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Atomic structure of dislocation kinks in silicon
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We investigate the physics of the core reconstruction and associated structural excitatonstruction
defects and kinksof dislocations in silicon, using a linear-scaling density-matrix technique. The two predomi-
nant dislocationgthe 90° and 30° partialsare examined, focusing for the 90° case on the single-period core
reconstruction. In both cases, we observe strongly reconstructed bonds at the dislocation cores, as suggested in
previous studies. As a consequence, relatively low formation energies and high migration barriers are generally
associated with reconstructédangling-bond-fregkinks. Complexes formed of a kink plus a reconstruction
defect are found to be strongly bound in the 30° partial, while the opposite is true in the case of 90° partial,
where such complexes are found to be only marginally stable at zero temperature with very low dissociation
barriers. For the 30° partial, our calculated formation energies and migration barriers of kinks are seen to
compare favorably with experiment. Our results for the kink energies on the 90° partial are consistent with a
recently proposed alternative double-period structure for the core of this dislod&i63-182608)10617-3

I. INTRODUCTION and the high Peierls potential barrier to kink motion control
the rate of dislocation propagation. This is to be contrasted
Dislocations are of fundamental importance in the physicaith the case of metals, where kinks experience a very low
of semiconductors, both from a mechanical and from arbarrier to motion, and the rate is controlled by nucleation
electronic point of view. They are the carriers of plasticity in only. The HL model is often used in the interpretation of
crystals and act as trapping and scattering centers for eledislocation mobility experiments, although the occurrence of
tronic carriers. A wealth of experimental information is such high Peierls barriers has been questioned by some
available about the properties of dislocations in tetrahedrallyuthors’ Furthermore, an alternative theoretical model has
bonded semiconductots’ In Si, the predominant slip sys- been proposed in which dislocation motion is controlled by
tems are the 60° and the screw dislocations oriented alonpe pinning of kinks by obstacles distributed along the dislo-
[110] directions in a{111} slip plane. Both are known to cation line’®!! Recent experimental evidence suggests that
occur in the glide configuration and to dissociate into pairs othe barriers are indeed high, but experiments cannot clearly
partial dislocations bounding a ribbon of intrinsic stackingdecide between these two theoretical modefsA complete
fault.1~3 Dissociation lowers the strain energy and is mademicroscopic picture is still lacking. Related issues, such as
energetically favorable by the low energy of the stackingthe dependence of dislocation mobility on doping and the
fault in this material.(Evidence indicates that the above is photoplastic effect in semiconductdrsyould also profit
also true in the case of germanium and for 1ll-V and II-VI from a better understanding of dislocation structure at the
semiconductor$? The resulting 90° and 30° partials are atomic level.
believed to undergo core reconstruction, which eliminates On the computational side, large-scale problems of this
the unsaturated bonds, thus restoring the fourfold coordinanature have been mostly studied by using classical inter-
tion of the atoms at the cores. This picture is consistent wittatomic potentials. Such studies are not always reliable, since
the low density of dangling bonds, as suggested by EPRhese potentials are often unable to reproduce effects of in-
measurements? trinsic quantum-mechanical nature such as bond reconstruc-
Dislocation motion occurs by nucleation and propagatiortion and Peierls or Jahn-Teller symmetry breaking. For ex-
of kinks along the dislocation line. Due to thermal fluctua-ample, while the Stillinger-Web#& potential has been used
tions or the action of an applied stress, double kinks can b& study the core reconstruction and kinks of the 30°
nucleated along the dislocation line. When these reach partial®® it fails to reproduce the spontaneous symmetry-
critical separation, dissociation occurs and the individuabreaking core reconstruction of the 90° partial from the sym-
kinks propagate in opposite directions, thus generating a dignetric “quasi-fivefold” reconstructiod®® A proper
placement of a dislocation segmé&n detailed understand- quantum-mechanical description of the electronic structure is
ing of the atomic-scale structure of the kinks and the barrierglearly needed. One is thus led to consider tight-binding
associated with their motion is thus of the greatest impor{TB) andab initio methods.
tance. Recentab initio and TB theoretical works have concen-
In semiconductors, according to the theoretical modetrated on such issues as the core reconstruction of the 90°
proposed by Hirth and LothéHL),® double-kink nucleation partial}*®and the elastic interaction between dislocations of
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a dipole in the shuffff and glide set® Using a relatively tains the technical details of the calculations we performed.
small supercell, one first-principles study has determined én Sec. Ill, we discuss our results for the core reconstruction
kink mobility barrier in the 30° partial® but only one kink and related defects in the 30° partial dislocation. Our main
species was studied, out of a very rich variety characteristi¢esults for the SP reconstruction of the 90° partial are de-
of this system. As will become clear from the conclusions ofscribed in Sec. IV. Finally, in Sec. V we summarize the main
the present work and from Ref. 13, the formation and migraconf}'USiOUS and res_ults, and compare our kink energi_es and
tion energies of other kinks are needed for a proper comparfarriers with the available experimental results. In particular,
son with the experimental results. An important recent develVe Will argue that our results appear to be consistent with the
opment is our predictiof on the basis of classical-potential, HL theory of dislocation glide.
tight-binding, andab initio calculations, that the reconstruc-
tion of the 90° partial in Si is not the above-mentioned |I. TECHNICAL DETAILS OF THE CALCULATIONS
symmetry-breaking structure, as had generally been accepted 30
in the theoretical literatur¥1620-2|nstead, we proposed a = W€ use the TBTE parameters of Kwai al,” which
double-period(DP) reconstruction whose core structure is describe well the acoustic-phonon modes and elastic con-
reminiscent of that of a double kink of minimal length that stants of Si, thus belng adquate to describe the strain fields
would form on the core of the original single-peri¢8P asspuateq with the dlslocatlp_n cores and 'related defects.
structure®® Cluster calculations on kinks and solitdhim the ~ OWing to its good transferability between different crystal
SP reconstruction of the 90° partial have also beerstructures, ranging_ from diamond to fcc, this Hamiltonian is
reported?®252"28These calculations have identified many of also expected to give a good description of the c'oordigrlation
the basic types of defects in this system, but must be taken S€fects in the present study. TEEN) method of Liet al-
a semiquantitative level, since they suffer from the lack ofiS Used to solve for the electronic structure contribution to
coupling of the defect local strain fields with the lattice elas-the energies and forces. For the density matrix, we initially
tic fields. work at a real-space cutoR,=6.2 A on the range of the

