considered three configurations for the self-

In.a previous paper we havg presgnted a complete micrQnterstitial: (1) the (110 dumbbell;(2) a hexagonal site; and
scopic picture of the germanium single vacafich the  (3) a tetrahedral site. Among these, the lowest-energy con-
present report we make a detailed study of the self-interstitiaﬂiguraﬂon was found to be thgl10) dumbbell, similarly to
defect in germanium, completing in this way the theoreticals;. It is 0.65 eV lower in energy than the hexagonal configu-
analysis of elementary intrinsic defects in Ge and of the PAGation and 0.90 eV lower than the tetrahedral one. These
experiments. Previous work on the Si self-interstitial hasresults show that thé110) dumbbell is significantly more
shown that the(110-split dumbbell is the lowest-energy stable in Ge than in Si, where Zhet al® found that the
configuration, followed by the Si interstitial at a hexagonal(110 dumbbell is only 0.1 eV more stable than the hexago-
site3> We show that in Ge thé110)-split dumbbell con- nal site. This difference may help to explain why the self-
figuration is also the lowest-energy configuration. Howeverdiffusion in Si has a contribution from interstitials whereas in
we argue that in Ge there are four atoms in a bent, kitelikeSe it is basically mediated by vacancfe¥.In the following
configuration, that have equivalent bonds in the defect, rathewe present a detailed analysis only for #1610y dumbbell,
than two atoms as in the Si dumbbell. We also show conclusince it is much more stable than all the other configurations.
sively that the(+/0) level cannot be positioned close to the  The local atomic configuration around tk&10) dumb-
bottom of the conduction band, and suggest that the observezkll is shown in Fig. 1. As can be seen, the distance between
level in the PAC experiments is the (0 level. the two atoms forming the dumbbell is equal to 2.60 B (
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[001] A=2.39 A

B=2.43 A

C=2.42 A

[110] D=2.60 A
D

FIG. 1. Local geometry around the kite defect. The dumbbell
atoms are shown lighter than the others. Note that all the five bonds
shown in the kite have the same length equal to 2.6@Abpnds.

bond in Fig. 3, which is about 7.4% longer than the normal
Ge-Ge bond length in the crystébur theoretical value is
2.42 A). This increase in the Ge-Ge distance, when com-

pared to the nearest-neighbor distance in the crystal, is larger NV

than the corresponding one obtained by Z#twal?® in Si, \// \\—//

which is only about 3%. The two atoms forming the dumb- /\/—\
N

bell move upwards by approximately 0.9 A along {l8©1]
direction, away from the original lattice site. Moreover, the
four bond lengths between these two atoms and their two N
nearest-neighbor atoms in ti&10 plane are all identical, _ F'G- 2 Contour plots of the fotal charge densities on (e
and also identical to the Ge-Ge dumbbell bond length, i.e(110) and(b) (110) planes through the middle of th&10) dumb-
there are a total of five identical bond lengttise D bonds in bell. The positions of the Ge atoms are indicated by the filled
Fig. 1). On the other hand, the two bond lengths between théircles, and the dumbbell atoms are shown lighter than the others.
dumbbell atoms and the two nearest-neighbor atoms in th he value of the most intense contqumiddle of the bond between

— . . e atoms far away from the dumbbeit 0.5e/A 2, and the con-
(110) plane C bonds in Fig. 1 are shorter than th® ;s decrease in steps of 0.66A 3.

bonds, and have the same length as a normal Ge-Ge bond

length in the crystal. Along the zigzag line in the (110) planeyyeen all the other pairs of Ge-Ge atoms that are nearest
([110] direction, not shown in Fig.)1 the distance between neighbors. Analyzing a three-dimensional plot of the total
the nearest neighbors to the dumbbell atoms and their nearastarge density in the proximity of the interstitial defect, we
neighbors is also identical to the normal Ge-Ge bond lengtlactually obtain that it is somewhat delocalized around the
in the crystal, i.e., 2.42 A . four-atoms ring formed by the two Ge atoms in the dumbbell
The bond lengths between the atoms in the zigzag lin@ng their two nearest neighbors along fHe.0] direction,
along the[110] direction(bondsA andB in Fig. 1) are very e all the atoms separated by distafzén Fig. 1. There-
similar to the normal nearest-neighbor distance in the crystatgre pased both on the geometrical as well as total charge
with variations of the order of 1%. However, similarly to Si, gensity analysis, it seems that the best description for the

all these atoms along thg110] zigzag direction going nterstitial (110) dumbbell in Ge is not actually of a dumb-
through the dumbbell relax outward. We have obtained thage|| as in Si, but rather of a four-atoms ring strongly at-

for the first-neighbor atoms to the dumbbell, i.e., those congached to the lattice, which we propose to name the “kite

nected to the dumbbell by bondsin Fig. 1, the relaxations  gefect” ((110)-interstitial kite defect

are about 0.07 A, or 2.9% (_)f th_e nearest-neighbor distance The formation energy of an interstitial in charge state

