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30° Partial Dislocations in Silicon: Absence of Electrically Active States
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Partial dislocations are the most important intrinsic defects, other than point defects,
in controlling the mechanical and electronic properties of silicon. From high-resolution
electron-microscopy data, and a simple optimization procedure, a realistic geometry
is presented for the 30° partial dislocation. Electronic structure calculations have been
performed for this geometry and it has been established that no electrically active states

are associated with this dislocation.

PACS numbers: 61.70.Ga, 71.55.Fr

One of the most crucial aspects of semiconduc-
tor physics is determining the role of defect
states. These states, either extrinsic or intrin-
sic, can have drastic effects on the electrical
properties of semiconductor devices. It is of
some importance to ascertain the intrinsic defect
concentration as a limit on the number of active
states. Outside of intrinsic point defects, e.g.,
vacancies, interstitials, etc., the predominant
intrinsic defects are associated with dissociated
screw dislocations and dissociated 60° disloca-
tions. The former consists of two 30° partial dis-
locations; the latter consists of one 90° and one
30° partial dislocation. Dislocations running in
other directions may be thought of as kinked seg-
ments of these types.”? Thus, one can under-
stand to a large extent how elemental defects af-
fect the mechanical and electronic properties of
tetrahedrally coordinated semiconductors by
examining the 30° and 90° partial dislocations.

The 30° and 90° partial dislocations may lie
either on the closely spaced (111) glide planes or
on the more widely spaced (111) shuffle planes.?
The shuffle and glide configurations of the 30°
partial dislocation differ in the presence or ab-
sence of a single column of atoms along the dis-
location core. Recent evidence*® favors the
glide model. I will concentrate on this model as
it appears simpler to understand in terms of
structure as compared with the 90° partial dis-
location.

In Fig. 1, the atomic structure of the 30° partial
dislocation is illustrated without any reconstruc-
tion of the core defect. In analogy to the problem
of surface states, the most difficult aspect of ob-
taining a detailed picture of defect states is de-
termining the atomic geometry. As an example,
the 30° partial dislocation has certain charac-
teristics which closely resemble the (100) sur-
face of elemental silicon.” Following the analogy
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to this surface, one expects the 30° partial dis-
location to reconstruct. Providing that the 30°
partial dislocation does reconstruct, it might
have a nonmetallic behavior in which the defect
states have no associated free spins, but are still
electrically active. Or, it might not have any
strongly localized, i.e., electrically active,
states associated with the defect. Quite apparent-
ly, the number of dangling bonds, recombination,
luminescence, and even lattice friction® will de-
pend on the core geometry.

Unlike the case of surface structures, one has
an experimental tool which can yield detailed in-
formation on atomic coordinates of extended de-
fects: high-resolution electron microscopy.®'®
The atomic coordinates for the present calcula-
tion were taken from near-atomic-resolution—
computed electron micrographs®* and then opti-
mized to reduce bond-length and bond-angle de-
viations. This optimization procedure is neces-
sary as the resolution of electron micrographs
is at best 2 A and the images depend sensitively

(a) b

FIG. 1. Diagrammatic sketches of (a) unreconstructed
30° partial dislocation and (b) reconstructed 30° partial
dislocation as in Ref. 6. The dislocation line runs in
the (110) direction and joins the dangling bonds shown
in (a) at A and B. The atoms (A,B) are bonded in pairs
in the 30° partial reconstruction shown in (b).

1569



VOLUME 49, NUMBER 21

PHYSICAL REVIEW LETTERS

22 NOVEMBER 1982

on the electron optical parameters and specimen
thickness.*

As in previous workf the defect is modeled by
a supercell configuration. The artificial perio-
dicity of the supercell allows one to use standard
techniques to determine the electronic structure
of the defect and to handle the geometry problem
in a finite system. The first step of the optimiza-
tion procedure is to use a matrix of fixed coordi-
nates from electron-microscopy work. These
initial coordinates were altered in a “mean-field”
procedure. The coordinates of a given atom were
examined and an attempt was made to minimize
any bond-length deviations from the ideal crystal-
line bond length of that atom to its nearest neigh-
bors. After the given atom was examined, its
coordinates were saved for future use and then
the procedure was repeated for another atom.
When all the atoms in the matrix were examined,
another matrix was set up with new coordinates
and the procedure repeated. A number of itera-
tions were performed until the coordinates con-
verged. The advantages of this optimization
procedure are as follows: (a) It preserves the
initial symmetry of the system, (b) it is not de-
pendent on the order in which the atomic coordi-
nates are optimized, and (c) it is fast, easy, and
accurate.