To address properly the issues related to dislocation mddensity matrix used in the tests present_ed in Ref. 31 for the
bility, a comprehensive study of dislocation kink structure O(N) method. In a second stage, we improve the conver-
and dynamics would require the use of very large supercell§€nce of our res_ults by furthe_r relaxing the ionic positions
for which the application ofib initio techniques is still com- @nd the electronic structure with a larger cutoff valueRpf
putationally prohibitive. In view of this, the natural choice is = 7-3 A. The numerical minimization of th@(N) functional
the application of more efficient quantum-mechanics baseWas carried out by the conjugate-gradient algorithm, with the
methods to study the electronic and structural excitations ifpternal line minimization performed exactly. To obtain the
the dislocation cores. In this work, we employ the tight- _rlght _number of electrons, the chemical potential is adjusted
binding-total-energy (TBTE) Hamiltonian of Kwon and iteratively, in each case. Usually, this procedure has to be
collaborator to carry out a detailed atomistic study of the repeated only at the initial steps of the structural relaxation
atomic structure of both the 30° and the 90° partial dislocaPProcedure, after which the chemical potential converges to
tions in Si. To make these calculations tractable, we use thi€ adequate value and remains constant. Ground-state struc-
linear-scaling or ‘©O(N)” method of Li, Nunes, and tures were computed by allowing all atomic coordinates to
Vanderbilf! to solve for the electronic-structure contribution élax fully (average forces less than 0.1 me\)(/A_ o
to energies and forces, enabling us to treat system sizes up to Our supercells are chosen with the dislocation direction
10° atoms easily on a workstation platform. Our work ad- (corresponding to #110] crystalline direction lying on the
dresses some of the fundamental issues associated with thes@xis. The glide planéwhich contains a stacking faulis
two systems. More specifically, we address the ground-stateormal to the[111] direction and coincides with they
structural properties of the dislocation cores and of defects iplane of the cell(Figure 1 shows the glide plane of the 30°
the core, such as kinks and reconstruction deféRf3), as  partial dislocation, with the crystalline directions indicajed.
well as energy barriers to motion of the various defects.  Thez direction of the cell is thus parallel to thi&11] direc-

In this work, when considering the 90° partial, we will tion. Each supercell contains two dislocations having oppo-
discuss only the SP reconstruction. Despite the fact that thisite Burgers vectoréa dislocation dipolg which allows us
is not the correct ground state for this dislocation in Si, weto use periodic boundary conditions. Supercell vectors are
hope that understanding this somewhat simpler system wilthosen such as to array the dislocations in a quadrupole con-
help us in the study of the myriad of defects in the morefiguration, as suggested in Ref. 14, to avoid the spurious
complicated ground-state DP reconstruction, to which theshear strains associated with the minimal dipole cell.
former is related® Moreover, we should keep in mind that ~ To ensure the convergence of our calculations with re-
the 90° partial is equally important in other materials, suchspect to supercell size, we used three different cells, contain-
as germaniun(Ge), diamond(C), and the IlI-V and 1I-VI  ing 216, 264, and 308 atoms, respectively, for the simulation
semiconductor$:® Preliminary calculation$? using a Keat-  of the reconstructed core of the 30° partial dislocation. Each
ing model®? indicate that in C the SP reconstruction is morecell corresponds to a slab of atoms at a 60° angle with re-
likely to be lower in energy, while Ge, like Si, would prefer spect to the dislocation direction, including twice the lattice
the DP structure. More accurate calculations are needed feeriod in that direction, to allow for the period-doubling re-
reveal which of the two reconstructions would be favored inconstruction of the 30° partial. The two parameters charac-
each case. Therefore, the study of the SP structure is stilerizing the geometry of each cell are the separation between
important from a theoretical point of view. the two dislocations in the glide plariee., the width of the

The paper is organized as follows. The next section constacking fault within a given unit cell, and the distance be-
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(a) TABLE I. Formation energy of defects in the 30° partial dislo-
cation, in eV. Defect energies are referred to a defect-free disloca-
tion core. TB results for three supercell sizes are shown. For the
PSD, supercells contain 5/6 of the number of atoms shown. For the
LK, in the third column we indicate in parenthesis the formation
energy computed with a 1800-atom cell. The fourth and fifth col-
umns contain Keating energies for TB-relaxed structures, computed
for the largest cell, with the QCRef. 38 and the KT (Ref. 32
parameter sets.