in the crystal. The relaxation is larger for the second-g

neighbor atoms to the dumbbell along the zigzag line, of the

order of 0.B A , or 5.4% of the nearest-neighbor bond in the _ N+

crystal. Finally, the third-neighbor atoms along the zigzag Eq(te) =Ey ' +a(metE,)— TEN, (1)

line relax by about 09 A , or 3.7% of the nearest-neighbor

distance in the crystal. Therefore, one can see that, evexmhereEg+1 is the total energy of the supercell with an in-

though all the bond lengths along the zigzag line in[thE0]  terstitial in charge statg (N+1 atoms,*® EN is the total

direction are close to their ideal values, the relaxations decagnergy of the perfect lattice superceN @toms, . is the

slowly. o position of the electronic chemical potential relative to the
The total charge densities along thel() and (110) top of the valence ban&, . The top of the valence band has

planes are shown in Figs(@ and 2Zb), respectively. Except been corrected in the defect supercells by the average poten-

between the two atoms forming the dumbbell, one can setal around the furthermost interstitial from the defect Site.

the characteristic pattern of covalent bonds being formed beFhe formation energy results 2.29 eV for a neutral charge

g(,ue), is calculated in the supercell approximation as



PRB 62 BRIEF REPORTS 9905

coupled to the top of the valence band throughbkke bond
between the dumbbell atoms and their nearest neighbors
along the[110] zigzag line. As opposed to the HOMO's, an
analysis of the lowest unoccupied orbit@lUMO) shows
that it is highly localized around the defect. It has a clear
character, i.e., ar-anti-bonding orbital with a strong contri-
bution coming fromp orbitals centered on the two dumbbell

atoms and oriented along th&10] direction.

If the changes in the PAC signal are not related to the
(+/0) dumbbell level, then we have the following possibili-
ties: (1) The observed defect is not an interstitial. This is
very unlikely in view of more recent experimental wdfk.
(2) The interstitial is not at thé110) configuration. This is
also unlikely given the much greater stability of this configu-
ration, as shown abov€3) Finally, a different(110) dumb-
bell ionization level is responsible for the changes in the
PAC signal. This is the most likely explanation according to
our results, and we argue below that l@é¢—) level is the
one related to the alterations in the PAC signal onrtigpe
Ge side.

According to the PAC resultsthe interstitial is trapped at
the *lin atoms in a broad range of doping concentrations,
for both n- and p-type Ge. Therefore, there must be an at-

tractive interaction between the Ge self-interstitials and the
ﬂ@\m ZA@A A% ma@f‘: probe atoms over this large range of doping. Thtn atoms
are shallow acceptors, and therefore are negatively charged.
, L _ As a consequence, to have an attractive interaction between
HOMO's on the(a) (110) and(b) (110) planes through the middle o jniersiitial and the''lin atoms, the interstitial charge

of the (110) dumbbell. The positions of the Ge atoms are indicated : »
by the filled circles, and the dumbbell atoms are shown lighter thanSt{jlte must be eithdp) or (+), but not (~). The (0) charge

the others. The value of the most intense contgniddle of the state was discarded by the autl’?dnecause, as the trapping

11 H
bond between Ge atoms far away from the dumblid.01e/A 3, to the 1".] atoms Wa? effgctwe fon.-type Ge up to Sb
and the contours decrease in steps of 0.60%°. concentrations of & 10" cm™3, there did not seem to be any

good reason for the neutral interstitials to be so much more
5 ) attracted to the negatively chargétiin atoms instead of the
state, much smaller than for £.2 eV).” We also obtained positively charged Sb donors. Therefore, they were led to
(for ne=0 eV) 2.21 eV for the(+) charge state and 2.59 eV conclude that the interstitial was in tiie) charge state and
for the (—) charge state. Using the above equation we camhat the attractive interaction between tHén atoms and the
obtain the ionization levels, i.e., the chemical potential val-interstitials was Coulombic. Furthermore, assuming that the
ues where the formation energies of two charge states bggss of the PAC signal on tha-type side was due to an
come equal. Our results give for tlie-/0) level a value of interstitial charge change, tife-/0) level was assigned to be
E,+0.07 eV and for the (6/) level a value o, +0.31eV.  at 0.04 eV below the bottom of the conduction band.

