Ordering of As impurities in a Si dislocation core
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We demonstrate bgb initio calculations that segregation of As in a dislocation core in Si occurs in
the form of an ordered chain of As atoms running along the dislocation pipe. All As atoms in the
chain achieve threefold coordination and the segregation energy is close to 1 eV per As atom.
© 1997 American Institute of Physids$S0003-695(97)01003-4

Plastically deformed materials release excess strain blgoundary, as high as0.9 eV per As atom. In earlier work
creating extended defects such as dislocations. In semiconsing cluster calculations, Jonesal.” found that As and P
ductor devices, dislocations can severely affect the behaviaimers in a dislocation core gain substantial energy by
of dopant impurities becausét) the dislocation cores may achieving threefold coordination. However, chains of
provide a fast diffusion pathway to impurities, which se- threefold-coordinated impurities were not considered.
verely influences the dopant profile in an uncontrolled way, Before delving into computational details, a brief intro-
and(2) impurities may get trapped in the core regions lead-duction to dislocation terminology is in order. The major
ing to preferential segregation and electrical deactivation obperative slip system in diamond cubic structures involves
the impurity. the glide of{111} planes along110 directions. Well sepa-

It has generally been believed that impurities get trappedated perfect glide dislocations lie primarily alokfl0 di-
at sites with imperfect bond order in dislocation cores. How-rections, and are either screw or 60° dislocations, the latter
ever, experimentad® and theoreticAr*? work has estab- deriving its name from the fact that the angle between the
lished that dislocations and grain boundaries in Si and Geélislocation line direction and the Burgers veckois 60°. In
actually reconstruct in such a manner that all atoms are fourmaterials with low stacking fault energy, the 60° dislocation
fold coordinated. Therefore, a single impurity atom occupy-is often found to be dissociated into two Shockley partial
ing a substitutional site in the core does not experience angtislocations separated by a stacking fault. These two Shock-
appreciable difference from its environment in the bulk ma-ley partials have their Burgers vectors=f §112)) aligned,
terial away from the core, resulting in small segregation ensespectively, at 30° and 90° to theit10 line direction, and
ergies. For example, in the case of As segregation in a symare commonly referred to as the 30° and 90° partials
metric tilt boundary in Ge, the segregation energy was foundhis work, we have chosen the 90° partial dislocation core in
to be only of order 0.1 eV? However, in a very recerdb  Si as a concrete system to perform our segregation study.
initio study*®> we found that As impurities form ordered As in our previous work? the total energy calculations
chains of As dimerga periodically repeated array of two and structural relaxations were carried out using density
substitutional As atoms at neighboring sjtesr in some functional theory with the exchange and correlation energy
cases, perfectly ordered chains of As atoms along the graitieated in the local density approximation. We used a non-
boundary cores, with segregation energies as high as 0.5 esubic periodic supercell with two oppositely oriented 90°
per As atom. In such chain configurations, each As atonpartial cores separated by a distance of 13Fg. 1). An
relaxes away from its partner atom in the dimer through reenergy cutoff of 150 eV was used, and the Brillouin zone
pulsion, and attains its preferred threefold coordinationintegration was performed using two spedigoints, chosen
thereby lowering energy. It was also found that isolated Agccording to the Monkhorst—Pack schefdtoms were re-
dimers lead to threefold coordination, but the excess binding
energy over single substitutional As atoms is smal),.1 eV
per atom, and sometimes there is no energy gain at all. It
follows that the energy gain from attaining threefold coordi-
nation is largely cancelled by the elastic energy cost of dis-
torting the Si backbonds. However, a significant additional
energy gain occurs through chain formation.