648 atoms 792 atoms 924 atoms Keating
QC KT
PSD 1.35 1.32 1.33
LK 0.52 0.37 0.350.33 —0.06 0.14
LK’ 0.97 0.81 0.76 0.44 1.27
RK 0.93 1.20 1.24 1.00 1.95
RK’ 1.64 1.84 1.85 1.30 2.63

FIG. 1. (a) Unreconstructed core of the 30° partial dislocation, ation energy changed by only0.06 eV, which justifies
viewed from above the (111) slip plane. Shaded region indicatey, . :hgice of cutoff. From these results we can also estimate
stacking fault. Blackwhite) atoms lie below(above the slip plane. that our defect energy barriers are converged within 0.3 eV.
(b).Sam.e vigw of the double-period reconstructed structure. Crys.—l_he supercells used for the study of the 90° partial, are as
talline directions are also shown. described in Refs. 15,19. In this case, despite the fact that we

are only interested in the gualitative nature of our results, our
tween the periodic-image dipoles along thelirection. In  values are well converged, with dislocation distances on the
our calculations, these distances are, respectively, 15.0 amtder of 26.6 A, and defect-defect separations of at least
18.8 A for the 216-atom cell, 18.3 and 18.8 A for the 264-~13.4 A. (As in the case of the 30° partial, barriers are
atom cell, and 18.3 and 21.9 A for the 308-atom cell. computed using smaller cell sizes, corresponding to a dislo-

The supercells for the computation of defect energies areation separation of 13.3 A.
obtained by repeating the core slabs several times along the Barrier energies were calculated by identifying the
dislocation direction. The defect energies we quote are re3N-dimensional configuration-space vect®;,=R,—R;
ferred to the corresponding supercell containing defect-fregointing from one equilibrium positioR; of the defect to a
(but reconstructed and fully relaxedislocations. For the neighboring positiorR,, and defining a reaction coordinate
kinks in the 30° partial, each of the core slabs were repeated=R- R,, measuring the progress froRy to R,. Then, for
three timegtwo and a half times for the RD, and three and aa series of values of this coordinate, we computed the energy
half times for the kink-RD complexgslong the dislocation with this coordinate fixed and all others fully relaxed. This
direction, so that the defect-defect separation along the lingpproach is efficient in simple cases, but we find that it often
was 19.2 A or larger, depending on the type of defect. Befails to converge to the saddle-point configuration when the
low, we describe the procedure we used for the computatiofeaction patff makes sharp angles with respectRg,. In
of defect energy barriers. Because of the higher computahese cases, we can usually find two configuratiétisand
tional demands involved, in this case we employed only thq;é, near the saddle point, with nearly the same valu€of
smaller cells(thr_ee times the 216-atom slab for kinks and but with opposite forces alonB;,. By exploring the space
two and a half times the same slab for the)RD panned byR;, and (R;,—R;) while allowing all other coor-

Table I in the next section illustrates the convergence ol .o to relax, we were able to determine the energy bar-

our results with respect to dislocatior_1 separation. As a furtherriers with good accuracy for all cases studiaderage forces
check, we also computed the energies of the core and of ON&ss than 1.0 meV/A

the kinks[the left kink (LK), as described belojwith an

even larger slab, consisting of 600 atoms for the recon-

structed coré1800 atoms for the defectin this case, dislo- Ill. THE 30° PARTIAL DISLOCATION
cation distances are 24.9 A in thg plane and 31.4 A in the

z direction. The change in defect energy with respect to the
308-atom slab was only-0.02 eV. To test the effect of In Fig. 1(a), a top view of the atomic structure of the
defect interaction, this kink was studied with a larger kink-unreconstructed 30° partial in the glide plane is shown. The
kink separatior(with the smallest slab repeated eight tilmes shaded area represents the stacking fault, and the dislocation
which produced a change of onlty0.01 eV in the energy. line is indicated by the boundary between shaded and un-
Therefore, we consider our calculations to be convergedhaded areas. The crystalline directions are also displayed.
within 0.03 eV with respect to core-core and defect-defectAtoms shown as whitéblack) are above(below) the glide
interactions. To estimate the error involved in our choice ofplane; each atom is bonded to another either above or below
cutoff for the density matrix, kink and core energies wereit, and these are not shown in the picture. Thus, fourfold
computed using a larger cutofR(=8.1 A). The kink for-  coordinate atoms have three of their bonds in the plane of the

A. Core reconstruction
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figure. The atoms at the core of the defect are threefold co- (a)
ordinated, with a dangling bond lying nearly parallel to the
dislocation line. In Fig. (b) we show a reconstruction in
which the fourfold coordination of the atoms at the core is
restored by atoms bonding in pairs along the line, leading to
a doubling of the period in that direction. This reconstruction
is well accepted as being the ground state of the 30° partial,
and has been discussed theoretically by other
authors>13:212634-3¢n Ref 13, it was found to be 0.21 eV/A
lower in energy than the unreconstructed structure, using a
Stillinger-Weber potential. A Tersoff potential calculatbn
obtained a value of 0.14 eV/A, while we find a higher value
of 0.36 eV/A for the reconstruction energy.

