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1 Introduction 
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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 104 to 107 cm2.   

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.  

 
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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2.1 Zincblende and wurtzite lattice structures 
Chemical compounds AIIBVI and AIIIBV 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]. 

 
                                      a)                                                               b) 

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

  



6  Crystallography of AB compound semiconductors 

 CdTe and GaAs are examples of AIIBVI and AIIIBV 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. 

 

 

Figure 3. Spatial arrangement of atoms in the zincblende unit cell. Here aª 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; 0,½,½; ½,½,0; ½,0,½; and 4B at ¼,¼,¼; ¼,¾,¾; ¾,¼,¾; ¾,¾, ¼.   
The point symmetry in A and B positions corresponds to 43m . Each atom A(B) has four 

neighbouring atoms B(A) located in the corners of a perfect tetrahedron in distance 1 3
4

a ⋅ , where 

a is the cubic lattice constant. Each atom A(B) is surrounded by twelve atoms of the same kind, 

which are the second order neighbours in distance 1 2
2

a ⋅ .  

An important peculiarity of the zincblende structure is that it does not have a centre of inversion 
symmetry. The layers A-B (or tetrahedra AB4) are along <111> directions. As a consequence, 
zincblende crystals show polar properties, such as distinct planes of opposite orientations (hkl)¨(-
h-k-l) may have A or B termination. The antiparallel directions [hkl]¨[-h-k-l] are not equivalent. 
The polarity of lattice structure results in pronounced anisotropy of physical and chemical materials 
properties. 

AIIBVI and AIIIBV compounds can also be crystallized in the wurtzite structure. The space 
symmetry group of such lattice corresponds to P63mc. 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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Figure 4. Spatial arrangement of atoms in the wurtzite unit cell, a1, a2, a3, 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)a2+c2(u-1/4)2]1/2. 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)c2]1/2.  

 In the crystals of wurtzite structure as well as in the case of zincblende structure, one can 
imagine the polarity of oppositely charged ions AII and BVI 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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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. 

 

     
(a)      (b) 

 
(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). 

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 gsñss, 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) Bgs
core Ass

core α 

A(gs) Ags
core Bss

core β 

 

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 12 10< >  and c = <0001>.  The line directions of simple dislocations types are 12 10< >  
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 [ direction consists of steps in 
the 

1101]
[ , the 1210] [ , and the [ directions, which may be written as: 2110] 0001]

 1 1[1 101]= [12 10]+ [2110]+[0001]
3 3

 

Dislocations in the [  direction consist of steps in the 1213] [  and the [0001] directions: 1210]

 1 1[1213]= [12 10]+[0001]
3 3

 

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 c, and two 
types of edge dislocations, and a 60o 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 Aσ, σB 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 Aσ, σB. 

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 {  or in the prismatic planes 0001} {  and 10 10} { , which are the glide planes of 
the dislocations. 

1120}

Table 3-2.: Possible glide dislocation in wurtzite lattice  [osip68]. 

No. Axis ξ Burgers vector b 
Angle between ξ 

and b 
Glide plane 

1 1210< >  1/3 1210< >  0o - 

2 <0001> <0001> 0o - 

3 2110< >  1/3 1210< >  60o {0001} 

4 <0001> 1/3 1210< >  90o {10 10}  

5 1210< >  <0001> 90o {10 10}  

6 1100< >  1/3 1210< >  30o {0001} 

7 1010< >  1/3 1210< >  90o {0001} 

8 1100< >  <0001> 90o {1120}  

9 1213< >  1/3 1210< >  58o24’ {10 10}  

10 1213< >  <0001> 31o36’ {10 10}  

11 1101< >  <0001> 43o {1120}  

12 <0001> 1100< >  90o {1120}  

13 1101< >  1100< >  47o {1120}  

 
The types of dislocations are given in this table by the angles between axes ξ 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} 12 10< >  

2) {1120} 1100< > ,  0001< >

3) {10 10} 12 10< > ,<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. 

