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Introduction 1

1 Introduction

ZnO is a rediscovered II/VI semiconductor attracting current interest as a promising wide band
gap material for micro and optoelectronic applications such as short wavelength LED LD and
electronic nanodevices.

Monocrystalline ZnO has wurtzite lattice structure. Undoped grown bulk crystals show slight n-
type conductivity and optical properties in NUV range are governed by excitonic effects even at
room temperature. Density of grown-in dislocations has been estimated to be from 10* to 107 cm®.

Defect-related real structure appears to be not investigated in greater detail so far. Particularly,
representative studies on dislocation structure originating from crystal growth or subsequent
materials processing as well as on misfit dislocation configurations are still missing in the
literature. Glide dislocations could be identified in various semiconductor materials as very
efficient recombination centers which can appear as a limiting factor for the electrical and optical
properties by affecting carrier lifetime and corresponding quantum efficiency. Very harmful effect
results from recombination-stimulated dislocation dynamics causing extra defect nucleation
mechanisms leading to uncontrolled degradation of materials properties.

This work presents a systematic study on structure, dynamics and electrical activity of glide
dislocations verified in ZnO bulk crystals. The glide dislocations under consideration are expected
to exhibit intrinsic electrical optical properties determined by electronic states originating in
dislocation core structure and/or local strain field [reb91]. Scheme in Figure 1 illustrates possible
relationship between defect structure and electrical activity.

Core structure
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Figure 1. Scheme of possible relationship of dislocation structure comprising core and strain field to defect
recombination activity.



2 Introduction

Polar character of dislocation core structure as expected in compound semiconductor crystal is
considered.

Special issue of the present work is to disclose, for the first time, a certain correlation between
structural, dynamic and electrical properties for glide dislocations of different types in crystalline
semiconductor. For this purpose, new technique of kinematical SEM-CL has been employed. The
tool of kinematical SEM-CL allows to gain correlated results concerning the corresponding
dynamic and electrical behaviour of a defect configuration on microscopic scale. High spatial
resolution of CL microscopy provides direct access to selected dislocation segments of distinct
structural type as emerging in a given dislocation arrangement. This enables a clear distinction of
edge- and screw-type dislocation parts or of dislocation line segments with opposite polar core
structure, which are collocated in same area. On the other hand, emphasize of consideration can be
on the correlation of dislocation dynamics with electrical properties, i.e. any impact of dynamics-
related defect structure (missing of decoration, dissociation) on dislocation electronic properties is
to be observed. As consequence, very interesting question concerning kinks as possible candidates
for carrier recombination centers arises. This difficult problem shall be treated by means of
analysing dynamic CL contrast behaviour of moving dislocations in dependence on slip velocity.

The present work starts with a detailed consideration of the fundamentals of dislocation
structure in wurtzite type crystal lattices. Basic glide dislocation types are briefly described taking
into account distinct core structures and possibility of perfect and partial dislocation configurations
if dislocation dissociation is favoured. Models of glide dislocation arrangements like dislocation
loops and glide prisms as realized for dislocation propagation on microscopic scale are developed.

Furthermore, in the framework of conventional core structure models the hypothetical
arrangements of dangling bonds at the A and B edge atoms are dealt with. In order to get a certain
distinction in respect of expected electrical activity of the various dislocation types the line
densities of dangling bonds related to the different dislocation types are treated in more detail. As a
result of this part of work a dangling bond model of the glide dislocation loop in a basal slip plane
will be presented, which illustrates expected variation of electrical activity over the dislocation
segments forming the loop structure. Despite of the hypothetical character of the dangling bond
model and of recent results of theoretical calculations of dislocation core structures favouring core
reconstruction for energetic reasons, the dangling bond model is utilized here as an attempt to
quantify differences in electrical activity of dislocation. Finally, this idea holds up also for kink
structures.

Following the strategy of this work, an introduction is given to dislocation dynamics based on
thermo-activated and recombination-induced (REDG) Peierls mechanism. The REDG effect links
up dislocation recombination activity and dynamic behaviour by stimulation of kink dynamics.

Advanced SEM-CL technique have been applied to the dislocation studies in ZnO. New concept
of experimental investigation could be realized by employing kinematical CL microscopy to
observe correlated dynamic and CL contrast properties of individual defects in context with in-situ
micro-deformation and heating-up of sample. Essential advantage of the experiments performed is
the yield of information on type-dependent dislocation dynamics on microscopic scale and on
simultaneously recorded electrical activity of the defect considered in moving state. Almost all
substantial results are documented by means of SEM-CL video movies. The CL movies may be
analysed for extracting the correlated dynamic and electrical properties of single defects in given
dislocation arrangements A sophisticated new analysing method has been used to handle large
series of subsequent CL images. Its basis is the creation of a so-called Dynamic Contrast Diagram
(DCD), which reveals patterns representing, at the same time, dynamics and CL contrast behaviour
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of selected dislocation segments. This way, the DCD plot leads to contrast-velocity-correlation
graphs that indicate dynamics-induced changes of recombination activity of moving dislocations.

Additional very efficient analysing procedure has been made available for determining small
changes of CL contrast along a given straight or curved dislocation line in order to find out
differences in electrical activity between neighboured dislocation segments of distinct types,
responsible for the line shape.

For quantitative discussion of the CL contrast behaviour it will be make use of the method
worked out in [hil98] for SEM-CL defect contrast analysis first applied to conventional CL
microscopy.