A look at the distribution of bond lengths for this structure
shows that the reconstruction is indeed strong, with maxi-
mum bond-length deviations of only 3.0%maximum and
minimum bond lengths are 2.42 and 2.31 A, respectively
with respect to Si bulk value€.35 A). The core energy is
mostly due to the strain associated with bond-angle distor-

Eo?s at ihgofored(i ;zeéode]f(e)gt,sl/vl.th ﬁont()j l?(nglels l;\Elmgmg/vhich is a reconstruction defect in the core 30-partial dislocation.
etween an ( .5° is the bulk valyeNo The phase of the reconstructed bond along the dislocation line is

mid-gap levels are expected for this structure, in accordancg;Nitched‘ going through the defe¢h) Saddle-point configuration

: : 3
with the EPR evidence: _ _ _ _ for the propagation of a PSD along the core.
A rich variety of core defects is associated with this re-

construction, including kinks and RD’s, and complexes of
these basic types. A very extensive study of these defects
found in Ref. 13, including structural features and energetic
under a Stillinger-Weber potential. To a large extent, ou
study of this specific dislocation relies on this previous
study, adding to it the benefits of a quantum-mechanic
treatment of the electronic structure. More specifically, th
defects considered in this work are the ones identified in Re
13. As we proceed, it will be seen that some of our result
differ qualitatively from those in Ref. 13, and also that we
find a better agreement with the experimental results.

FIG. 2. (a) Core structure of a phase-switching def¢esD),

structure of the barriefsaddle-point configuration is shown
Fig. 2(b). In this case, the symmetry between adjacent

ositions of the defect along the line indicates that the
saddle-point configuration is at the halfway position. It was

omewhat surprising to find that even in this case, we had to
esort to a two-dimensional reaction coordinate as described

ec. Il. Our saddle-point configuration, with an energy bar-
rier of 0.3 eV, is very similar to that in Ref. 13. In can be
een that the atom at the center becomes fivefold coordi-
nated, which leads to a smooth process of bond substitution
as the PSD propagates to the right. This explains the low-
energy barrier involved in this process.

B. Phase switching defec{PSD)

Figure Za) shows a RD associated with the core of the
30° partial. We shall refer to this defect as a phase switching The period doubling of the reconstructed core gives rise
defect (PSD.?° The existence of such defects has beerto a multiplicity of kinks in this system. Two distinct fami-
hinted at since the realization that the core of the partialdies of such defects appear, depending on whether the dislo-
might undergo reconstructidrf> We computed the energy cation “kinks” to the left (Fig. 3 or to the right(Fig. 4). The
of a fully relaxed PSD by repeating the atom slabs five timegeriod doubling of the core introduces a choice of phase of
along the(110 direction, and introducing one PSD in each the core reconstruction both ahead of, and behind, the kink.
dislocation line. Our value for the PSD formation energy isOf the four configurations generated in this way, two of them
1.32 eV (see Table), which is somewhat higher than the (those necessarily containing a coordination defedl be
value of 0.81 eV obtained in Ref. 13. We believe our resultclassified as PSD-kink complexes, and will be considered in
to be more reliable, given the quantum-mechanical nature dbec. 1l D. The remaining two configurations will be classi-
our approach, in particular for a defect containing a danglingied as “pure” kinks and are considered here. The two left
bond. A previous study based on a combined Keating lineakinks LK and LK are shown in Figs. @ and 3b), while
combination of atomic orbitald CAO) approach’ has esti- the two right kinks RK and RK are shown in Figs. @) and
mated the PSD energy to be a few tenths of an eV less tha(b).

2 eV, in agreement with our value. To a first approximation The energies for each type of kink were computed using
this defect can be understood ap alangling-bond defect, the TBTE Hamiltonian, as well as with a classical Keating
which indicates that a formation energy on the order of 1 evmodel®? with two different sets of parameters, one being the
(roughly the bond-breaking energy in bulk)$ to be ex- set introduced by Qian and Cha@C),*® and the other, the
pected. The exact value is determined by the relaxation ofriginal set proposed by Keatin&T).>? In Table I, we show
the atoms surrounding the defect. the TBTE results for each of the three slabs described in Sec.

We also computed the migration barrier for the propagail, along with the Keating results for the 924-atom cell. For
tion of the PSD along the dislocation direction. The relaxedone of the kinks, the energy computed with a 1800-atom slab

C. Kinks
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FIG. 4. Core structure and transition state of right kinks in the
30° partial. Kink notation is explained in the tex&) RK. (b) RK'.
(c) Transition state for the RK:RK’ transformation.