By analogy with surface reconstruction, one
expects the 30° partial dislocation to “dimerize”
or double the periodicity along the core axis. The
most likely reconstruction is contrasted in Fig. 1
with the unreconstructed partial dislocation. Be-
fore considering the reconstructed model, the un-
reconstructed geometry was optimized. The un-
reconstructed partial dislocation was modeled
with 48 atoms in a unit cell. Only a small pertur-
bation of atomic coordinates was allowed, i.e., a
few percent of a bond length, during each itera-
tion. It was found in a few iterations that a very
bulklike configuration could be achieved, except
for the core axis which contains threefold-co-
ordinated atoms. With no constraints on the bond
angles, all the bond lengths in the unreconstructed
model were found to be within 1%-2% of the ideal
bond length. No further optimization of the model
with respect to bond angles was performed as the
bond angles without optimization were within 5-
10 deg of the ideal values.'® A reconstructed
model was then optimized by doubling the unit
cell to contain 96 atoms and allowing a pairing
reconstruction. No significant bond-length or
bond-angle errors were found. Unlike the unre-
constructed case, all atoms are tetrahedrally

1570

coordinated as the core atoms rebond to become
fourfold coordinated. Thus the 30° partial dislo-
cation could be reconstructed to a nearly perfect
bulklike configuration. The only significant devia-
tions from the ideal crystalline state were in the
bond angles, but even these deviations were
small, i.e., typically 5 deg or less. Coordinates

TABLE I. Atomic coordinates (in angstroms) of 30°
partial dislocation within a supercell configuration.
There are two dislocations in the supercell with a cen-
ter of inversion. The supercell is an orthorhombic unit
cell (a=26.95A, pb=9.41 A4, c= 7.68R, a=LF=y=909.

ATOM X y z
1 13.41 -3.52 1.91
2 13.42 -3.50 5.75
3 10.10 -3.78 -0.02
4 10.07 -3.78 3.84
5 6.90 -3.80 1.92
6 6.83 -3.79 5.84
7 3.45 -3.72 0.18
8 3.39 -3.71 4.03
9 0.15 -3.55 2.22
10 0.15 -3.55 6.07
11 3.21 3.34 -0.10
12 3.21 3.34 3.76
13 6.55 3.24 1.90
14 6.51 3.24 5.76
15 10.00 3.24 0.00
16 10.03 3.26 3.84
17 11.31 2.73 1.90
18 11.32 2.74 5.75
19 7.75 2.52 -0.01
20 7.74 2.59 3.85
21 4.31 2.49 1.84
22 4.29 2.39 5.66
23 0.95 2.68 -0.29
24 0.95 2.68 3.55
25 2.38 -2.78 2.09
26 2.38 -2.78 5.96
27 5.68 -2.91 0.08
28 5.69 -3.16 3.85
29 9.06 -2.87 1.93
30 9.01 -2.88 5.77
31 12.23 -2.77 -0.01
32 12.23 -2.77 3.84
33 11.25 0.37 1.91
34 11.17 0.35 5.75
35 7.69 0.13 0.13
36 7.89 0.23 3.91
37 3.72 0.36 0.90
38 3.96 0.25 4.72
39 0.55 0.41 -0.96
40 0.55 0.41 2.88
41 2.74 -0.51 -1.06
42 2.70 -0.56 2.82
43 5.79 -0.80 1.17
44 5.75 -0.81 3.56
45 9.04 -0.51 1.97
46 8.98 -0.50 5.89
47 12.37 -0.42 -0.01
48 12.37 -0.42 3.85
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for the model are presented in Table I.

One can compare this study with several exist-
ing models in the literature.''"'* Perhaps the
most extensive study of the 30° partial dislocation
is that of Marklund.'?> Marklund used a valence
force potential after Keating'® to determine atom-
ic coordinates for both the 30° and 90° partial
dislocations. Marklund found that a pairing re-
construction minimized the total energy. While
in principle his approach should be more sophis-
ticated than the present study, I appear to have
achieved a geometry closer to an ideal silicon
configuration and, hence, of lower energy. There
are two possible reasons for this. First, I have
an initial configuration determined from experi-
ment. Second, the “mean-field” minimization
procedure appears superior to the ad koc method
Marklund used.

