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Core reconstruction of the 90° partial dislocation in nonpolar semiconductors
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We investigate the energetics of the single-period and double-period core reconstructions of the 90° partial
dislocation in the homopolar semiconductors C, Si, and Ge. The double-period geometry is found to be lower
in energy in all three materials, and the energy difference between the two geometries is shown to follow the
same trends as the energy gap and the stiffness. Both structures are fully reconstructed, consisting entirely of
fourfold coordinated atoms. They differ primarily in the detail of the local strains introduced by the two
reconstructions in the core region. The double-period structure is shown to introduce smaller average bond-
length deviations, at the expense of slightly larger average bond-angle bending distortions, with respect to the
single-period core. The balance between these two strain components leads to the lower energy of the double-
period reconstructior].S0163-18208)04944-3

A fundamental understanding of plasticity in solids Fig. 1(a) are considered to be covalent bonds, resulting in a
clearly requires a knowledge of the atomistic structure at th&quasifivefold” reconstruction that also retains the mirror
cores of dislocations. In particular, the microscopic mechasymmetry® On the other hand, a reconstruction that breaks
nisms of dislocation motion are intimately related to the de-the mirror symmetry of the unreconstructed core, while pre-
fects (e.g., kinkg that can occur within the dislocation, serving the lattice periodicity along the line, is shown in Fig.
which in turn are connected with the underlying lattice sym-1(b). In this case all dangling bonds have been eliminated,
metries and the nature of the reconstruction in the tore.and all the atoms are fourfold coordinated. Such a recon-
Recently, advances in computer power and computationatruction was predicted to be substantially lower in energy
methodology have led to an active area of research focusatian both the unreconstructed and the quasifivefold-
on the theoretical study of the atomistic structure of theseeconstructed corés11-131%nd thus to be the one expected
dislocation cores and their defeét$! However, in at least to occur in nature. We will refer to this symmetry-breaking
one important case, even the structure of the dislocation coneconstruction as the single-peri¢8@P reconstruction.
itself remains fundamentally in doubt. However, our recent theoretical work on the core recon-

In tetrahedrally bonded semiconductors, the two most frestruction of this dislocation in Si produced a surprise. In Ref.
quently occurring dislocations are the 30° and the 90° partiaB, we proposed an alternative core structure for the 90° par-
dislocations, lying on {111 planes along [110] tial in which, in addition to symmetry breaking of the SP
directions®>~2* These materials are of obvious technologicalcore, the periodicity along the dislocation line is doubled.
importance, and the detailed understanding of the atomi@his double-periodDP) reconstruction, which is shown in
structure at the dislocation cores is of great interest, sinc€ig. 1(c), can be derived from the SP one by introducing
dislocations influence both the electronic and the mechanicallternating kinks at every lattice site along the core. This
properties of semiconductor devices. Indeed, a great deal gfeometry is consistent with all available experimental infor-
theoretical effort has been devoted to study the properties ahation about the 90° partial. Like the SP core, the DP struc-
dislocations in these materidis? In the particular case of ture is fully reconstructed, and thus neither one gives rise to
silicon, the theoretical study of the dislocation cores at thedeep-gap states, which would show an electron paragmatic
atomistic scale has revealed a rich structure of point excitaresonancEPR signal. EPR experiments in Si indicate a
tions(kinks and reconstruction defetia the core of the 30°  very small density of dangling bonds in the core of
and 90° partial$516-20 dislocation?*=2* Moreover, both cores consist entirely of

Most of these works have concentrated on understandinfijvefold, sixfold, and sevenfold rings, both being consistent
the structure of the 90° partial dislocation. Until recently, awith images produced by transmission electron microscopy,
consensus had emerged at the theoretical level, about ti¢ the current level of resolution of this techniqdeThe
nature of the reconstruction at the core of the defect. In itgesults we obtained in Ref. 3 show the DP structure to be
unreconstructed configuration, the core of the 90° partial dislower in energy than the SP one, by means of Keating-
plays a zigzag chain of threefold-coordinated atoms runningpotential, total-energy tight-bindingTETB), and ab initio
along the dislocation direction, with broken bonds lying local-density(LDA) calculations.
nearly parallel to the slip plane. Mirror symmetry planes are In the present work, we investigate the issue of DP versus
present in this configuration, as can be seen in Fig. A  SP reconstruction in the homopolar diamond-structure semi-
variant of this structure is one in which the dashed lines inconductors C, Si, and Ge. As in our previous work on Si, we

0163-1829/98/5@.9)/125634)/$15.00 PRB 58 12 563 ©1998 The American Physical Society



12 564 BRIEF REPORTS PRB 58

TABLE |. Calculated energy difference in meV/A, between the
SP- and DP-core reconstructions of the 90° partial in C, Si, and Ge.