FIG. 3. Core structure of the left kinks in the 30° partial, and
associated transition state. Kink notation is explained in the axt.
LK. (b) LK’. (c) Transition state for the LK: LK’ transformation.

is also shown in parenthesis; note the convergence of thedgeonstruction produces low energy kinks in this case, as
results with respect to cell size. compared to the energy of the unreconstructed PSD defect.

In the following discussion, we use the Keating modelAt first sight, the formation energy for these reconstructed
only as a tool to enable us to examine the local-strain condefects is expected to be mostly associated with the local
tributions to the energy of each defect. We do not intend tcstrain at the kink cores. The Keating-model results can give
draw any quantitative conclusions from our Keating resultsUs a qualitative understanding of these local-strain effects.
For this reason, what we compute are Keating energies fofhe LK is found to add little additional strain to that imposed
the TB-relaxed structures. It is known that the KT set ofby the core reconstruction itself, with a formation energy that
parameters describes well long-wavelength elastic deformararies from slightly negative to small and positive, depend-
tions, while overestimating short-wavelength deformationdng on the parametrization. On the other hand, the' li&
such as those that are present at the dislocation and kirfisund to have a Keating formation energy of 0.44 and 1.27
cores>* On the other hand, by reducing the ratio betweenev, for the QC and KT parameters, respectively. Despite the
the bond-bending and bond-stretching forces to one third itgtrong dependence of the kink energies on the choice of pa-
original value(such as in the QC setshort-wavelength de- rameters, we note that the trend in energies for the two left
formations are well described, at the expense of underestiinks is in qualitative agreement with the TB results. This is
mating the long-wavelength elastic modeS. Thus, we actually true for all four kink types, as can be seen by look-

should expect the QC set of parameters to give a more relig 4 the kink energies for the two sets of parameters in the
able description of the short- to medium-range strain of the ith column of Table |

kinks. As will become clear from our results, despite the For the LK saddle-p(.)int configuration in Fig(@ we
model shortcomings at the quantitative level, the qualitative )

trend of kink energies is correctly described. Thus, the KeatE:OmIOUtecj an energy barrier of 1.52 eV. This result is in very

: ' . - good agreement with experimental estimates. In our conclud-

ing model should suffice for our analysis of the strain fields: 4 I . o
associated with these defects ing section, we will discuss more extensively the significance
' of our results in light of the available experimental evidence.

_ Here, we note that such a high barrier can be understood by

1. Left kinks the presence of severe bond-bending and stretching distor-

The left kinks LK and LK are shown in Fig. 3, together tions at the core of the defect, along with the presence of

with the saddle-point configuration for the EKLK' trans- malcoordinated atoms. Bond angles as small as 50.4° are

lational motion. The energies, as given in Table |, show thafound, as well as bonds stretching to 2.80 A.
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' i ' ' ' " : —] As in the case of the left kinks, a look at the RK saddle-
point configuration shows that the rather high migration bar-
rier of 2.03 eV for the right kinks is associated with the
drastic bond distortions and malcoordination of atoms at the
core. Note that this barrier is substantially higher than the
1.52 value we obtained for the left kinks, leading to a physi-
cal picture of “fast” and “slow” plasticity carriers for the
30° patrtial dislocation. In our concluding section, we discuss
this point further.

Here, it is worth pausing to compare our results with
those in Ref. 13. Individual kink energies are not obtained in
their work, since in all their calculations the supercells con-
tained a double kinktwo kinks, one of each family There-

8 . 1012 14 16 fore, we cannot compare our kink energies directly with their
R(A) results. In their procedure, what is computed are the relative
energies of kinks within each kink family, assuming the LK
FIG. 5. Keating energy for 30°-partial kinks, using parametersgnd RK to have the same energy. A first aspect to be pointed
of Qian and ChadiRef. 3. EnergyE(R) is the sum over all atoms gyt js that the above assumption of degeneracy between the
within a'distanceR from the dislocation co_re. Corresponding core | k and RK is in sharp disagreement with our findings. In
energy is subtracted to yield defect energies. agreement with our work, they find an energy difference of
. . ~0.4 eV between the two left kinks. On the other hand,
2. Right kinks while our results indicate that the two right kinks also differ
Shown in Fig. 4 are the two kinks of the right family, RK by ~0.4 eV, they find these two kinks to be almost degen-
and RK, together with the saddle-point corresponding to theerate, with energies differing by 0.07 eV only. Our kink mi-
RK—RK’ reaction. Despite the fact that both kinks are fully gration barriers are substantially higher, despite the fact that
reconstructed, the formation energies of 1.24 eV for RK andhe associated saddle-point configurations seem to be very
1.85 eV for RK are surprisingly high. No single structural similar with those identified in their work. Below, our results
feature of the right kinks could be traced in order to explainwill be seen to compare more favorably with experimental
the unexpected formation energies. The minimum and maxiestimates of the kink barriers.
mum distortions of bond lengths and angles do not vary dras-
tically among the four kink types.
To help us better understand these results, we observe that D. PSD-kink complexes