The results obtained by kinematical SEM-CL establish glide dislocations in ZnO as extended
mobile recombination centres. Several different glide dislocations with a-type Burgers vector will
be identified as electrically active defect structures showing non-radiative carrier recombination.
Basal plane as well as prismatic plane slip systems are evidenced and studies on dislocation
dynamics under thermal activation and REDG conditions shall be reported. The experimental
findings hint at interesting facts regarding single dislocation dynamic behaviour on micrometer
scale. Type-dependent CL contrast properties will be proved for the screw- and edge-type
dislocations in case of the basal plane slip system. On the other hand, clear difference in
recombination activity is shown, for the first time, for the polar A(g) and B(g) edge-type segments.
It is worth mentioning, that there is a relationship to the particular dynamic properties observed,
too.

Conclusions from contrast-velocity-correlation graphs as derived from DCD patterns result in
an exceptional result of great importance. A very weak effect of reduction of CL contrast versus
raising slip velocity of dislocation segment is discovered.

Such decrease of recombination activity of the dislocation in dynamic state is unexpected, but
may be explained by means of kink dynamics.
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2 Crystallography of AB compound semiconductors

2.1 Zincblende and wurtzite lattice structures

Chemical compounds A"B"" and A"'BY which are formed from elements of groups II-VI and III-
V, respectively, are crystallized in different polymorphic modifications. These compounds may
belong to two general structural groups such as cubic zincblende (ZB) structure and hexagonal
wurzite (WZ) structure. The topic of current chapter is to describe the crystal structures and
pointing out polarity, as well as to consider the origin of dislocations with different core structures
and their behaviour as glide dislocations in the crystal lattice. Figure 2 illustrates similarity and
difference in stacking order along [111] and [0001].

(0001)

(0001)

Figure 2. Crystal lattices of zincblende (a) and wurtzite (b) structure.



6 Crystallography of AB compound semiconductors

CdTe and GaAs are examples of A"BY' and A"B" compounds which can be crystallized in
zincblende lattice. The space group of these compounds corresponds to F43m [schr89a]. Figure 3
shows a zincblende unit cell. Letters A and B denote the metal and non-metal atoms respectively.

v

“T100]

Figure 3. Spatial arrangement of atoms in the zincblende unit cell. Here a= lattice constant.

The unit cell consists of four AB molecules made up by those atoms, which are placed at sites
with coordinates: 4A at 0,0,0; 0,%,%; %,%,0; ¥%,0,%; and 4B at Y4,Y,%; Ya,%4.,%4; Y4,%,%%; 4,%, Ya.
The point symmetry in A and B positions corresponds to 43m . Each atom A(B) has four

. : . C 1
neighbouring atoms B(A) located in the corners of a perfect tetrahedron in distance a Z\/g , where
a is the cubic lattice constant. Each atom A(B) is surrounded by twelve atoms of the same kind,

: . L 1
which are the second order neighbours in distance a E\/E .

An important peculiarity of the zincblende structure is that it does not have a centre of inversion
symmetry. The layers A-B (or tetrahedra AB,) are along <111> directions. As a consequence,
zincblende crystals show polar properties, such as distinct planes of opposite orientations (k)< (-
h-k-I) may have A or B termination. The antiparallel directions [hkl]«<[-h-k-I] are not equivalent.
The polarity of lattice structure results in pronounced anisotropy of physical and chemical materials
properties.

A"BY! and A"BY compounds can also be crystallized in the wurtzite structure. The space
symmetry group of such lattice corresponds to P6;mc. In Figure 4 a wurtzite structure unit cell
exhibiting “a” and “c” lattice constants is shown. One unit cell contains two molecules of AB,
whose the atomic positions are 0,0,0; 1/3,2/3,1/2 for A and 0,0,u; 1/3,2/3,1/2+u for the B atom,
where u ~ 3/8.

The wurtzite structure can be considered as a hexagonal closed-packed stacking of atoms
of elements from the group B with atoms of elements of the group A in the tetrahedral interstitial
positions of one kind. Such a stacking causes a polarity, thus the “c”-axis [0001] has polar
character in the wurtzite structure.
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¢A [0001]

P [1120]

¥[2110]

Figure 4. Spatial arrangement of atoms in the wurtzite unit cell, a,, a,, a; c=lattice constants.

From the locations of atoms in the wurtzite unit cell it is seen, that each A atom is bound to four
B atoms in the corners of a tetrahedron: one in distance uc, and the three others in the distance
[(1/3)a*+c*(u-1/4)*]"*. Each atom is surrounded by twelve neighbouring atoms of second order: six
of them in the corners of hexagon (at the same plane as the atom considered) in distance a, and the

others six are in corners of trigonal prism in the distance [(1/3)a2+(1/4)cz]” 2,

In the crystals of wurtzite structure as well as in the case of zincblende structure, one can
imagine the polarity of oppositely charged ions A" and BY' as a network of dipole moments. The
dipole moments are not compensated in the wurtzite lattice, and as a result the single polar axis is
formed. Consequently, wurtzite crystals are capable to show as piezoelectric as piroelectric
properties.
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3 Dislocations in zincblende and wurtzite lattices

In the zincblende and wurtzite structures, which consist of close packed double layers Ab-Bc-
Ca and Ab-Bc-Ab, respectively the {111} and {0001} may be regarded as preferred planes in
which lattice slip processes can proceed.

In Figure 5 dislocation glide is demonstrated to be realized in two parallel slip planes differing
in their positions indicated as “glide-set” (ss) and “shuffle-set” (gs), respectively.

