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Dislocation patterning

Double-crystal topography of dislocation 
cells in LEC-grown (001) GaAs. Cu Kα1 

radiation, 511 reflection.
[W. Leitenberger]

Etch-pit pattern of the dislocation 
distribution in multi-crystalline silicon

[D. Oriwol]
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Dislocation distribution ↔ Variation in electrical/optical properties

Role of intrinsic point defects and impurities
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Core structure of dislocations
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“Ptolemaic” picture of dislocations
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Dissociation of a perfect 60° dislocation in the diamond structure into a 30° and a 90° partial. 

The Shockley partial dislocations,                  , are separated by a stacking fault.

Dissociation
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Unreconstructed and reconstructed 30° partial

Reconstruction
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Jog dragging at screw dislocations 

and point defect emission

Jog dragging
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To investigate the stability of various atomic arrangements of vacancy aggregates in GaAs, we make use

of a self-consistent-charge density-functional-based tight-binding method. In contrast to silicon, where
the corresponding number is 6, we find the first such stable aggregate to be made up of 12 vacancies.
This is explained by the added possibility of energy lowering Ga-Ga and As-As dimer formation. Since
these results are consistent with measured and calculated defect-related positron lifetimes, they give
powerful evidence for the existence of such magic number vacancy aggregates in GaAs.

PACS numbers: 61.72.Ji, 78.70.Bj

Although vacancy agglomerates are well known to be
produced by “damaging” semiconductors via, e.g., neu-
tron irradiation [1], plastic deformation [2,3], or saw cut-
ting [4], they are also present in, e.g., as-grown silicon
[5]. Such vacancies are not only electrically active but also
play an important role in the materials’ mechanical prop-
erties, such as brittle or ductile fracture [6]. When excess
vacancies are mobile but cannot find sinks such as sur-
faces or dislocations with which to anneal, they are likely
to agglomerate—either in a plane, forming a dislocation
loop, or into stable three-dimensional (3D) vacancy clus-
ters. While many publications have dealt with this problem
in homonuclear materials (C [7], Si [8]), to our knowl-
edge this is the first such study to consider compound
semiconductors.
The primary mechanism of vacancy formation during

plastic deformation is postulated to be related to disloca-
tion motion (see Fig. 1). Mott [9] has suggested a model of
emission or absorption of intrinsic point defects by screw
dislocations containing jogs. These jogs can be generated
by the intersection of dislocations belonging to different
slip systems. Jogs on screw dislocations are not glissile,
rather they are forced to follow the glide motion of the
screw due to the line tension of the dislocation. During this
nonconservative motion of the jog, vacancies or intersti-
tials are emitted (Fig. 1). As a result, one would primarily
expect the formation of chains of point defects. However,
there is no experimental evidence for the formation of such
chains. It has hence been supposed [10] that the clustering
of vacancies to stable agglomerates is a primary process
of jog dragging. Vacancy chains should thus collapse in-
stantaneously during deformation to form stable clusters.
This could happen by atomic rearrangement of vacancies
during or immediately after the climb step of the jog.
Positron annihilation spectroscopy (PAS) is a suitable

tool to detect small vacancy clusters. Since positron life-
time spectroscopy measures the electron density at the
trapping site of the positron, this method is sensitive to
the size of open-volume defects, i.e., the positron life-
time increases with increasing open volume [11]. Hence

different types of vacancy-related defects betray “charac-
teristic” positron lifetimes and, therefore, it is possible
to distinguish between monovacancies, vacancy chains,
and 3D agglomerates. Vacancy agglomerates are generi-
cally detected by positron lifetime spectroscopy in de-
formed semiconductors or metals [2,3,12]. Furthermore,
one finds a positron lifetime component which is character-
istic for trapping into monovacancies. This defect-related
lifetime component has been attributed to vacancy-type de-
fects bound to the dislocation core in Si and Ge [2,3]. In
GaAs the corresponiding component found is about 260 ps
[14]. Widely accepted values for trapping into mono-
vacancies in GaAs (bulk lifetime 230 ps) are dependent on
their charge state: 255, . . . .295 ps [13]. The long positron
lifetime component of about 500 ps measured in GaAs is
an indication of large vacancy agglomerates created during
deformation [14].
It is only in covalently bound materials that there exists

