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For millennia, man's ability to fashion usef 1 bn use u o sects
epen e on the phenomenon of ductility. The

fundamental atotomic mechanisms which cont 1 di"0 uctll1ty
are ase in turn on the dislocation and it k k,

sites within a crystal where plastic deformation is
identified with the motion of 1o a sing e atom, according
to accepted theory (Hirth and Lothe [1]). We re ort
here the results of the

e . e report
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e rst ab initio computation f

e energetics of kink motion. The problem is a in
e o

uce diffusion without mass transport. The
energy barriers to kink motion control thro e strength of
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e uctile materials, the temperat dure an orientation

epen ence of the critical resolved shear t pf 1

o c mid s law) and the phenomenon of lattice friction
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which establishes a terminal velocit for di 1

can on y e explained in terms of the atomic structure
of kinks. In metals doouble kink nucleation energies
exert a controllin g inhuence, the energy barrier to kink
migration is small, and studies basedase on atomic potentials

ave given a good understanding of general trends.
For semiconductors, new effects h h
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t e atomic and e
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d electronic structure associated with kink
motion. Excellent reviews exist [4—6]. C
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For silicon at low temperature th P 1

rate controllin an
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band a
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dislocation cores [12 13].~ ~

reconstruction of both the commo 30 d 90n an artialp.Ve study here reconstructed
kinks on the 30 Shockley partial dislocation on the
(111)sli lanep p in silicon. Reconstruction implies a hi h
migration ener E s ing angy, since it requires the breaking and
reforming of bonds for kor kink motion. Experiments [14]

Electron microscope (TEM) images show that disloca-
tions in siliconi icon are dissociated into partial dislocations,

separated by a ribbon of stacking fault (SF), as shown
schematicall in Fy in Fig. 1. "Forbidden reAection" TEM lat-
tice ima es, atg, t 0.33 nm resolution suggest fine kinklike

~ ~

directional fluctuations [15]. D' 1is ocation motion results
t ermal fluctuations throw a segment of 1ine forward,

generating kinks such as A in Fi . 1, which
a art alon t
Measurements of dislocation velocit b TEM

oa ing, internal friction [5] give 1.8 ( Q ( 2.5 eV
for the sum of kinkin mobility and nucleation energies. We
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artial di
i atoms and two 30
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the monoclinic supercell is periodically continued w th

on distortion. Lateral alignment of kinks mini-
wi out

mizes kink-kink forein — in orces. The structure corresponds to a line
of geometric kinks running 10.82 faway rom [1—10] and
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FIG. 1. Projection down 111 of' of atomic structure of recon-
s ruc e ' partial dislocation with kinks at A. Dotted lines
trace dislocation cores. Unit cell d
stacking sequences indicated. N-member
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was partly derived from high resolution electron micro-
graphs [17]. Since reconstruction is favored [18—20] we
adopt Hirsch's model [6] for the kink, and do not consider
antiphase defects, which may be rare [5]. We denote the
initial state of the kink by A and the final state, in which it
has moved one period along the line, by B (Fig. 1).

An approximate first-principles electronic structure
method [21] is used that closely matches more rigorous
calculations, but greatly reduces computational effort.
Several applications have been reported, including surface
reconstructions, clathrate structures, and fullerenes [22].
Total energy E„, equals a sum of single-electron eigen-
values (EBs), and electron-electron interaction energy and
an ion-ion interaction energy (EsR, sllort range), and an
exchange-correlation energy correction Exc based on the
local density approximation [21]. The pseudopotential
is a nonlocal norm-conserving Hamann-Schluter-Chiang
type [23]. The wave function is approximated as a linear
combination of pseudoatomic orbitals, obtained from
self-consistent local density approximation pseudopoten-
tial computations for isolated atoms with cutoff radius
r, = 5 bohr. Our fast algorithm used neutral-atom charge
densities in the evaluation of the electron exchange-
correlation energy (Harris functional [24]). Our quantum
molecular dynamics (QMD) algorithm obtains the force
on the ith atom from the derivative of total energy with
respect to nuclear coordinates. Atoms move in 2 fs time
steps according to classical equations of motion; the mini-
mum internal energy state is sought using a dynamical
quenching algorithm. Several empirical potentials were
also evaluated [25—28]. Four fully relaxed reconstructed
kink structures were first obtained using these potentials in
combination with MD. Each relaxed structure was com-
pared with the ab initio method. Our results [29] show
that the lowest energy structure for the 30 partial with
kinks is obtained using the Tersoff Si(c) potential, which
gives a lower bond bending stiffness than others [30]. Big-
ger et al. [12] have shown that the Tersoff potential also
reproduces the ab initio structure well for a reconstructed
90 partial dislocation. We therefore adopted this Tersoff
fully relaxed structure as the initial structure and contin-
ued to relax it using the ab initio QMD technique. Two
special k points along the direction of the geometric kink
are used. After relaxation, a stable configuration with an
average atomic force close to zero (—0.25 eV/A per kink)
was obtained (kink A). A second similar computation
(kink B) was completed for the same structure in the final
state, with the kink positions incremented (from A to B)
by 1 a.u. To investigate the pathway and barrier between
states A and B, we adopt a configuration coordinate point
of view, assuming all atoms move on straight line paths
between these configurations. The ab initio algorithm is
used to obtain the total energy per kink as a function of
the configuration coordinate along this line. Since the
use of a straight line path overestimates the saddle-point
energy (the average atomic force obtained for the straight
line saddle point is twice as large as that of kink A),
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FIG. 2. Total internal energy change per kink plotted as a
function of configuration parameter for kink migration.