HP

110)

Ay / I“':-fr’ Ay EH 2
ST T T TN 0
g—h T‘\T:\T’ _L\‘T \T \T,'*‘ glide-set ;: T( \_T/ \r \T \TL‘T’ \T, \T ;..h:isés\et
o R T s 7 I T 1T T
?:: T(\j'\o’\o’\d\dj\j v ;:T(J‘TJJ\O/JJ %
*i?,':,p ZB - :'g:ﬁm.: Wz
(@ . (b)

[0001>

8880808
LEANMAN S
18118888

'g EHP ‘§ W7
(c)

Figure 5. Extra half planes (EHP) terminating on shuffle- and glide-set slip plane of ZB and WZ type
lattices. (a) EHP (-111), (b) EHP(10-10), (c) Double EHP (11-20).

=0001]

Consequently, the extra lattice plane defining an edge dislocation may come about in two
modifications as glide-set and shuffle-set [hir82]. They end up in distinct atomic positions as can be
deduced from Figure 5. Thus, depending on using ss or gs-type of slip plane, the dislocation core is
made up by A or B atoms, respectively. These edge atoms define the A or B polarity of core
structure in the ZB and wurtzite WZ structure crystal lattice.
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It must be mentioned that if the dislocation turns from gs<ss, the polarity of core structure is
inverted. The Huenfeld Convention [proc79] gives the following definitions:

Table 3-1.: The Huenfeld convention for polar core structures [proc79].

Glide-set EHP termination EHP termination Shuffle-set
B(gs) B ore A%ore a
A(gs) A% e B¥core B

The nucleation and propagation of the perfect glide dislocations is believed to occur in between
the neighboured layers of the ss planes. It has to be noted, that the number of dangling bonds is less
for dislocations in the ss plane in comparison with that ones situating in gs plane. The dangling
bonds in ss configuration are perpendicular to the glide plane. Unlike the shuffle-set core, the
dislocations of glide-set configuration have three inclined dangling bonds per core atom and there
is a higher probability for dangling bond reconstruction. The properties of dislocations in
semiconductors - not only their mobility but also especially their possible electronic states in the
band gap - must depend on the configuration realised.

In the earlier works, it was supposed [hor58, hol62] that dislocations are situated in the shuffle-
set, but further works [due95, lou87] have came to the conclusion that dominating for the mobile
dislocations are the glide-set planes. Main confirmation for this results from transmission electron
microscopy (TEM) revealing gliding dislocations to be split up, that indicates gs glide planes to be
involved, it is too difficult for dislocations to dissociate being in shuffle-set planes.

3.1 Perfect dislocations in wurtzite lattice

A detailed analysis has been performed for hypothetically possible types of perfect
dislocations in the wurtzite lattice structure in [osip68a]. This work has also pointed out possible
electrical activity of the dislocations, depending on the number of broken bonds and atomic
polarity of the core structures in various dislocation types.

The smallest translation vectors in the wurtzite structure are the two lattice vectors:
a=1/3<1210> and ¢ = <0001>. The line directions of simple dislocations types are < 1210 >
and <0001>. Arbitrary directions in crystals with wurtzite lattice can be treated as a combination of
steps of these directions. Thus, for instance, a dislocation in the [1101] direction consists of steps in

the [1210], the [2110], and the [0001] directions, which may be written as:
[TT01]=%[T2T0]+%[§1 101+[0001]
Dislocations in the [12 13] direction consist of steps in the [12 10] and the [0001] directions:
I — = 1 - =
5[ 12 13]=§[ 12 10]+[0001]

At such a choice of dislocation directions and Burgers vectors, the types of simple dislocations are:
screw-type dislocations with the Burgers vector a, screw-type with the Burgers vector ¢, and two
types of edge dislocations, and a 60° dislocation.
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In case of an a—type of dislocations (see Figure 7), splitting into two partial dislocations is
possible as schematically shown in Figure 6. Vectors Ao, oB are the Burgers vectors of partial
dislocations corresponding to the AB, AC, AD Burgers vectors of perfect dislocations.

Figure 6. Schematic presentation of wurtzite structure in (0001) plane with vectors of perfect dislocations
AB, AD, AC and vectors of partial dislocations Ac, 6B.

There exist additional possible Burgers vectors and directions for dislocation axes in the
wurtzite lattice.

The Table 3-2 presents dislocations whose Burgers vectors and axes point along directions lying
all in the basal {0001} or in the prismatic planes {1010} and {1120}, which are the glide planes of

the dislocations.

Table 3-2.: Possible glide dislocation in wurtzite lattice [0sip68].

No. Axis & Burgers vector b Angle between & Glide plane
and b

1 <1210 > 1/3<1210 > 0° _

2 <0001> <0001> 0° -

3 <2110> 13<1210> 60° {0001}
4 <0001> 13<1210> 90° {1010}
5 <1210> <0001> 90° {1010}
6 <1100 > 13<1210> 30° {0001}
7 <1010 > 13<1210> 90° {0001}
8 <1100 > <0001> 90° {1120}
9 <1213 > 1/3<1210> 58924’ {1010}
10 <1213 > <0001> 31°36° {1010}
11 <1101 > <0001> 43° {1120}
12 <0001> <1100 > 90° {1120}
13 <1101> <1100 > 47° {1120}

The types of dislocations are given in this table by the angles between axes & and directions of

Burgers vectors b.
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3.2 Slip systems in wurtzite lattice
From Table 3-2 following slip systems can be combined (Figure 7):
1) {0001} <1210>
2) {1120} <1100 >,<0001 >
3) {1010} <1210>,<0001>

Theory [hir82, fra49] shows that for a distinct crystal lattice only these directions and glide
planes with small Miller indices will be observed. From the Frank criteria and Peierls stress
definition it follows that only perfect dislocations having the Burgers vectors 1/3 <1120 >, <0001>
and 1/3<1123 > are stable in crystals with wurtzite lattice and, therefore, can contribute to glide
processes. Furthermore, according to eq. (23) Peierls stress is minimal for the dislocations with
shortest Burgers vector. Such dislocations have to move easier than that ones with longer Burger
vectors. Also, from eq. (23) follows that for the dislocations with a fixed Burgers vector the Peierls
stress is minimal at glide planes with maximal plane spacing d between neighbouring planes.
Planes for dislocation slip are the planes with largest distance d. These planes are usually close-
packed in the structure under consideration and have smallest Miller indices. Therefore, the
magnitude of Peierls stress calculated for a distinct glide system is chosen as a rough indicator for
whether the glide system has a preference to be involved into dislocations glide processes under the
fixed conditions.