In this letter, we show that As segregation at an isolated
dislocation core in Si occurs in the same manner as in grain
boundaries, namely in the form of ordered chains of
threefold-coordinated As atoms. In fact, the strains associ-
ated with isolated dislocation cores are in general much

larger than in grain boundaries. These strains lead to larg&fic. 1. view along the dislocation line of a periodic supercell containing
segregation energies in a dislocation core than in the graitwo oppositely oriented 90° partials with the asymmetric reconstruction; the
supercell for the symmetric reconstruction appears almost identical in the
same view. The supercell contains 64 atoms and the cores are separated by
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TABLE |. Segregation energies of single As atoms and As dimers placed

(@ substitutionally at various sites of an asymmetrically reconstructed core. For
the dimer geometries the relaxed distance between the two dimer companion
atoms @xs_a9 and the corresponding distance between the first As atom
and the periodic image of its dimer companiah{_«) are also indicated.
See Fig. 3 for site denominations.

Segregation energy  das_ns (A) dps_ng (B)

(b) As site(s) (eV/As atom (Dimer geometries (Dimer geometries
Bulk 0.00
[d] —-0.15
[a] 0.14
[b], [c] 0.33
[d,f] 0.01 2,57 242

FIG. 2. Bonding structure of the 90° partial dislocation dipole in the slip [d.e] 0.13 2.90 4.53

plane, shown by doubling the supercell periodicity in Fig. 1 along the dis-[P:¢] 0.88 2.87 2.95
location line for :(a) asymmetric reconstruction arfd) symmetric recon-
struction. In the three-dimensional geometry, the asymmetric reconstruction

[Fig. 2@)] has all atoms fourfold coordinated, while the symmetric recon-

struction[Fig. 2(b)] has some atoms, distinguished by lighter shading, quasilisted in Table | for all different As configurations consid-
fivefold-coordinated. See text. ered.

Let us first consider the single As atoms in the disloca-
laxed in small steps until the magnitude of the largest forcdion core. Four different sites were chosen. The strain distri-
component was less than 0.07 eV/A. bution is very different at different sites, as is apparent from

Previous studies found two models of reconstruction incomparing the site-associated bond lengths with the bulk
the 90° partial dislocation cord1) the asymmetric recon- Si—Si bond length of 2.35 A, making the segregation energy
struction, in which the mirror symmetry along the dislocationstrongly site dependent. Thus the strainiscompressive at
line is broken'®” and (2) the symmetric reconstruction, in Site &, with bond length&2.29, 2.31, 2.31, and 2.34; (i)
which the mirror symmetry is kept intat?. The asymmetric tensile at site d, with bond length®.37, 2.41, 2.43, and
structure has all the atoms fourfold coordinated, while the2.44 A; (i) mixed compressive/tensile at sites b and ¢ with
symmetric structure has two quasi-fivefold-coordinated atbond lengths(2.31, 2.34, 2.41, and 2.43A. The resulting
oms per periodic segment of the core. Both these recorsegregation energy for As is largest for sites b and ¢, mod-
structed cores look almost the same in the projection alongrate but positive at site a, and even negative for site d. The
the dislocation lindFig. 1), but are clearly distinguishable in largest segregation energy of 0.33 &8ites b,¢ is much
the bonding structures in the slip plafieig. 2. Fromab  larger than the average binding at a grain boundaty.
initio relaxations we found that the asymmetric structure wasAlso, the wide variation of segregation energy from site to
stable, while the symmetric structure spontaneously transsite is to be contrasted with a much smaller dispersion in a
formed into the asymmetric structure, in agreement with argrain boundary? where the strain distribution is much more
earlier ab initio study® All our segregation studies were uniform. In all cases of single substitutional As, the relax-
thus performed exclusively on the asymmetric structure.  ation from the initial Si site is very small, just as in a grain