some indication that stable vacancy clusters of certain
sizes should be present. The atomic configurations which
have a low number of unsaturated or dangling bonds are
considered to be favorable, but which will turn out to
be insufficient for compound semiconductors. This led
Chadi and Chang [15] to the conclusion that there should
be so-called magic numbers of vacancies in diamondlike
homonuclear structures such as silicon. They proposed
stable vacancy clusters for n ! 6, 10, and 14 vacancies.

FIG. 1. Formation of point defects (vacancies and interstitials
according to the sign of the jog) by the dragging of jogs at screw
dislocations.
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Vacancy clusters
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Agglomerations of vacancies as a result 

of jog dragging at screw dislocations

Formation of a trail of vacancy clusters

Number of point defects

(per unit step 

from the cutting of two screws)



✦ Long positron lifetime due to large vacancy agglomerations
✦ Stable vacancy clusters V6, V10, V14

✦ Magic numbers of stable clusters: n = 4i + 2, i = 1, 2, 3, …

Plastic deformation

Positron annihilation measurements and 
density functional tight binding calculations

TEM Staab HS Leipner et al Phys Rev Lett 83 (1999) 5519



The type of the point defects emitted depends on the sign of the jog

Interstitials
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2 µm

TEM

Interstitials

Interstitial loops surrounding a dislocation in GaAs
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Structure of an extended jog in the acute-angle configuration on the screw DB. The X–Y cut 

illustrates the dissociation of the jog in a Shockley and a Frank partial (Burgers vectors βD and Bβ). 

The latter one has a pure edge character and can only follow the glide motion of the screw 

by the emission or absorption of point defects.

Extended jog

Thompson tetrahedron

HS Leipner et al J Phys Cond Mat 12 (2000) 10071
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Formation of edge dipoles and prismatic dislocation loops

Superjogs

TEM



C(r) =C
eq

exp

✓
�b sinq

r k
B

T

◆
b =

Gbe

3p
1+n
1�n

DV

Distribution of impurities about an edge dislocation for time t → ∞

Cottrell atmosphere of impurities

Equilibrium case from elastic interaction
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Distribution of copper at a 60° dislocation in GaAs for different solubilities Ceq

Ceq =  1·1016 cm-3 (300 K) 

Ceq =  5·1016 cm-3 (973 K) 

Ceq =  8·1018 cm-3 (1373 K) 

HS Leipner et al Phil Mag A 79 (1999) 2785



Density of free carriers n measured by confocal Raman microscopy 

at dislocations in GaAs:Si (left) and GaAs:S (right)

Distribution of charge carriers
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Decorated dislocations with a bright cathodoluminescence contrast in GaAs after copper 

in-diffusion. The bright contrast is due to the 1.36 eV emission related to CuGa acceptors.

Decorated dislocations
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Microscopic processes at dislocations

✦ Elastic interaction of point defects 
and dislocations

✦ Diffusion of point defects, 
e. g. via kick-out or vacancy mechanism

✦ Formation of dislocation loops 
from supersaturated point defects

✦ Formation of defect complexes 
(intrinsic point defects/impurities)

✦ Segregation in the core ✦ Fermi-level effect

Xi ⇄ Xs + I

Xi ⇄ p

I ⇄ℓ

Xi ⇄ p

Xs + V ⇄ XsV

Diffusion–drift–aggregation (DDA) model
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✦  Homogeneous formation of precipitates only inside a 
cylinder with the radius r0 about the dislocation core 

✦  Nucleation rate according to classical nucleation 
theory in the dislocation region

(σ interface energy, V atomic volume, Σ supersaturation)

for
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Arsenic precipitates at dislocations in GaAs
Xi ⇄ p

Laser scattering tomography of dislocations 

in vapor-controlled Czochralski-grown GaAs
[M Naumann 2005]



Arsenic precipitates at dislocations in GaAs
Xi ⇄ p

TEM bright field image of a dislocation 

decorated  with an arsenic precipitate

✦ Arsenic precipitation not 
homogeneous along the core

✦ Decoration of the core?