More glide systems expected as theoretically possible for the semiconductor compounds with
wurtzite structure are listed in Table 3-3.

Table 3-3.: Possible glide systems expected for the wurtzite structure.

N° Glide system

1 {0001} <1120 >
2 {1010} <1120 >
3 {1010} <0001 >
4 {1011} <1120 >
5 {1011} <1123 >
6 {1120} <0001 >
7 {1122} <1123 >

Table 3-4.: Burgers vector length b in ZnO with the lattice constants as given in [cim64].

direction type b, A

<0001 > c-type 5,2066
<1120> a-type 3,2495
<1123 > (alc)-type 6,1374
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<0001> 1/3<1123> 1/3<1123>
c-type alc - type alc - type!
{1120} {1010} {1122}
13<1130> ' 15351 ‘&32‘
a-type
a) b) c)

Figure 7. Scheme of glide systems in the wurtzite structure [jahn98].

For a wurtzite lattice the plane spacing d is expressed by Miller indices as:

1 4h>+hk+k> I?
D (1)
d* 3 a’ c?

Using the eq. (1) and the values for lattice constants a and ¢ [cim64] the spacing d for the planes
mentioned in Table 3-3 can be calculated. Now, based on calculated plane spacing d and values of
Burgers vector lengths b from Table 3-4, using eq. (23), it is easy to get the values of Peierls stress.
The complete results of latter calculations are given in Table 3-5.

Table 3-5.: Results of calculations of plane spacing d, ratio (d/b) and normalized Peierls stress 6 =6, /G 11-22;.

Plane d A b, A d/b c
{0001} 2,603 3.250 0.801 56.18%
{1010} 2,814 3.250 0.866 52.65%
{1010} 2,814 5.207 0.540 72.91%
{1011} 2,476 3.250 0.762 58.43%
{1011} 2,476 6.137 0.403 83.63%
{1120} 1,625 5.207 0.312 91.62%
{1122} 1,378 6.137 0.225 100.00%
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Figure 8. Normalized Peierls stress as a function of the ratio of slip plane spacing d to Burgers vector length

b for the glide systems shown in Figure 7.

As can be seen from the plot in Figure 8, the glide systems having higher Peierls stress have to
sequentially ruled out from glide processes. This approach is based on the theory of elasticity,

which deals with characteristics of dislocations such as Burgers vector length b and plane spacing

d. The theory takes also into account the elastic characteristics of materials such as shear modulus

G and Poisson's ratio v. However, one has to note, that this approach does not consider the

dislocation core structures.

3.2.1 Glide dislocation in wurtzite lattice.
From the Table 3-2, the slip systems
1) {0001} <1210>
2) {1120} <1100>,<0001 >
3) {1010} <1210>,<0001>

have been chosen to describe dislocation propagation.

These slip systems are expected to be activated in case of plastic deformation by dislocations glide
processes. The glide dislocations should develop expanding loop structures to propagate the
dislocations in the slip planes. Based on the data in Table 3-2, the models of dislocation loop
structures for the slip systems above are proposed as shown in Figure 9.
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Figure 9. Possible loop structures for main glide systems in the wurtzite lattice. (a) basal slip plane, (b), (c)

prismatic slip planes.
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A closed dislocation loop which is formed by 90°-,60°-, 30°- and screw line parts of B-type
dislocation in {0001} basal plane is drawn in Figure 9 (a). Same loop structures appear for all
[1120] directions in {0001}. The dislocation loop structures of the prismatic slip systems are

displayed in Figure 9 (b) and (c¢). According to the distinct slip systems two kinds of loop structures
may occur in the corresponding {1120} and {1010} glide planes. The existence of these

dislocation loop structures in ZnO crystals will be discussed, for the first time, based on the
experimental findings derived.

Local plastic deformation as realised by micro-indentation or scratching requires very detailed
considerations and analyses of simultaneously activated slip systems. Zones of local plastic
deformation around a micro-indent may be analysed in the framework of the glide prism
conception [hu75]. Glide prism models proposed for slip processes during indentation on {111}
and {110} surfaces of samples with ZB structure are known from literature [schr99], but, there is
no detailed work on the complex geometry and dislocation configurations of the active slip systems
in the other cases.

Figure 10 (a, b) presents models of possible glide prism configurations, which may be referred to
dislocation rosettes built around the indentation sites on {0001} and {1010} crystal surfaces. These

models can be used to explain the geometry of the real dislocation rosette arms formed.
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Figure 10. Models of possible glide prism configurations. Glide prism configuration for local deformation on
{0001} planes (a), and on {10-10} planes (b) in wurtzite lattice.
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The glide prisms shown as constructed by three corresponding slip planes allowing material to be
pushed out within the prism area by strain pointing along the prism axis. Correlated dislocation slip
in a glide prism occurs simultaneously in the two surface-perpendicular glide planes and in the
surface-parallel glide plane as well. Assuming the formation of the dislocation loop structures
mentioned above, threading dislocations are produced and surface parallel dislocation half loops
may be generated. In consequence of reactions between the dislocation loop structures propagating
in the distinct slip systems prismatic loops made up by two threading segments and a connected
surface—parallel line part can be built. A verification of the proposed glide prism configurations and
recognition of the type of the slipping dislocation structures is still open issue, which is dealt with
in the experimental studies presented.