No Glide system  

1 {0001} 1120< >  

2 {10 10} 1120< >  

3 {10 10} 0001< >  

4 {10 11} 1120< >  

5 {10 11} 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, fi 

0001< >  c-type 5,2066 

1120< >  a-type 3,2495 

1123< >  (a/c)-type 6,1374 
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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: 

2

2

2

22

2 3
41

c
l

a
khkh

d
+

++
=

 
(1) 

Using the eq. (1) and the values for lattice constants a and c [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 σ =σp /σ{11-22}. 

Plane d, fi b, fi d/b σ 

{0001} 2,603 3.250 0.801 56.18% 

{10 10}  2,814 3.250 0.866 52.65% 

{10 10}  2,814 5.207 0.540 72.91% 

{10 11}  2,476 3.250 0.762 58.43% 

{10 11}  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 ν. 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} 12 10< >  

2) {1120} 1100< > ,  0001< >

3) {10 10} 12 10< > ,  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.  

               
(a)     (b)      (c) 

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 90o-,60o-, 30o- and screw line parts of β-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 {  and 1120} {  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. 

10 10}

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 {  crystal surfaces. These 
models can be used to explain the geometry of the real dislocation rosette arms formed.  

10 10}

 
(a) 

 
(b) 

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, 30o, 60o and 90o-type dislocation segments gliding in basal plane (0001) 

models of core structures have been developed by the authors in [osip68]. A detailed insight into 
the core configurations is given in Figure 11 -  Figure 14. 

 

Figure 11. Screw dislocation core structure with the 1/3[-12-10] Burgers vector.  ξ axis, b Burgers vector. 

Figure 11 shows the core structure of a screw dislocation with 1/3[  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. 

1210]

 In Figure 12 the model of a 60o dislocation core in shuffle-set state is presented. Its 
direction ξ and the Burgers vector b form the 60o angle between themselves. In this case, the 
Burgers vector is 1/3[  and the direction of the dislocation line is ξ=1210] [ . Its edge-type 
component is clearly seen; an extra half plane can easily be assigned to the dislocation. The extra 
half plane 

2 110]

(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 ξ 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 60o dislocations depending on the type of 
atoms, which form the edge of the extra half plane. 

 

Figure 12. 60o dislocation: ξ axis, b Burgers vector, EHP (-1010). 

The 30o 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. 

 

Figure 13. 30o dislocation:  ξ 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. 

 

Figure 14. Edge dislocation with (0001) glide plane in wurtzite lattice. ξ 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-B||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  

 

No. Axis ξ 

Direction 

of Burgers 

vector b 

Angle 

between ξ 
and b 

Glide plane
Extra half 

plane 

Types of 

core atoms 

Dangling bond 

line density, 1/a
Polar type 

1 12 10< >  12 10< >  0o -   - 0   

2 <0001> <0001> 0o -   - 0   

3 2110< >  12 10< >  60o {0001} (1010)   A-A 1 α (β) 

4 <0001> 12 10< >  90o {10 10}  (1120)  A-B   (α + β) 

5 12 10< >  <0001> 90o {10 10}    A-A||B-B   (α + β) 

6 1100< >  12 10< >  30o {0001} (1120)   A-A 0.577 α (β) 

7 1010< >  12 10< >  90o {0001} (1120)   A-A||A-A 1.154 α (β) 

8 1100< >  <0001> 90o {1120}   B-A||A-B   (α+β) and (β+α) 

9 12 13< >  12 10< >  58o24’ {10 10}    B-B||A-A   (α + β) 

10 12 13< >  <0001> 31o36’ {10 10}    B-B-||A-A   (α + β) 

11 110 1< >  <0001> 43o {1120}    B-B||A-A   (α + β) 

12 <0001> 1100< >  90o {1120}    A-B||B-A   (α+β) and (β+α) 

13 1101< >  1100< >  47o {1120}    B-B||A-A   α and β 

 
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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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 90o dislocation should possess the highest calculated bond density. 

       

(a)      (b) 

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 0o, 30o, 60o and 90o 
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 60o-type 
dislocation segment. But nevertheless, electrical activity of the screw is believed to be lower in 
comparison to a 60o 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. 
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(c)      (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 60o (c) and 30o 
(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 
60o 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 30o- and 90o-type 
inclusive the 60o segment belonging to the kink structure. It can be revealed from the pictures that 
for 30o, 60o and 90o 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 
30o-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 total 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/sin30o to the total length (sum of lengths of all type segments), thus total 
dangling bond line density may be changed. 