Cell size refers to the double-period cdlyp is the energy of the
double-period reconstruction. For the single-period c&sg,and
AEgp are, respectively, the average and difference of the energies
for the two different relative arrangements of mirror symmetry
breaking.
192-atom supercell 588-atom supercell
EDP_ESP AEsp EDP_ESP AEsp
C
LDA —235 126
TETB —100 74 —76 14
Keating -21 123 34 24
Keating?® -121 160
Si
LDA —-69 48
TETB —75 39 —57 3
Keating -27 40 -7 8
Keating® —40 67
Ge
LDA —58 27
Keating -21 32 -5 6
Keating?® -12 36
®Evaluated at LDA-relaxed structure.
results with respect to cell size was checked by relaxing
larger cells, with 576288 atoms for the DRSP structure.
Keating-potential results were used in order to investigate

qualitatively the strains associated with the two structures.
FIG. 1. (8) Symmetric reconstruction of the 90° partial disloca- For these, we use the original set of parameters introduced

tion in homopolar semiconductors. Shaded area indicates stackifgy Keating® for the three materials. Further details about the

fault. (b) The single-periodSP symmetry-breaking reconstruction. supercells and the technical aspects of our TB calculations

(c) The double-periodDP) symmetry-breaking reconstruction. can be found in Refs. 2—4.

We discuss first the LDA results for the 192-atom super-

present LDA, TETB, and Keating-potential results for theCell as shown in Table 1. The calculgted energy of the SP
energies of the two core reconstructions. The trend in th&O'€ depgnds on whether the brei”‘"'”g of mirror symmetry
energy difference between the DP and SP cores is seen pyeurs with _the same sense, or with opposite sense, for the
correlate with the stiffness of each material, with the DP cordW° d|sloc§1t|'ons. in the superce[ITher(_a IS a corresponding
being more(lesy strongly favored in QGe), as revealed by energy splitting in the DP core, but this is of a mu_ch smaller
our ab initio and TETB calculations. This is in contrast with Magnitude and was not taken into considerajiés in Ref.
the Keating-potential calculations which, despite predicting:i the average energy of these two possibilities is denoted by
the correct ground state and trend between Si and Ge, favérsp, While the difference is denoted hyEsp; the latter is
the SP structure over the DP core in the case of C. expected to vanish in the limit that the supercell gets large.
As in Ref. 3, we employed supercells of 96 and 192 atomd$-ocusing for the moment on tHegp values, it can be seen
for the SP and DP cores, respectively, containing a dislocathat the DP structure is preferred by a substantial margin for
tion dipole in the quadrupole arrangement suggested in Reéll three, and that this preference follows the same trends as
6. These were fully relaxe@with average forces no larger the stiffness and the size of the band gap of the material.
than 0.01 eV/A in each capesing an LDA approach, with That is, C shows the strongest tendency toward stabilization
core states represented by Troullier-Martins pseudopoteref the DP core, followed by Si and then Ge.
tials, as implemented in therigemp package® All the en- Since we cannot easily afford to repeat the LDA calcula-
ergy differences were converged to within5% with re-  tion for a larger supercell, we have carried out parallel cal-
spect to plane-wave cutoff. For Si and C, these cells wereulations on 192-atom and 588-atom supercells of C and Si
also relaxed with a TETB model, using &(N) density- using the TETB method. Table | shows first of all that the
matrix techniqué’ to solve for the electronic structurélhe  TETB results are in qualitative agreement with the LDA
corresponding TETB results for Ge would be expected tanes for both materials, although in the case of C the corre-
resemble those for Si.The tight-binding Hamiltonian of sponding values are underestimated by a factor of about 2.
Kwon et al?® was used for Si, while the model proposed by Second, the TETB results give us a good estimate of the
Xu et al. was applied to G? The convergence of the TETB importance of the finite supercell-size effects. That is, by
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TABLE II. Minimum, maximum, and root-mean-square varia- becomes more visible when inspecting the root-mean-square
tions of bond lengths and bond angles for the LDA-relaxed SP andieviations: we see that the rms bond-length variations are
DP structures, relative to the corresponding bulk diamond values.systematically slightly larger in the SP core. While it also
appears that the bond-angle variations go the other way, be-