the Keating energies can be decomposed in an atom-by-atom kinks and PSD's can be considered as the fundamental
basis. Bond-bending energies, associated with changes in thges of excitations in the dislocation cores. Important struc-
angle between two bonds, are assigned to the vertex atomyra| features and modes of dislocation dynamics can also be
and half of the bond-stretching energy of a given bond isassociated with the complexes formed by these basic defect
assigned to each of the two participating atoms. To examingpes. Moreover, since RD’s such as the PSD are malcoor-
the nature of the strain fields associated with each kink typeginated(thus acting as weak links in the reconstructed xore
using our largest cell§924 atomy we looked at these they may act as preferential sites for the nucleation of double
ato!'nic_ energies integrated over shells of atoms defined byinks, as suggested by Heggie and Jor&sPossibly, a
their distance from the core of the defe(@ince our super-  psp-kink complex could result from such a nucleation pro-
cells contain two cores and thus two defects, we alwaygess, as the double kink expands and eventually dissociates
choose the shortest distance to a defefie integrated en- into single kinks. Therefore, it is important to understand the
ergies are then defined by structure and energetics of these complexes.

Here, we consider the energetics of the PSD-kink com-
plexes. The important questions concern whether or not these
complexes form bound states, as well as the associated bind-
ing energies and migration barriers. We considered each of
where the Keating energl{(R;) of each atom in a corre- the PSD-kink complexes in two configurations, as shown in
spondent kink-free supercéliontaining only the dislocation Fig. 6. The left complex (L& LK +PSD) is shown in the
dipole) is subtracted, and we sum over all atoms within astate of closest approach, @, Fig. 6a), in which the two
distanceR from the kink. The results are shown in Fig. 5, for constituents overlap and cannot be distinguished; and in an
the QC parameters. We see that the kink energies are detaxtended state, L&), Fig. 6b), in which the PSD and the
mined by the medium-range behavior of the associate#tink have been separated to adjacent positions. The corre-
strains. At short rangeR<3.0 A) the LK is actually the sponding right-complex cases Rif and RG1) are shown in
highest in energy. As we advance away from the core of thé&igs. 6c) and &d), respectively. In Table Il we show our
kinks, the energies only approach their final relative values atesults for the energies of these four configurations, where it
a distance of abouR=10.0 A. Almost exactly the same can be seen that the PSD binds strongly with both the left
qualitative pattern is obtained for the KT set of parametersind the right kinks, in agreement with Ref. 13. Contrary to
(not shown, despite the fact that the final energies are dif-what is found in Ref. 13, our results indicate the LC to be
ferent. more strongly bound than the RC. From the binding energies

EYR)= > ENR)-Ef(R), (1)
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@ (b) @)

©) (d)

FIG. 6. Core structure of kink-PSD complexes in the 30° partial. ~ FIG. 7. Models for core reconstruction of the 90° partial dislo-
In each case, two states of the complex are considered, as explainedtion. (a) Symmetric QF reconstructior(b) Symmetry-breaking
in the text.(a) LC(0)=LK+PSD at zero separatiorib) LC(1) SP structure(c) Ground-state symmetry-breaking DP structuch.
=LK+ PSD one lattice period apaft) RC(0)=RK+PSD at zero  Reconstruction defect or DSD in the SP core.
separation(d) RC(1)=RK+PSD one lattice period apart.

shown to have lower energy than the SP one. As a conse-

and the energies of these more extended configurations, wgience, the study of core excitations and the related issue of
obtain a lower bound of 0.80 el.C) and 0.4%RC) for the  dislocation mobility have to be readdressed. We are currently
dissociation barrier of these bound states. Below, these remndertaking this task, and the results will be published else-
sults will be shown to be in sharp contrast with those forwhere.
kink-RD complexes in the SP reconstruction of the 90° par- Nevertheless, we note that the DP structure is closely re-
tial dislocation, which are found to be unstable. Finally, welated to the SP one, being obtained by inserting alternating
note that the energy of the LC is lower than that of the PSDkinks in the core of the latté?. Therefore, understanding the
making the former the more likely site for unpaired electronsdefect structure of the simpler SP core may prove useful to
in the core of the 30° partial. the study of the rather large number of core defects of the DP
reconstruction. In this section, we summarize our main re-
sults for the core and related defects of the SP structure.

IV. THE 90° PARTIAL DISLOCATION .
The SP core has two degenerate ground states, depending

A. Core reconstruction on the direction of the symmetry-breaking bonds. By con-
Considerable theoretical effort has been devoted to th¥ention, we denote the configuration in Figby as the
study of the 90° partial dislocatici1620-25:27-23asjcally “right” reconstruction, from which we can obtain the “left”

two types of core reconstruction have been considerecdt@te by applying the broken mirror operatigtise ones that
These are the symmetric quasifivefoQF) and the &€ unbroken in the QF core in Fig(@y]. We find the SP .
symmetry-breaking SP reconstructions shown in Figa) 7 C€Or€ to be 0.18 eV/A lower in energy than the QF one. This

and 7b), respectively. Both preserve the original periodicity "€Sult i in good agreement with previous TRef. 16 (0.18

of the lattice along the dislocation direction. The latter struc-8Y) and local-density approximatioh(0.23 eV} works, and