In order to determine the existence of defect
states in the 30° partial dislocation model, I
undertook a realistic solution of the wave equa-
tion for the 96-atom supercell. A peripheral
orbital method was used as described by Louie.®
With use of five orbitals'” per atom, a 480x480
matrix was diagonalized. Five d orbitals were
included in a perturbative fashion. The potential
used was semiempirical. Obviously, the large
unit cell prohibits a routine self-consistent solu-
tion for determining the potential. However, this
potential yields accurate spectra for the bulk and
surface energy bands of silicon without self-con-
sistency and should be equally accurate for the
line defect.®

In order to determine the presence of defect
states within the band gap, a local density-of-
states calculation was performed for the unrecon-
structed and reconstructed cases. The density of
states was examined on a defect core atom and on
a bulklike atom. In Fig. 2, the gap-region density
of states is illustrated. For the unreconstructed
case, I find a one-dimensional band of dangling-
bond states which propagate along the dislocation
line. For the reconstructed case, I find no defect-
associated states within the band gap. However,
I do find an increase of state density near the
band edges. It is quite probable that this density
arises from band tails associated with the small
bond-angle deviations associated with the partial
dislocation.

From these results, it is clear that the 30°
partial dislocation can reconstruct to eliminate
any defect-associated states. This is a crucial
result in several respects. While the picture of
negligible strain energy associated with recon-
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FIG. 2. Local density of states for the band-gap
region of silicon showing the nature of defect states
associated with the 30° partial dislocation. Three den-
sities of states are indicated: bulk atom (solid line),
unreconstructed partial core atom (dashed line), and
reconstructed partial core atom (dotted line). The
valence-band maximum is taken to be the energy zero.

structing the 30° partial dislocation is compatible
with Marklund’s work, my prediction of no states
in the gap is in contradiction with some work
which has suggested empty states in the upper
part of the band gap.'? I feel that my reconstruc-
tion model is clearly at variance with the exist-
ence of any localized states associated with the
30° partial dislocation as the bond lengths and
angles are only slightly perturbed from a bulklike
configuration. Moreover, my results clearly
support some recent experimental findings which
suggest that partial dislocations contribute elec-
trically active states only at kinks.'®

This reconstruction model also has some im-
plication for other theoretical approaches. Some
workers'® have speculated that Peierls transi-
tions must be invoked to explain an absence of
free-spin defects. The atomic geometry that I
propose indicates that rebonding can eliminate
any defect states without the need for more com-
plex models.?° This is similar to the case of sur-
face reconstruction where traditional rebonding
approaches have led to coherent pictures of semi-
conductor surfaces. With respect to theoretical
models of soliton formation this work confirms
speculation that soliton formation energies will
be high for the 30° partial dislocation in that my
reconstruction model is so bulklike.®

{For a review of recent work, see J. Phys. (Paris),
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Evidence for a Soft Phonon Mode and a New Structure in Rare-Earth Metals under Pressure
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High-pressure x-ray diffraction experiments up to 30—40 GPa on lanthanum, praseo-
dymium, and yttrium metals demonstrate that there is one more crystal structure in the
regular rare-earth crystal-structure sequence. This structure results from a second-
order phase transition in fce phase and could be described by a zone-boundary soft phonon

mode with §= (21/a ) (3,3,3).

PACS numbers: 62.50.+p

The alkali metals, alkaline-earth metals, and
rare earths as well as early transition metals
show electron transfer from s to d bands under
pressure. This s—~d transfer results from rela-
tive lowering of d-like conduction states in com-
parison to s and p states which rise rapidly under
compression. This electronic transition, which
occurs over a wide range in volume, results in
many structural transitions as well as in bulk-
modulus anomalies in the group-IA to IIB ele-
ments.'”* The rare-earth crystal-structure se-
quence hep—Sm type — dhep—~fee with decreasing
atomic number and increasing pressure is one
such example. In the course of s —d transfer in
these materials, various band extrema pass
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through the Fermi energy, thereby changing the
connectivity of the Fermi surface. It is recog-
nized™® that these topological changes of the Fer-
mi surface can lead to anomalies in phonon fre-
quencies and in some cases to phonon softening
and structural phase transitions. Until recently,
it was believed that the ultimate high-pressure
phase of rare-earth metals is fcc. One earlier
x-ray study” on Pr, however, reported an ortho-
rhombic distortion of the fcc lattice. Also, elec-
trical resistivity measurements at low tempera-
ture and high pressures®® show resistance anom-
alies for Pr and La, in the fcc phase. The pres-
ent x-ray diffraction measurements on La, Pr,
and Y were intended to establish the microscopic
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