 

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 / tg30o) 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 / sin30o) are 
formed and came into play. 

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

o
m m kL = L -  = 2n (h/tg30 )i

i
l∆ ∑  (2) 

However, due to presence of number 2nK of additional segments with length of (h / sin30o) the 
total length  is increased, and for the change of total length we have: 

o
ko o

tot k k o

2n h 1 - cos30
L =  2n (h/sin30 ) - 2n (h/tg30 ) = 

sin30

  ∆  (3) 

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 
ntot, 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 γi: 

o o
m m 1 1 2 2 m k 1 k 2 k

o
k 1 2 m

m o

+ + [L-2n (h/tg30 )] + n (h/sin30 ) + n (h/sin30 )=

n h ( )-2 cos30
L + ;

sin30

tot i i i
i i i

n l l lγ γ γ γ γ γ

γ γ γ
γ

= =∑ ∑ ∑

 + =

o

 (4) 

It is seen from this expression, that if nk=0 we have:  ntot = γmL ≡ ninit. 
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Taking into account that super kink density is determined as number of super kinks per unit 
length Nk= nk/L, and coming from quantities of dangling bond numbers to densities, defining the 
total dangling bond density as total number per unit length γtot  ≡ ntot/L, from eq. (4) we have: 

o
k 1 2 m

m o

N h ( )-2 cos30
 + 

sin30tot

γ γ γ
γ γ

 + =  (5) 

Analysing the derived formula, it is seen, for instance, that if Nk =0, than γtot = γm.  
In case of γ1= γ2= γm the total density increases. However, depending on magnitude of the net 

dangling bond density in segments of super kinks (γ1 + γ2), some cases could be distinguished. So, 
from eq. (5) is seen that total dangling bond density can:   

1) be constant if (γ1 + γ2) = 2γm cos30o; 
2) increase if (γ1 + γ2) >  2γm cos30o; 
3) decrease if (γ1 + γ2) <  2γm cos30o; 

Taking into account that sin30o=1/2 and cos30o=0.866, finally we get: 

[ ]tot m k 1 2 m + 2N h ( )-1.732γ γ γ γ= + γ  (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 
(γ1+γ2). 

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 30o, 60o, and 90o 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[  and 1/31100] [ , respectively, according to: 0110]

 1 1 1[1210] [1100] [0110]
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< >  F1 

2 Frank 1100< >  1/6 2203< >  F2 

3 Shockley-30o 2110< >  1/3 1100< >  Sh1B 

4 Shockley-90o 2110< >  1/3 0110< >  Sh2B 

5 Shockley-0o 1010< >  1/3 1010< >  Sh3B 

6 Shockley-60o 1100< >  1/3 0110< >  Sh4B 

  1100< >  1/3 0110< >  Sh4B 

7 Shockley <0001> 1/3 1011< >  Sh1P2 

8 Shockley 0110< >  1/3 1011< >  Sh2P2 

9 Shockley-30o 2110< >  1/3 1100< >  Sh5B 

10 Shockley-30o 2110< >  1/3 1100< >  Sh6B 

11 Shockley-90o 2110< >  1/3 0110< >  Sh7B 

12 Shockley-90o 2110< >  1/3 0110< >  Sh8B 

13 Shockley-60o 1100< >  1/3 0110< >  Sh9B 

14 Shockley-60o 1100< >  1/3 0110< >  Sh10B 

15 Shockley-0o 1010< >  1/3 0110< >  Sh11B 

16 Shockley-0o 1010< >  1/3 0110< >  Sh12B 

17 Shockley-60o 1100< >  1/3 0110< >  Sh13B 

18 Shockley-60o 1100< >  1/3 0110< >  Sh14B 
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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, 90o, 30o and 60o 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.  
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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 σB or Aσ 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. 