3.2.2 Core structures of dislocations in the wurtzite lattice

For the perfect screw, 30°, 60° and 90°-type dislocation segments gliding in basal plane (0001)
models of core structures have been developed by the authors in [0sip68]. A detailed insight into
the core configurations is given in Figure 11 - Figure 14.
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Figure 11. Screw dislocation core structure with the 1/3[-12-10] Burgers vector. & axis, b Burgers vector.

Figure 11 shows the core structure of a screw dislocation with 1/3[1210] Burgers vector. This

screw dislocation may be understood as a result of the displacement of basal planes with respect to
each other. The vector 2-3 is the displacement vector. Comparing the undisturbed hexagon 9-4-5-6-
7-8-9 and the circuit 16-10-11-12-13-14-15, the screw character of the dislocation can be clearly
seen. In first case, the circuit is closed — atom 4 locates at the beginning and the end. In second
case, the circuit is non-closed between 15-16. The vector 15-16 is the Burgers vector of this
dislocation with the direction [1210]. It is seen from this core model that the dislocation has no

dangling bonds.

In Figure 12 the model of a 60° dislocation core in shuffle-set state is presented. Its
direction & and the Burgers vector b form the 60° angle between themselves. In this case, the
Burgers vector is 1/3[1210] and the direction of the dislocation line is £&=[2110]. Its edge-type

component is clearly seen; an extra half plane can easily be assigned to the dislocation. The extra
half plane (01 10) is indicated by heavy lines in this figure. The ss glide plane of this dislocation is

(0001). It is seen that the extra half plane ends along  in row of the A atoms with single dangling
bonds. A dislocation with the opposite sign will end in row of B atoms with single dangling bonds.
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In this regard the basal planes of the wurtzite structure are analogous to the planes of type {111} in
the zincblende structure, where there are two kinds of 60° dislocations depending on the type of
atoms, which form the edge of the extra half plane.
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Figure 12. 60° dislocation: § axis, b Burgers vector, EHP (-1010).

The 30° dislocation model is shown in Figure 13. It has a considerable screw-type
component, as can be seen from the distorted circuit drawn with bold lines. Its extra half plane is
the (1120)-type plane. Along the < 1100 > dislocation axis the atoms of A(B) kind with single

broken bonds are located.
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Figure 13. 30° dislocation: § axis, b Burgers vector.

The model of an edge dislocation in the basal plane is shown in Figure 14. Along its axis
< 1010 > the traces of the two parallel extra half planes (1120) are lying, which result in parallel

rows of A(B) edge atoms.
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Figure 14. Edge dislocation with (0001) glide plane in wurtzite lattice. § axis, b Burgers vector.
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Similar models of core structures are available for all dislocation types listed in Table 3-2.
Utilizing these models gives a possibility to reveal the core structure characteristics of the complete
set of dislocations as seen in the right-hand columns in Table 3-6. Here, the column called as
“Types of core atoms” denotes the types and sequences of atoms at rows forming corresponding
dislocation cores. For instance, indices A-BJ||B-A mean sequentially varying types of atoms placed
along two parallel rows, while such notation as A-A||B-B denotes two parallel rows with atoms of
distinct type.

These four additional columns describe the types of atoms terminating the extra half planes, the
dangling bond line density calculated by means of the scheme explained in Figure 16 (a), and the
polarity revealed in the shuffle-set configuration.

Table 3-6.: Extended table of dislocation glide systems with indications of core structure polarity

Direction Angle
Extra half Types of | Dangling bond
No. Axis (t._, of Burgers | between Z‘, Glide plane Polar type
plane core atoms | line density, 1/a
vector b and b
1 <1210> | <1210> 0° - - 0
2 <0001> | <0001> 0° - - 0
3 <2110> | <1210> 60° {0001} (1010) A-A 1 a(B)
4 <0001> | <1270>|  90° {1010} (1120) A-B (@+B)
5 <1270> | <0001> 90° {1010} A-A|B-B (@+B)
6 <1100> | <1210> 30° {0001} (1120 A-A 0.577 o (B)
7 <1010> | <1210> 90° {0001} (1120 A-AA-A 1.154 o (B)
8 <1100> | <0001> 90° {1120 B-AJA-B (a+B) and (B+o)
9 <1213> | <1270> | 5824 | {1010} B-BJA-A (a+B)
10 <1213> | <0001> | 31°36° {1010} B-B-|A-A (o +P)
11 | <T10T> | <0001> 430 {1120} B-BJA-A (0. +P)
12 <0001> | <T100> |  90° {1120} A-B|B-A (a+B) and (B+au)
13 | <T101> | <T100> |  47° {1120} B-BJA-A oand B

The configurations and types of atoms terminating the extra-half planes in edge-type
dislocations as drawn in the Figure 12 - Figure 14 yield the complex behaviour of the polarities of
different dislocation cores as well as the differences in the densities of dangling bonds. The latter
follows from the distances between the core atoms along the traces of the extra-half planes in the
{0001} slip plane. The diagram in Figure 15 shows the different dangling bond densities estimated
in dependence on dislocation type.
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Dangling bonds line densities of perfect dislocations

1.2 4

-
o
1

o
oo
1

o
»
1

N
N
1

Dangling bond line density, 1/a
o
R

o
o

0 30 60 90
Angle between Burgers vector and dislocation lines

Figure 15. Dangling bond line densities for different perfect a-type dislocations in basal plane.