ture has been found to be lower in energy. It was thus com@/S0 compares reasonably well with the value of 0.12 eV
monly assumed to be the ground state in Si and other sempbtained in Ref. 2@a Tersoff potential studyand Ref. 37
conductors, and the bulk of studies of core excitations ha&ising a combined Keating-LCAO approacin Ref. 14, it
relied upon this assumption. Recently, we proposed an altel¥as found that symmetry breaking occurs spontaneously, a

native solution for the ground-state in Siwhere a period- result that is confirmed by our model. In our calculations, the
doubling symmetry-breaking structure, seen in Fifg) 7is reconstructed bonds are stretched 3.0% with respect to the

perfect crystal value$2.5% in Ref. 14, and the minimum
TABLE Il. Formation energy of defect complexes in the 30° ando maX|murr°1 bond angles are 97° and 135°, respectively
partial dislocation, in eV. Two different states are considered for(96° and 138° in Ref. 14 Core defects are considered next.
each complexnotation is explained in the texBinding energy for
the largest cell is indicated in the last column. B. Direction switching defect (DSD)

Symmetry breaking in the SP core gives rise to a RD in

756 at 924 at 1078 at Bindi . 4 . . . .
aoms atoms aoms Inding energy which the direction of the bonds is switched, as shown in

LC(0) 1.11 0.97 0.88 0.80 Fig. 7(d). We shall refer to this defect as a direction switch-
LC(2) 1.78 1.66 1.58 ing defect(DSD).?° Note that, like the 30°-partial PSD, this
RC(0) 1.90 2.09 2.15 0.42 defect contains a dangling bond, which explains its forma-
RC(1) 2.43 2.55 2.64 tion energy of 1.45 eV. Our result is in reasonable agreement

with the 1.2 eV value obtained in the cluster calculations of
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(b) TABLE Ill. Formation energy and migration barriers of dislo-
' B cation kinks in Si, in eV. Range of available experimental estimates
is included. For comparison, results from Ref. 13 are also included.

Dislocation Kink type Formation energy Migration barrier

30° LK 0.35(0.82) 1.53(0.829)
30° RK 1.24(0.82) 2.10(0.74%)
90° LR 0.12 1.62
90° RL 0.12 1.62
Experiments 0.4-0.7 1.2-1.8

8Reference 13.

perfect agreement with the Tersoff potential values obtained
in Ref. 26 (0.12 e\). (Our previously published results of
0.50 eV for the kink energie's,were due in part to our use
of a dipole supercell in that study, and in part because of the
lack of full convergence with respect to cell sig&€he rather
FIG. 8. Core structure of kinks and DSD-kink complexes in thelow formation energy can be seen as :finothe_r indicatio_n of
SP core. See text for notatiofa) LR. (b) RL. (c) LL complex=  the DP core structure, since even individual kinks add little
LR + DSD. (d) RR complex= LR(RL) + DSD. strain over that imposed by the SP core itself. In the forma-
tion of the DP core, this additional strain is more than com-
pensated for by the attraction between the LR and RL kinks.

Eg;' ??77 ! ,:b;i?r?elgvé%r r;h;%;hsvgilg; OJtsdoaﬁ\énoebrtainbe;”:gWe also computed an energy barrier of 1.62 eV for the mo-
" ' P 9y {ion of the LR and RL kinks. As is the case for reconstructed

of only 0.04 eV for the propagation between two adjacemkinks in the 30° partial, such large energy barriers are asso-

equilibrium positions. Given such a small barrier, the DSD iSciated with the existence of malcoordinated atoms and severe
expected to be extremely mobile even at low temperatures, . : :
ond distortions at the core of the kink.

As a test, we performed a molecular-dynamics simulation o
a supercell having a pair of DSD defects, initially separated _
by 9.6 A, on an otherwise defect-free partial dislocation. Re- D. DSD-kink complexes

markably, at a temperature of only 50 K, recombination of There are two additional kink-type defects associated with
the pair took place after only 1.3 ps. Unlike PSD’s in the 30°the SP reconstruction of the core. These are the RR and the
partial, such highly mobile DSD’s do not bind strongly with | | defects, shown in Figs.(8) and &d). We prefer to regard
kinks to form DSD-kink complexes, as explained below.  these as complexes of a LR or a RL kink together with a
DSD. Two LL complexes are possiblenly one is shown in
Fig. 8), and they share the same “quasisymmetry” that the
LR and RL kinks do, differing only by the position of the
It would be possible to define lefLK) and right(RK) fivefold and dangling-bond-containing rings with respect to
kinks in the case of the 90° partial, just as for the 30° partialthe stacking fault. In contrast with complexes in the 30°
However, in the 90° case, each LK is directly related to apartial, these complexes appear to be either unstable or mar-
corresponding RK by application of a mirror symmetry. ginally stable against the emission of a DSD, as discussed in
(This was not true for the 30° partial, where the mirror sym-Ref. 15. The dissociation barrier, if present, is basically the
metry was absent from the outgethus, for the 90° partial, DSD migration barrier, which indicates that these complexes
we shall restrict the discussion to right kinks only. Moreover,should dissociate very easily at moderate temperatures. This
we will now use the notation L and R in a completely dif- was confirmed by a simulation performed at 300 K, with a
ferent way, namely, to denote the direction of the core resupercell containing a pair of RR complexes in each dislo-
construction on either side of the kink. Referring to Fige)8  cation, separated by a distance of 34.6 A. On the time scale
the reconstruction will be said to tilt to the left and to the of 1 ps, one of the kink complexes undergoes the DSD-
right on the left and right sides of the kink, respectively. emission reaction RR RL+ DSD, with the DSD propagat-
Hence, we call this a left-rightLR) kink, the notation fol- ing rather easily towards the other RR complex, where a
lowing accordingly for the other defects. DSD+ RR—LR process takes place. Overall, a dislocation
We compute the sum of the energies of the LR and Rlcontaining a pair of RR complexes relaxes into one contain-
kinks shown in Figs. &) and 8b), to be 0.24 eV only. The ing alternating RL and LR kinks, by means of DSD emission
RL and LR kinks are structurally quite similar; they would (absorption and propagation.
be related by a twofold rotation axis normal to the plane of
Fig. 8, if it were not for the fact that a stacking fault exists on  \, coMPARISON WITH EXPERIMENTAL RESULTS
one side but not the other. Thus we expect the energies of the
two kinks to be similar, and assign the average energy of In Table Ill we summarize our results for the formation
0.12 eV to each. This result is in good agreement with theenergies and migration barriers of kinks in the 90° and 30°
first-principles cluster calculations in Ref. 281 eV), and in  partial dislocations. For the 30° partial, of the two equilib-