we subsequently applied a constrained MD relaxation,
in which kink core atoms with large motions (~0.4 A)
were fixed at the saddle-point configuration given by
the straight path algorithm. Relaxation was terminated
when forces at the saddle point were equal to those of the
relaxed kinks. Results are shown in Fig. 2. The energy of
kink B is higher than that of kink A because of the slightly
higher force (-0.03 eV/A. per kink) and of the additional
stacking fault. Kinks therefore tend to move from B to A.
We identify the height of the barrier (moving from B to A)
as the kink migration energy E = 2. 1 ~ 0.3 eV (round-
ing error only). This value is close to the experimental
value of 1.58 ~ 0.22 eV in n-type silicon [31], and to
theoretical values between 1.4 and 1.9 eV [32], depending
on the kink variant considered. We now consider the
electronic structure associated with kink motion. Since
we use only sp3 orbitals, the band gap of bulk Si in our
model is larger (-1.7 eV) than the experimental gap of
Si (1.17 eV at 0 K). Figure 3 shows the band structures
for (a) kink A, (b) the saddle point of the reconstructed
kink, and (c) the final kink state B The fil. led valence
charge density on the midplane for kink A viewed along
[111]is shown in Fig. 4. Whereas it is generally accepted
[13] that the Si band gap is cleared of deep states due to
straight dislocation cores by Peierls-type reconstruction
for both the common 30 and 90 partial dislocations,
we find that several semiconducting deep states occur
once kinks are introduced along the dislocation line. In
particular, we find that the saddle-point kink configuration
is metallic, whereas the initial and final states A and B
are semiconducting with a small gap. The total energy
at the saddle point can be written as a sum of Egs, EsR,
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the states in the gap, as in the Jones model [33]. If the
defect states above the intrinsic Fermi level Ef move
down at the saddle-point configuration, then a reduced
energy barrier is obtained due to n doping. In Fig. 3(a)
we see that for intrinsic Si, kink states K~ and K2 are
occupied, and defect state D~ is unoccupied. At the saddle
point, the defect state Dj comes down to lie below the
Fermi level. If state D] were occupied due to n doping,
the barrier would be reduced. Similarly in p material,
if states K~ or K2 below Ef move up at the saddle
point, but are unoccupied because of doping, the barrier
height for the kink motion will be reduced. Although
not seen in Fig. 3, we have confirmed this behavior
by numerical calculation. (For example, an increase of
0.53 eV from kink A to saddle point at k = vr/c )Th.us,
the movement of the defect gap states at the saddle point
controls the effect of doping on the energy barrier for
dislocation motion. If on the other hand the unoccupied
(occupied) defect states were to become higher in energy
at the saddle point, an increased energy barrier for n-type
(p-type) doping would be predicted. These calculations
support the well known result [34] that doping enhances
dislocation mobility in silicon, n doping moreso than p.
For germanium, dislocation velocity increases with n-type
doping and decreases with p-type doping. We therefore
speculate that in Ge the unoccupied defect states become
deeper at the saddle point, whereas the occupied defect
states become shallower.

Finally, we note that in previous work [35] on the
atomic energy barrier to crack propagation in silicon, a
delicate balance between the Coulomb energy EsR and
band structure energy E&s was found to be controlling,
with the Coulomb interaction providing the retarding
force. Experimentally [36], doping has little effect on
the fracture toughness of silicon, consistent with its small
effect on EBs. Coulomb interactions come into play for
the large tensile bond stretchings involved in fracture,
by comparison with the shearing motions involved in
kink movement. The Si(111)-(2 X 1) shuf]le surface
reconstruction generated by cleavage may be governed
by the Coulomb force, whereas the glide movement for
dislocations is controlled by the band structure force.
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