The gradual increase of line bond density with the raise of the angle between Burgers vector
and dislocation line is seen. The 90° dislocation should possess the highest calculated bond density.
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Figure 16. (a) Scheme for counting of dangling bonds per lattice constant length along certain dislocation
line directions shown by the arrows. (b) Calculated dangling bond line density of 0° 30°, 60° and 90°
dislocation segment in relation to their position in dislocation loop structures.

In Figure 16 (b) the dangling bond density for the distinct segments of the dislocation loop
lying in basal plane is shown. This picture represents in a grey scale how the distribution of the
dangling bond density should vary systematically over the entire loop. It can be seen from this
scheme that the edge segment of the loop has the largest magnitude of possible dangling bond
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density. The dangling bond density is believed to be related to the electrical activity of dislocations.
Thus, the dislocation loop should exhibit varying recombination behaviour depending on type of
the line segment considered.

As it could also be seen from the Figure 16 (a) the screw segment possesses exactly the
same length of period in the arrangement of atoms along the dislocation line as that one of 60°-type
dislocation segment. But nevertheless, electrical activity of the screw is believed to be lower in
comparison to a 60° dislocation because the former has no broken bonds as deduced from Figure
11. It is supposed that the dangling bond line density equals to zero in our model.

3.2.3 Possible super kinks as deduced from the loop model

Based on the model of dislocation loop structure in Figure 9 (a), possible super kink
configurations as shown in Figure 17 can be proposed. Symmetrical as well as asymmetrical
double super kinks can be formed depending on type of the dislocation line part considered. The
distinct segments belonging to the super kink have different dangling bond densities.

1.154/a 0/a
1/ 90" 1/a 05770~ @ _0.577/a
600 600 300 300
90° 90° 0° 0°
(a) (b)
1/a 0.577/a
1.154/a 60° 0.577/a 1/a 30° 0/a
90° 30° 60° 0°
60° 60° 30° 30°
() (d)

Figure 17. Possible geometrical kink configurations for perfect basal dislocations in wurtzite structure.
Symmetrical super kinks at the edge (a) and the screw (b), and non-symmetrical ones at the 60° (c) and 30°
(d) perfect dislocations.

Thus, the integral bond density of the super kinks is altered compared to the originating
dislocation line (let us mark it by index “m®). For instance, super kinks formed along an original
60° dislocation line (Figure 17 (c)), the average dangling bond density of the super kink part will be
determined by the total number of dangling bonds coming from segments of 30°- and 90°-type
inclusive the 60° segment belonging to the kink structure. It can be revealed from the pictures that
for 30°, 60° and 90° types dislocation lines the super kinks will decrease the average dangling bond
line density. The only super kinks on screw-type dislocation line (Figure 17 (b)) will increase the
average dangling bond density coming from zero up to a magnitude corresponding to that one of a
30°-segment. As a consequence, dislocations having super kinks should show change in
recombination activity.

It would be more convenient to come from quantity of average dangling bond density,
characterising a single super kink to fotal dangling bond density describing density of dangling
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bonds at longer dislocation segment. Depending on whether the super kinks formed will possess
increased or decreased total dangling bond density, the recombination activity of the whole
dislocation segment will be higher or lower, respectively.

From Figure 18, it can be deduced that each super kink contributes with two additional
segments of length h/sin30° to the fotal length (sum of lengths of all type segments), thus total
dangling bond line density may be changed.

l,..=h/sin(30°)

hitg(309)  , L,

< >

Figure 18. Change of specific effective length L of the dislocation by means of super kinks.

Formation of a double super kink excludes two part of length (h /tg30°) reducing the length of
the main type straight dislocation line, which initially was equal to L. But, instead these two
segments of main type, the other two parts of type 1 (left) and 2 (right) with length (h /sin30°) are
formed and came into play.

Presence of super kinks of number ng decreases effectively the initial length of the straight
dislocation line of main type by:

AL, =L-¥1I_ =2n,(h/tg30°) 2)

However, due to presence of number 2ng of additional segments with length of (h /sin30°) the
total length is increased, and for the change of total length we have:

2nkh[1 - cos30°}

sin30°

3)

AL, .= 2n, (h/sin30°) - 2n, (h/tg30°) =

Change of number of dangling bonds is caused by effectively variation of the total length and
depends on dangling bond densities in each segment 1 and 2 of super kink formed. Thus, in
asymmetric case of super kinks both contributions to total length from single super kink 1 and from
2 have to be separated because of different dangling bond densities.

In order to calculate the contribution of each type of super kink to total dangling bond number
Ny, the lengths of all segments as at kinks as at straight dislocation line have to be summed up and
multiplied by corresponding magnitudes of dangling bond densities y;:

Mot =Vm Zlim N2l Ty 2l =y n[L-2n, (h/tg30°)] +7,n, (h/sin30°) +7,n, (h/sin30°)=

o nh[ (7 +72)27,00530° |
Im $in30° ’

“4)

It is seen from this expression, that if n,=0 we have: 71;,,= YL = 1.
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Taking into account that super kink density is determined as number of super kinks per unit
length Ny= ny/L, and coming from quantities of dangling bond numbers to densities, defining the
total dangling bond density as total number per unit length v, = n/L, from eq. (4) we have:

Nh[ (7, +72)27,,0830° |
sin30°

(&)

ytot:7m+

Analysing the derived formula, it is seen, for instance, that if Ny, =0, than yo = Y.