C. Kinks
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rium states of each kinkLK,LK ') and (RK,RK)], one is Strictly speaking, our comparison is only valid for the 30°

to be regarded as an intermediate metastable state in tf@rtial, since we did not consider the true ground state for the
propagation of the kink, given the substantial difference in90° partial. In the latter case, the excellent agreement we
formation energy between the two states. Only the state witQbtain for the kink barriers appears to be fortuitous. Never-
the lower formation energy will determine the kink concen-theless, our results are qualitatively consistent with the ex-
tration in each caséhis lower formation energy is the num- Perimental images in Ref. 7, which show a higher concentra-

ber included in Table )l For comparison, results from Ref. tion of kinks in the 90° partial. In Table I, we see that kink

13 are also included, as are the ranges of experimental resuff§€rgies are lower in this dislocation, as compared to the 30

for both quantities, obtained from different techniqes, partial. Obviously, this is only plausible to the extent that

We observe that, for the 30° partial, our values are in excelzhls general trend of lower kink energies carries over to the

lent agreement with the experimental ones. ground-state DP structure of the 90° partial.

The interpretation of these experiments is done according VI. CONCLUSIONS
to the theory of Hirth and Lothe. In this theory, the disloca- . ) )
tion velocity is given by In this work, an extensive study of the core reconstruction

and structural excitations in the cores of both the 30° and the
90° partial (in its SP reconstructionin Si, was presented.
' 2 For both partials, we find the core to undergo strong bond
reconstruction, restoring the fourfold coordination of the
whereU, is the kink formation energy and/, is the kink  core atoms. The reconstructed bonds are stretched by only
migration barrier. This equation is written under the assump~ 3% with respect to bulk values, and the core energies are
tion that the two kinks that result from the nucleation of amostly associated with the bond-angle distortions present in
stable double kinka kink-antikink paij are equivalent. This the reconstructed cores.
assumption does not hold for the 30° partial, where the left |n the case of the SP structure of the 90° partial, the RD
and right kinks are intrinsically different. The more general(or DSD) is associated with a switch of direction of the re-
form constructed bonds, and is found to be highly mobile. Kink-
DSD complexes are found to be only marginally stable
against emission of a DSD, a reaction that is observed to
proceed rather quickly in our simulations at room tempera-
ture. The LR and RL kinks have very low formation energy,
, ) indicating that they introduce little additional on the SP core,
a result which is consistent with the lower energy of the DP

must be used. We note that the quantity of interest in the firstOre: as proposed in Ref. 19.

; - ; For the 30° partial, two kink specig®RkK and LK) are
activated term is the average formation energy of the thfdentified, and the RK'’s are found to have higher formation

kink species. The second term is derived from the kink ve- , L ) .
locities, and therefore the relative velocity appears in the"NErgies that the LK ones. This is explained by the medium-

generalized form. In the 30° partial this term is dominated b};ange behavior of the ?‘SS‘?Cia‘e" strains. The(é&tPSl:? Is
the velocity of the left kinkgfast carriery, given the much related to a phase switching of the core reconstruction, and

higher migration barrier of the right kink&low carriers. binds strongly with kinks to form PSD-kink complexes.

We should point out that the average formation energy of th hese are the more likely sites for unpaired electrons in the

kink-antikink pairs in Table Il falls within the range of the 0 t[;)arctil_al cJ:[;)re. The redsulfctsh for th|§ pa:nculgr dliloganon d
experimental numbers, for the 30° partial. As we mentioned@" °€ directly compared with experiment, and we find goo

in the introduction, another theory of dislocation glide hasdgreement between our cglculatec_i values for the kmk_forma-
been proposet?"*in which the motion is controlled by the tion energies and migration barriers and the experimental

pinning of kinks by strong obstacles along the dislocationresuns'

line, and the kink migration barriers are not rate controlling. ACKNOWLEDGMENTS
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