Single As atoms and As dimers were, respectivelyboundary.
placed at various sites and nearest neighbor site pairs of the Segregation studies of periodic chains of As dimers yield
dislocation core, as indicated in Fig. 3. In all cases, the enmore dramatic results. To interpret these results, it should be
ergy of the relaxed structure was calculated relative to theeemphasized that two As atoms placed on nearest neighbor
geometry in which the As atoms in the core were exchangegi sites, which we call As dimers, seek to repel and relax
with Si atoms in the bulk, i.e., away from the core. The away from each other. In this way, each As atom achieves its
negative of this energy, known as the segregation energy, isreferred threefold coordination, leaving all the Si atoms
fourfold coordinated?® The three largest bonds in the dislo-
cation core, i.e.[d,f], [d,€], and[b,c] were chosen for inves-
tigation. Table | displays the segregation energies for these
three dimers. It also lists, for each relaxed geometry, the
distance of an As atom fronta) its dimer companioricol-
umn 3, and (b) the nearest periodic imag@\s*) of the
dimer companion in the dislocation line directiéoolumn
4). The distinct behaviors of the three dimers are clearly
evident from Table |, as discussed below:

(i) [d,f]: In this case the orientation of the dimer is such
that site d is the nearest neighbor of both f and its
nearest periodic imag€&* in the dislocation line di-
rection. Thus, in the periodic chain of dimers, all the

FIG. 3. Various sites of an isolated 90° partial core, viewed along the

dislocation line, on which single As atoms and As dimers are placed. Seg- As atoms are tQO close to each other. ThIS_ allows Only
regation energies are listed in Table |. a small stretching of the As—As separation, to only
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2.57 A, while the As—AS distance(2.42 A) changes In summary, using the 90° partial dislocation as a con-
very little from the equilibrium Si—Si bond distance crete example, we find that As likes to decorate a core in Si
of 2.35 A. Consequently, the relaxed structure con-in an ordered chain fashion. All As atoms in the chain
sists of a chain of essentially fourfold-coordinated Asachieve threefold coordination through repulsion between al-
atoms, resulting in negligible binding. ternating As atoms. Overall behavior of single impurities,
(i)  [d,el: In this case the orientation of the dimer is nearly isolated dimers, and chains in the dislocation core is similar
perpendicular to the dislocation line direction, andto the behavior we found in a Si grain boundatyowever,
sites d and ® are only second neighbors. This allows the segregation energy of both single As atoms and those in
the As dimer atoms to relax away from each other,a chain are much larger in the dislocation core, with the
stretching the As—As separation to 2.90 A, therebyresult for the chain being as high as 0.9 eV per As atom.
leading to threefold coordination of each As atom. We would like to thank the ORNL Center for Computa-
However, the transverse orientation of the dimertional Sciences for providing valuable supercomputer hours.
keeps it well separated from its periodic images in theThis research was supported in part by Lockheed Martin En-
dislocation line direction, as is evident from the large ergy Research Corp. under DOE Contract No. DE-AC05-
As—As" distance. We therefore have an array of960R22464, and ONR Grant No. N00014-95-1-0906, and
nearly isolated As dimers. This leads to a positive buthy an appointment to the ORNL Postdoctoral Research As-

low segregation energy.13 eV per A$, justasina sociates Program administered jointly by ORNL and ORISE.
grain boundary?
(i) [b,c]: In this case the dimer is oriented such that al-
though b and t are second nearest neighbors, their
distance before relaxation is much less than the sepa-
ration of d and & in case(ii). Consequently, the 1p_B. Hirsch, Mater. Sci. Technol, 666 (1985, and references therein.
As—As stretch is accompanied by As and*Agetting 2papers inStructure and Properties of Dislocations in Semicondugtors
closer to each other. In the final relaxed geometry, the3x‘sg|‘;t§n°;zh§5igs ﬁ°§fe£§2§e PSh?IréesS ug fsjf;gl(’llggs%g'
As—As" separation(2.95 A) is only slightly larger — ap" | chet and..J..Thi.baEII—De’sseaux,. Revg.’.Phys. Abbl267(1987).
than the As—As separatiof2.87 A) and we have a  5s. markiund, Phys. Status Solidi B0, 77 (1980.
nearly perfect chain of As atoms leading to a large °M. Heggie, R. Jones, and A. Umerski, Philos. Mag63 571 (1991).
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. . determine the precise location of the level relative to the conduction band

than the states that are available when an As atom is fourfold edge. Note that, however, for total-energy calculations performed here,

coordinated. only the occupied states are pertinent.
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