In case of v1=v,= vy, the total density increases. However, depending on magnitude of the net
dangling bond density in segments of super kinks (y; + y,), some cases could be distinguished. So,
from eq. (5) is seen that total dangling bond density can:

1) be constant if (y; + 1) = 2y, c0s30°%;

2) increase if (y; + 72) > 2ym c0830°;

3) decrease if (y; +v2) < 2ym c0s30°;

Taking into account that sin30°=1/2 and c0s30°=0.866, finally we get:

Vot =Vm T 2Nkh[(71 +72)'1-7327m] (6)

It is seen that eq. (6) describes a linear dependence of dangling bond density on concentration of
super kinks. The consequences of the eq. (6) is that total dangling bond density in the dislocation
containing super kinks can as increase as decrease depending on the net dangling bond density
(Y1ty2).

Substituting the calculated data on dangling bond densities for super kinks constructed (Figure
17) into eq. (6), one comes to conclusion, that total dangling bond density should remain constant
for 30°, 60°, and 90° and increase for the screw dislocations.
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3.3 Partial dislocations in the wurtzite lattice

3.3.1 Splitting of the basal perfect dislocations

Gliding perfect dislocations in the wurtzite structure are preferably to be split into partial
dislocations for the energetic reasons. The partial dislocations move in a common glide-set plane
belonging to a Shockley-type stacking fault. The energy balance of the two partials including
stacking fault is negative, so that the dislocations are split following Frank’s energy criteria. For
instance, the perfect a-type dislocation lying in the basal plane (0001) dissociates into the two
partials with Burgers vectors 1/3[1100] and 1/3[0110], respectively, according to:

11— -
~[1210]==[1100]+—[01 10
3[ ] 3[ ] 3[ ]

As it was mentioned earlier, for the perfect dislocations in glide-set planes the number of
dangling bonds is higher than in shuffle-set configuration. One can suppose that the splitting of
perfect dislocation will increase the dangling bond density.

Table 3-7.: Possible types of partial dislocations in basal slip plane of wurtzite lattice [osip70 ].

No. Type of polar dislocation Axis Burgers vector Notation
1 Frank <2110> 1/6 < 0223 > F,
2 Frank <1100 > 1/6 <2203 > F,
3 Shockley-30° <2110> 1/3<1100> Shyg
4 Shockley-90° <2110> 1/3<0110> Shyg
5 Shockley-0° <1010> 1/3<1010> Shsg
6 Shockley-60° <1100> 1/3<0110> Shyg

<1100> 1/3<0110> Shyg
7 Shockley <0001> 1/3<1011> Shyp,
8 Shockley <0110> 1/3<1011> Shyp,
9 Shockley-30° <2110> 1/3<1100 > Shsg
10 Shockley-30° <2110> 1/3 <1100 > Sheg
11 Shockley-90° <2110> 1/3<0110> Shyg
12 Shockley-90° <2110> 1/3<0110> Shgg
13 Shockley-60° <1100 > 1/3<0110> Shog
14 Shockley-60° <1100 > 1/3<0110> Shyos
15 Shockley-0° <1010 > 1/3<0110> Shys
16 Shockley-0° <1010> 1/3<0110> Shyizs
17 Shockley-60° <1100> 1/3<0110> Shysg
18 Shockley-60° <1100> 1/3<0110> Shis
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A large variety of possible types of partial dislocations in the wurtzite structure has been
reported in [osip70] (see Table 3-7). Reactions between the partial dislocations were also proposed
(see Table 3-8). Same notations of the dislocation types as proposed by authors are used in this
table. Abbreviations “Sh” and “F” denote Shockley and Frank dislocations, respectively. Subscript
letters B and P note basal and prismatic dislocations, respectively.

In Table 3-7 only perfect dislocations contributing to the dislocation loop structure (Figure 9
(a)) are considered, i.e. screw, 90°, 30° and 60° type dislocations. These perfect dislocations are
split up according to the scheme given in Figure 19. From the Table 3-7, axes and Burgers vectors
of these perfect dislocations have been taken and some general reactions are schematically drawn
by vector diagrams in Figure 19.

(0001)

Figure 19. Scheme of splitting of basal perfect dislocations into partials for wurtzite lattice.

Practically, there are more types of reactions than shown in Figure 19 due to the facts that
splitting can occur either above or below the plane of location of the perfect dislocation and the
shear can be of oB or Ac type. These reactions are written in the Table 3-8.

Table 3-8.: Possible general splitting reactions for basal perfect dislocations in the wurtzite lattice.

0°— 30°(at) +30°(B)

90°— 60° +60°

30°—> 0° +60°

30°—> 60° +0°+0°

60°— 90° +30°

As it could be seen from presented reactions, the splitting of a screw and edge are going on in
one way only, whereas a 30° perfect dislocation may split up in accordance to two types of
reactions, and the 60° does this in four different ways (Table 3-9).

A model of the basal loop structure constructed by means of partial dislocations is proposed as
shown in Figure 20. Its slip plane is in the glide set configuration.
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Figure 20. Model of splitting of basal dislocation loop structure for wurtzite lattice.

In order to determine the dangling bond line densities all types of partials of interest, one
has to consider the corresponding core structures in more detail.

As shown in [osip70], the Sh;p is a 30° Shockley dislocation. Its core consists of a
homoatomic row with broken bonds and, therefore, can have A or B type edge atom.

The Shyp is a 90° partial dislocation. Its core consists of two parallel homoatomic rows with
one broken bond per atom.

Shsp is a screw partial Shockley dislocation without dangling bonds.

For Shsg partial the core consists of two parallel homoatomic rows, each core atom has one
broken bond in one row and two broken bonds per atom in another row.

In the Shep partial the core consists of 3 parallel rows of atoms in two planes with one
broken bond per atom. Two homoatomic rows lie in the upper double layer, and the row consisting
of atoms of different types, lies in lower layer. By means of extra elastic displacement, one of the
upper rows can be chemically closed up with the lower one, which decreases the number of broken
bonds in the core.