0o → 30o(α)  + 30o (β) 

90o → 60o  + 60o 

30o → 0o  + 60o 

30o → 60o  + 0o + 0o 

60o → 90o  +30o 

 
As it could be seen from presented reactions, the splitting of a screw and edge are going on in 

one way only, whereas a 30o perfect dislocation may split up in accordance to two types of 
reactions, and the 60o 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 Sh1B is a 30o Shockley dislocation. Its core consists of a 
homoatomic row with broken bonds and, therefore, can have A or B type edge atom.  

The Sh2B is a 90o partial dislocation. Its core consists of two parallel homoatomic rows with 
one broken bond per atom.  

Sh3B  is a screw partial Shockley dislocation without dangling bonds.  
For Sh5B 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 Sh6B 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.  

Sh7B is formed in result of splitting the 30o Sh1B dislocation. It consists of a double row of 
atoms of different kinds with one dangling bond per atom. 

For Sh8B 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 30o Sh1B dislocation. 

Sh9B is a 60o Shockley dislocation terminating a stacking fault formed during splitting a 
perfect 30o dislocation. The core has on average 0.5 dangling bond of one kind atom per lattice 
constant length. 

Sh10B is a 60o partial dislocation with 0.5 dangling bond of one kind atom per lattice 
constant length. 
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The dislocations Sh11B and Sh12B are no longer screw-type dislocations in the usual sense, 
because they show broken bonds. 

The dislocations 60o Sh13B and 60o Sh14B 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 l for partial dislocations. Values of 
total line dangling bond densities of partial dislocations and splitting reactions for perfect basal dislocations. 

Number of A(g)/B(g) type atoms per 

unit period at dislocation line, n 

# Possible reaction of dislocations  

B(g)-core  A(g)-core 

Period length 

l,a 

Dangling bond 

density,  

γ= nDB/l 

1 0o→ 30o(α) Sh1B +30o (β) Sh1B 2 (1A, 1B) 2 (1B, 1A) 1 2/a 

2 30o→ 0o Sh3B +60o Sh9B 0.5B 0.5A 1/√3=1.732 0.29/a 

3 30o→ 60o Sh10B +0oSh11B+   

+0oSh12B 

6.5 (1.5A, 5B) 6.5 (1.5B, 5A) 1/√3=1.732 3.75/a 

4* 30o→ 60o Sh10B +0oSh11B+   

+0oSh12B 

2.5 (1.5A, 1B) 2.5 (1.5B, 1A) 1/√3=1.732 1.443/a 

5 60o→ 90o Sh2B +30o Sh5B 5 (2A, 3B) 5 (2B, 3A) 1 5/a 

6* 60o→ 90o Sh2B +30o Sh5B 3 (2A, 1B) 3 (2B, 1A) 1 3/a 

7 60o→ 90o Sh2B +30o Sh6B 5 (2A, 3B) 5 (2B, 3A) 1 5/a 

8* 60o→ 90o Sh2B +30o Sh6B 3 (1A, 2B) 3 (1B, 2A) 1 3/a 

9 60o→ 90o Sh7B + 30o Sh1B 3 (1A, 2B) 3 (1B, 2A) 1 3/a 

10 60o→ 90o Sh8B + 30o Sh1B 3 (1A, 2B) 3 (1B, 2A) 1 3/a 

11 90o→ 60o Sh13B +60o Sh14B 5.5 (2A, 3.5B) 5.5 (2B, 3.5A) 1√3=1.732 3.176/a 

12* 90o→ 60o Sh13B +60o Sh14B 4.5 (2.5A, 2B) 4.5 (2.5B, 2A) 1√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 60o–partial dislocation. The minimum value can appear either 
for the 30o- or for the screw-type partial depending on dislocation core conditions. If dangling bond 
reconstruction is realised then the 30o-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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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.  

 
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 60o-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 90o 
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 (Figure 23 (b)). Such kink 
asymmetry can arise from distinct lattice symmetry and mixed character of the dislocations under 
consideration. Furthermore, the kink structure is affected by an atomic reconstruction of the entire 
dislocation core. It has been proposed [stil82, bul95, big92] that dislocation cores reconstruct in 
order to eliminate dangling bonds. Thus, each under-coordinated core atom forms a new bond with 
an adequate partner in the core region. Several authors have shown theoretically [han95, ari94, 
huan95] that this reconstruction lowers the energy of core structure. Moreover, EPR measurements 
prove a low density of dangling bonds, suggesting full reconstruction. Thus, a consensus seems to 
have emerged that this reconstruction represents the physically correct core structure under 
equilibrium conditions, and a large volume of work has come to rely on this assumption [got93, 
no91]. 