1860                                                                   H. S. Leipner and H. Lei: Interaction of point defects and dislocations

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Fig. 1 (a) Raman spectrum measured at a dislocation in GaAs:S. The spectrum obtained at the dislocation exhibits
a shift in the position of the L+ peak in comparison to the matrix. The inset shows a spectrum typical for arsenic
precipitates at a dislocation. (b) Map of the distribution of the free-electron density from the matrix M (n = 1.6 ×
1018 cm−3) to the dislocation D (n = 1.8 × 1018 cm−3).

3 Results and discussion Figure 1(a) shows the Raman spectra measured in sulfur-doped GaAs. In
semi-insulating GaAs only one distinct peak, which is attributed to the Raman-active LO phonon mode,
appears. Due to phonon–plasmon coupling the selection rule is broken in doped GaAs, and additional peaks
occur. The L+ peak in the Raman spectra measured at dislocations in n-type GaAs are at a higher frequency
than that in the matrix, which implies a higher electron concentration at dislocations. Additionally, the
intensity ratio of the L−/TO to the LO peak changes. These experimental findings can be used to calculate
the local carrier concentration [2, 3]. The density of free electrons is obtained as n = 1.6 × 1018 cm−3 in
the matrix, and it increases at the dislocation (Fig. 1b).

Molecular dynamics simulations have shown that the precipitation of arsenic at dislocations is ener-
getically favorable [5]. In the Raman spectrum of the inset in Fig. 1(a), a Raman peak at 257 cm−1 can
be recognized. This peak is occasionally found at dislocations, and it is attributed to the LO mode of
rhombohedral arsenic precipitates [4]. The presence of small As precipitates could be confirmed in TEM
investigations using selected area diffraction and energy-dispersive X-ray analysis. Fig. 2 shows a TEM
bright-field image of an As particle decorating a dislocation.

The increase in the carrier concentration at dislocations in sulfur-doped GaAs can be attributed to the
agglomeration of extrinsic or intrinsic point defects. Cathodoluminescence spectra measured at disloca-
tions support this assumption. A distinct increase in the intensity of the CL peaks above 950 nm attributed

Fig. 2 TEM bright field image of a dislocation decorated with an arsenic pre-
cipitate
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Simulation of the distribution of carriers
Xi ⇄ p

Distribution of free carriers

at a 60° dislocation in GaAs:S
without and with consideration of 

native point defects and the 

precipitation of arsenic

✦ From the DDA model:
variation of the concentration of 
defects (interstitials, charged 
vacancies, impurities, complexes

✦ Calculation of the local carrier 
concentration
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Cathodoluminescence of dislocations in GaN

Cathodoluminescence microscopy (Ub = 10 kV, Ib ≈ 15 nA) of in-grown and fresh dislocations 

in gallium nitride single crystals grown by hydride vapor phase epitaxy

10 µm



Cathodoluminescence of dislocations in GaN

Cathodoluminescence microscopy (Ub = 10 kV, Ib ≈ 15 nA) of in-grown and fresh dislocations 

in gallium nitride single crystals grown by hydride vapor phase epitaxy

Contrast In-grown dislocations Fresh dislocations

Cmax (%) 36 ± 1 35 ± 1

FWHM (µm) 1.45 ± 0.12 1.31 ± 0.09

Contrast similar but distinct differences in mobility



Conclusions

✦ Straight, perfect dislocation line hardly exists
✦ Complicated set of core defects; 

generation of intrinsic point defects
✦ Hardly to separate in spectroscopic measurements different types 

of defects in the bulk, in the strain field of the dislocation, and in 
the core → local analysis necessary 

✦ An extended defect zone, characterized by the depletion or 
accumulation of various point defects, is formed around 
dislocations.

✦ Electrical activity of a dislocation is the superposition of core 
defects, segregation of impurities in the core, accumulation/
depletion of impurities in the strain field
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