Shyp is formed in result of splitting the 30° Sh;p dislocation. It consists of a double row of
atoms of different kinds with one dangling bond per atom.

For Shgg the core consists of parallel rows of atoms of one kind, each atom has one broken
bond per atom. It is formed in result of splitting the 30° Sh;p dislocation.

Shgg is a 60° Shockley dislocation terminating a stacking fault formed during splitting a
perfect 30° dislocation. The core has on average 0.5 dangling bond of one kind atom per lattice

constant length.

Shyop is a 60° partial dislocation with 0.5 dangling bond of one kind atom per lattice
constant length.
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The dislocations Shy;g and Sh;,p are no longer screw-type dislocations in the usual sense,
because they show broken bonds.

The dislocations 60° Sh;sg and 60° Shy4p are two partial dislocations having great number of
broken bonds. The atomic configurations in these cores are rather complex.

Analysing the core structure models proposed by Osipyan [osip70] for the partial
dislocations in more details, data concerning atom types responsible for the dangling bonds and
these line densities could be obtained. The results of calculations of dangling bonds per lattice
constant for the various partial dislocations under consideration are given in Table 3-9.

Table 3-9.: Separated numbers of A- and B- type atoms per period length / for partial dislocations. Values of
total line dangling bond densities of partial dislocations and splitting reactions for perfect basal dislocations.

# | Possible reaction of dislocations | Number of A(g)/B(g) type atoms per Period length | Dangling bond
unit period at dislocation line, n la density,
B(g)-core A(g)-core y=npp/l
1 | 0°- 30°a) Sh;g +30°(B) Sh;s 2 (1a, 1) 2 (1, 14) 1 2/a
2 | 30°> 0° Shsg +60° Shog 0.55 0.5, 1+/3=1.732 0.29/a
3| 30°— 60° Shyg +0°Shy 5+ 6.5 (1.5, 55) 6.5 (1.55, 54) 1A/3=1.732 3.75/a
+0°Sh;,p
4" | 30°= 60° Shyop +0°Shy 5+ 2.5(1.54, 1p) 2.5(1.55, 1,) 11/3=1.732 1.443/a
+0°Sh,8
5 | 60°> 90° Shyp +30° Shsg 5 (24, 38) 5 (25, 34) 1 5/a
6" | 60°— 90° Shys +30° Shsg 3 (24, 1p) 3 (2g, 1a) 1 3/a
7 | 60°— 90° Shyg +30° Shyg 5 (24, 38) 5 (25, 34) 1 5/a
8" | 60°— 90° Shyg +30° Sheg 3 (14, 28) 3 (1p,24) 1 3/a
9 | 60°— 90°Shys+ 30° Shy 3 (14, 28) 3 (1g, 2) 1 3/a
10 | 60°— 90° Shgg + 30° Shy g 3 (14, 28) 3 (1g, 24) 1 3/a
11 | 90°— 60° Shy3 +60° Shyyp 5.5 (24, 3.5p) 5.5 (2g,3.54) 14/3=1.732 3.176/a
12" | 90°— 60° Shy3p +60° Shy4s 4.5 (2.54, 2p) 4.5(2.5g,24) 14/3=1.732 2.6/a
" The number of dangling bonds is reduced due to reconstruction of core structure.

The results of the dangling bond densities calculations presented in Table 3-9 are plotted in
Figure 21. Here the only highest and lowest values for each partial have been plotted. It should be
noted, that only the total numbers of dangling bonds at partials were taken into account, and no
difference in the properties of bonds for A- or B-atom types was considered.

It is seen from the diagram (Figure 21), that both the maximum and minimum magnitude of
dangling bond densities are for the 60°—partial dislocation. The minimum value can appear either
for the 30°- or for the screw-type partial depending on dislocation core conditions. If dangling bond
reconstruction is realised then the 30°-type partial dislocation has lowest dangling bond density.

The distribution of the total dangling bond density over the loop structure of a basal glide
dislocation is sketched in Figure 22. The density picture of the loop structure earlier introduced in
Figure 16 (b) has to be modified as shown in Figure 22.
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Dangling bond line densities of partial dislocations
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Figure 21. Relation of as calculated dangling bond densities to dislocation type given by angle between
Burgers vector and dislocation line for basal partial dislocations in wurtzite lattice. The case of minimal
dangling bond density is realized when bonds are reconstructed.
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Figure 22. Distribution of total dangling bond density given in Table 3-9along dislocation loop structure for
dissociated dislocation configuration.

Now, passing along the line of the loop structure shown in Figure 22 from left-hand side screw-
segment toward the right-hand side screw part, one could note that the edge segment is
neighboured by two 60°-dislocations of higher dangling bond density that differs from the model
presented in Figure 16 (b).

The basal partial dislocations have the polar character (Figure 20), but the results of dangling
bond calculations presented in Table 3-9 did not make any distinction between the types of atoms
responsible for the dangling bonds.
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3.4 Structure of fundamental kinks

For understanding dynamic behaviour of dislocations a complicated picture of dislocation
motion via formation, migration and reactions of kinks must be developed. In case of strong
dislocation lattice coupling as characterized by high Peierls potential, dislocations are known to
move by forming elementary double kinks (kink pairs), which spread laterally along the dislocation
line. The formation of kink pairs results in specific local core structure site as illustrated in Figure
23 (a, b). The pictures show a top view of the (111) glide plane with core structures of kinked 90°
partial dislocation line segment in ZB/Diamond lattice. The graphics display a left (LK) and right
(RK) single kink part of a double kink pair. The kink region shows a specific arrangement of the
core atoms, which is seen to be different in the LK and RK parts