The dislocation core structure given in Figure 23 (b) illustrates the change of atomic 
arrangement due to reconstruction. Remaining kink asymmetry and full eliminating of dangling 
bonds except of one atom in the kink area can be recognised. Moreover, a combination of possible 
reconstruction defects appearing along the dislocation line leads to particular complexes of kinks 
with such defect, that originate in doubling of numbers of dangling bonds.  

 

Figure 23. Kinks in a 90o partial e.g. in Si with atoms above and below the (111) glide plane, shown as open 
and closed circles, respectively for, (a) LK and RK kink parts in unreconstructed core, (b) LK and RK kink 
parts after reconstruction which breaks the mirror symmetry [bul97]. 

A more detailed insight in other possible core structure configurations reveals additional kinds 
of kink structures containing completely reconstructed dangling bonds. It is predicted in [jon80] 
that fully reconstructed kinks would be strongly favoured energetically.  

Due to the remaining unreconstructed dangling bonds the fundamental kinks appear to be 
possible candidates as electrically active sites at a dislocation line exhibiting otherwise a 
reconstructed core structure.  
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3.4.1 Factors influencing density of fundamental kinks 
 Temperature 
A dislocation exists at low temperature in mechanical equilibrium as a straight line lying 

parallel to its Peierls valley. At finite temperature there should be a certain amount randomly 
distributed fundamental kinks originating from thermal activation of double kink pairs.  

In the case of low external stress the kink density at the straight dislocation line located in the 
Paierls valley remains about the same as under mechanical equilibrium. The concentration of the 
thermal double kinks depends on the formation energy E*

DK for kink pairs and the temperature T 
[hir82], and is given as: 

*
+ -

DK DK DK
2N exp N N
a T

DKE
k

 
= − = + 

 
 (7) 

where  denotes the sum of positive and negative kinks concentrations 
respectively, “a” is the period of the Peierls potential of second kind, N

+ -
DK DK DKN +N = N

DK represents the total kink 
pair density that comprises both the parts of positive N+

DK as well as that of the negative kink pair 
N-

DK. If there is no force acting on the dislocation line, the concentration of positive and negative 
kink pairs balance. It can be seen, that the given relation possesses saturation when the temperature 
rises, and kink pair concentration aspires to maximum value 2/a.  

All these kinks have small drift velocity, at that, positive and negative kinks move in 
opposite directions. 

Dislocation velocity 
The dislocations start to move when the concentration of positive kink pairs N+

DK exceeds the 
concentration of the negative ones N-

DK. The net density of kink pairs per unit length of line is 
given as: 

+ -
K DK DN N N= − K  ( 8) 

The dislocation velocity normal to the defect line will be expressed as:  

k kV = N v h⋅ ⋅  (9) 

Thus, for the kink concentration we have: 

k
k

VN
hv

=  (10) 

This simple formula shows that kink concentration has to decrease as the kink velocity vK rises. 
On the other hand, the dislocation glide velocity is proportional to single kink migration speed 

vK obtained from the Peierls mechanism at low stresses and high temperatures as [hir82]: 
3

k
hv  

T
Db
k

ν σ
≈  (11) 

where νD is Debye frequency,  σ is stress, b – Burgers vector length and h is distance between 
two neighbour Peierls valleys. Here also assumed that aºb. 

From  (10) and (11) follows: 

k 3 2

v TN ,
hD

k
bν σ

≈ ⋅  (12) 
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i.e. the kink concentration can be governed by the stress applied as well as by the temperature. 
Under conditions of constant stress and temperature there is a direct proportionality of kink 

concentration to dislocation velocity. 