Bond length Bond angle ing slightly smaller for the SP core, this seems to be a
SP DP SP DP weaker effect. These results suggest that advantage of the DP
structure is that it allows a better packing of the atoms, as

c measured by bond-length variations, at the expense of a
min —5.3% —4.4% —11% —14% slightly greater bond-bending strain.

max +5.4% +6.2% +20% +22% In view of the fact that the variations in bond lengths and
rms 3.1% 2.8% 3.4% 3.6% bond angles between the SP and DP structures are so subtle,
Si it is not at all clear whether a Keating model could be ex-
min —2.2% —-2.1% —-11% —15% pected to reproduce the correct trend€ig vs Epp for the

max +3.0% +3.5% +22% +23% three materials. In order to test this, we also present in Table
rms 2.6% 2.3% 4.0% 4.1% | the energies for the two core structures as computed using
Ge the Keating potential. This was done both by consistently
min -2.2% —-2.1% -11% —15% relaxing and evaluating the energy using the Keating model,
max +3.1% +3.5% +22% +22% and by simply evaluating the Keating energy of the LDA-
ms 2.8% 250 4.0% 4.1% relaxed supercells. Note that in the case of C, the DP-SP

energy difference for the Keating-relaxed geometry is sub-
stantially smaller than the corresponding LDA result. Also,
inspecting the TETB results for the two supercells, it appear his set of numbers predlct_s an incorrect trend for this quan-
— ) ity among the three materials, as compared to the LDA re-
that one can say th&éspgives the energy of the true isolated g jis. For the larger supercell this quantity is even in quali-

SP structure to within an error bar of approximately (5sive disagreement with the TETB result, in the case of C.
+AEsg2. Applying this heuristic to the LDA results, we see (e evaluated the Keating energy for the TETB geometries
that the supercell-size error is almost certainly insufficient tq, these larger cells, and found the correct qualitative behav-
reverse the sign of the predictéthp— Egp. Returning now ior, with EDP_ESP: 85 meV/A for C) On the other hand,
to_the dlscrepangy betweef‘ the.TETB and LDA results for C or the LDA geometries, the Keating results follow the same
this could be attributed at first sight to the fact that the mode[rends as those obtained with the other methods. Erom these

of Xu et al. that we use for C results in elastic constants, : :

; results, we conclude that the Keating potential cannot be
which are too soff (C;;— C;,) andCy,, are smaller by 35% d h dif b he SP and
and 17% with respect to experimental values, respecﬁ.\/elytrUSte to capture the energy di erer:w ce between tl_e > an
On the other hand, the TETB results for Si that we obtaine e\ljeftructures on a quantitativer perhaps even qualitatiye

using the model of Ref. 31, which also underestimates the . . . :
4 . ; : .~ To summarize, we investigated the energetics of the SP
elastic constants, are practically identical to those shown in . R A S
and DP core reconstructions of the 90° partial dislocation in
Table | for the Kwon model. . X )
. o . the homopolar semiconductors, C, Si, and Ge. We find the
In order to gain some further insight on the difference

between the SP and DP structures. we look at the maximu DP core to be favored in all three materials, and observe that
' The energy difference between the two geometries follows

deviations of bond lengths and bond angles for the LDA

geometries, as shown in Table Il. The main trend as a funct—he same trends as the energy gap and the stifiness in these

tion of the material considered is the smaller variation ofmaterlals. The nature of this difference is primarily associ-

L : ated with the local strains introduced by the the two recon-
bond angles, and greater variation of bond lengths, in C rela- . . .

. ? L ; . structions. The DP structure is shown to introduce smaller
tive to Si and Ge. This is consistent with the fact that the

ratio of bond-angle bending to bond-stretching forces is big average bond-length deviations, at the expansion of slightly

ger in C, compared to Si and Ge. However, we are mainl){arger average bqnd-angle _bendmg distortions, with respect
: . ) . o the SP one, with the delicate balance between these two
interested in the trends in going from the SP to the DP struc-, _. . )
: . strain components favoring the DP reconstruction.
ture. For all three materials, we find that the pattern of de-
viations looks surprisingly similar for the two structures. In
particular, the maximum and minimum bond-length and Partial support was provided by the DoD Software Initia-
bond-angle variations aneot systematically smaller in the tive. J.B. and D.V. acknowledge support from NSF Grant

DP structure, in spite of its lower energy. However, a trendNo. DMR-96-13648.
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