Using the PAC method, Haesslegt al” suggested the  However, our results, as discussed above, are incompat-
existence of a donor level close to the conduction baad ( ible with this conclusion. On the other hand, our<{(/level
—0.04 eV for the interstitial, which they have assigned to is positioned at 0.12 eV below the bottom of the conduction
the (+/0) level. Our result for the+/0) level disagrees with  band(for our theoretical gabof 0.43 eV}, which is similar to
this assignment. As mentioned above, we obtain that théhe experimental result. We only need an attractive interac-
(+/0) level is located at 0.07 e¥bove the top of the valence tion between thé'*lin atoms and the neutral interstitials. As
band which is incompatible with the experimental result. In g possible mechanism we propose that the neutral interstitials
Figs. 3a) and 3b) we present the charge densities on theact as donors to th&"in atoms, i.e., some of th&"4n atoms
(110) and (110) planes, respectively, obtained by adding thevould become negatively charged not through an electron
charge densities for the three highest occupied orbitalsransfer from the valence band but rather from the neutral
(HOMO's). We consider these three HOMO's together be-interstitials. In this way there would be the formation of a
cause they are basically degenerate. As can be seen, thesar In -17, strongly attracted through the Coulomb interac-
orbitals are highly delocalized, with a large valence bandion. We believe this to be possible due to the strong valence
character. Therefore, thier/0) level, which involves these band character of the HOMO's, as shown above. Therefore,
orbitals, must be located close to the top of the valence bandhe disappearance of the PAC signal on théype side
as we obtained, and not close to the bottom of the conductiowould be due to a change in the charge state of the interstitial
band, as suggested by Haessktiral.” From the charge den- from (0) to (=), which would result in a Coulomb attraction
sity in Fig. 3a), it seems that these HOMO's are a mixture of between the interstitial and the Skdonors, as well as a
a weaks bond between the two dumbbell Ge atoms stronglyrepulsive interaction with the Ihprobe atoms.

FIG. 3. Contour plots of the added charge densities for the thre
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On the p-type side, the loss of the PAC signal can behave used in that work, that the-/0) level would be be-
interpreted by the influence of the competing Ga trappingween 0.11 eV and 0.16 eV above the top of the valence
centers, as already suggested by Haessleal.” However, band, in reasonable agreement with our result.
this competition may happen with the neutral as well as with
the positively charged interstitial. Therefore, it may very This work was supported by the Brazilian Agencies
well be that the decay of the PAC signal in thype side is CAPES, CNPq, FAPERGS, and FAPESP. We also thank Dr.
related to the+/0) level. If this is true, we estimate from the Rainer Sielemann and Dr. Alex Antonelli for fruitful discus-
work of Haessleiret al,” using similar arguments as they sions.

1G. D. Watkins, inDefects and Their Structure in Non-metallic °M. Bockstedte, A. Kley, J. Neugebauer, and M. Scheffler, Com-

Solids edited by B. Henderson and A. E. Hugh®enum, New put. Phys. Communl07, 187 (1997.
York, 1976, p. 203; G. D. Watkins and J. R. Troxell, Phys. Rev. 19G. B. Bachelet, D. R. Hamann, and M. Sdeiy Phys. Rev. &6,
Lett. 44, 593 (1980; G. D. Watkins, inDeep Centers in Semi- 4199(1982.
conductorsedited by S. T. Pantelidé&ordon and Breach, New 11| Kleinman and D. M. Bylander, Phys. Rev. Le#8, 1425
York, 1986, p. 147. (1982.
?G. A. Baraff, E. O. Kane, and M. ScHer, Phys. Rev. Lett43,  12R 3 Borg and G. J. Dienes\n Introduction to Solid State Dif-
. 956 (1979; Phys. Rev. B21, 5662(1980. fusion (Academic Press, San Diego, 19881. D. Fuchs, W.
Y. Bar-Yam and J. D. Joannopoulos, Phys. Rev3® 2216 Walukiewicz, E. Haller, W. Dondl, R. Schorer, G. Abstreiter, A.
(1984. I. Rudnev, A. V. Tikhomirov, and V. I. Ozhogin, Phys. Rev. B

4P. E. Blachl, E. Smargiassi, R. Car, D. B. Laks, W. Andreoni, and
S. T. Pantelides, Phys. Rev. Let0, 2435(1993.
5J. zhu, T. D. dela Rubia, L. H. Yang, C. Mailhiot, and G. H. 13,
Gilmer, Phys. Rev. B4, 4741(1996, and references therein.
6SeeGermanium Silicon: Physics and Materialéol. 56 of Semi-

51, 16 817(1995; A. Ural, P. B. Griffin, and J. D. Plummer,
Phys. Rev. Lett83, 3454(1999.
n the calculation of the total energies for the) and (—) charge
states all the atoms were allowed to relax, having as starting
conductors and Semimetalscademic, San Diego, 1999 configuration the optimized.geometry from th® gharge state.
7H. Haesslein, R. Sielemann, and C. Zistl, Phys. Rev. L88t. However, both the geometriémrgest atomic motion was 0.017
2626(1999: Mater. Sci. Forun258-273 59 (1997. A) and total energieéchanges smaller than 0.05 g¢hanged
8A. Fazzio, A. Janotti, A. J. R. da Silva, and R. Mota, Phys. Rev.  Very little upon relaxation.
B 61, R2401(2000; A. Janotti, R. Baierle, A. J. R. da Silva, R. 1R. Sielemann, H. Haesslein, L. Wende, and Ch. Zistl, Physica B
Mota, and A. Fazzio, Physica B73274 575 (1999. 273274, 565(1999.