Geometry of dislocation line 
Beside of the kink pairs produced by thermal fluctuations, whose density is governed by 

temperature, there exist another kind of kinks, which are formed for geometrical reasons. 
Gottschalk [got83a] has shown, for instance, if there are two interconnected dislocation 

segments laying along two different Peierls valleys then a transition from one crystallographic 
direction to the other one is realized by a smoothed bend but not by a sharp corner because of an 
effect of line tension [see section 3.5.5]. The bend is made up of elementary kinks. The static 
dislocation bend with radius R of curvature and a 60o angle is sketched in Figure 24 (a). To get a 
bend between the two straight dislocation segments, a certain quantity of kinks with distinct 
distribution is required. Supposing that the bend segment A1A is formed of single kinks belonging 
to segment 1 and A2A results from single kinks belonging to segment 2, a simple geometrical 
consideration yields the total number n of single kinks contained in within the bend: 

o R Rn = 2 (1-cos30 )  = 0.27  
h h

   ⋅ ⋅ ⋅   
   

 (13) 

Here h is the distance between two parallel Peierls valleys. For example, if for Si h=0.33nm and 
R=100 nm, then we obtain n=82.  

The local distance y of the single kinks depends only on the angle between the “average” 
dislocation line and the <110> direction: 

i

hy = ,    i=1,2
sinβ

 (14) 

and thus the local kink density:  

sin1n =  = 
y h

iβ  (15) 

These values both are independent of R. If βimax =30o,  

min max
1y  = 2h;    n = 

2h
 (16) 

     

(a)      (b) 

Figure 24. (a) 60o- dislocation bend. (b) Kink annihilation in a forward moving bend [got83]. 
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The kinks present in the segment A1A are all elementary kinks with same sign. In [hir82], Hirth 
and Lothe have shown that there exists a mutual repulsive force between the kinks of same sign 
and that the force exerted by the line tension of a bent dislocation segment can be derived from this 
kink-kink interaction. 

Considering the apex of a bend one can notice (Figure 24 (b)) that it is by no means possible to 
reduce the distance of neighbouring kinks below the minimal length 2h because of crystallographic 
reasons. It can be seen, too, that the two sorts of kinks, e.g. BC (or ABCD) on segment 1 and CD 
(or BCDE) on dislocation 2 cannot be distinguished in this region. 

Finally, we can note that the number of “geometrical kinks” in bent area is fixed, while kink 
concentration at the straight-line segments depends on temperature if stress is constant. The ratio of 
the thermal kink concentration to that one of at a bend depends on temperature. If the temperature 
is high enough, the concentration of thermal kink approaches maximal value 1/h, and the ratio of 
the concentrations of thermal and geometrical kinks becomes higher. On the other hand, at low 
temperatures, when concentration of thermal kinks is decreased, the concentration of geometrical 
kinks remains constant. 

3.5 Dynamical dislocation properties 

3.5.1 Empirical expression for dislocation velocity 
As follows from experiments, the velocity of a dislocation depends on stress, temperature and 

presence of internal obstacles hindering dislocation slip motion. From numerous experimental 
measurements the dislocation motion is found to be a thermally activated process with velocity 
[cha62]: 

v ~ exp( / )Q kT−  (17) 

where T-temperature, Q-activation energy. One should note that the activation energy changes 
distinctly below a certain critical shear stress σk, where the activation energy is a decreasing 
function [ale86, geo79]. 

At a fixed temperature, the dislocation velocity increases with raise of shear stress in a wide 
range: 

0v ~ ( / )mσ σ  (18) 

Here, σ is the applied shear stress, σο

kT

 is a constant having dimension of stress, and m is a stress 
exponent typically ranging between 1 and 2 for glide processes.  

Thus, based on eq. (17) and eq. (18) the dislocation glide velocity may be described in the stress 
range above σk by an empirical relation given as: 

0 0v( , ) v ( / ) exp( / )mT Qσ σ σ= −  (19) 

Here, vo is a material dependant constant with dimension of velocity, Q is mostly considered in 
the stress range σ > σk. This activation energy Q differs from crystal to crystal depending on type 
of conductivity and type of dislocation studied in various materials. 
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The stress exponent m is found to be slightly temperature dependant and splits up into two 
terms, one depending on temperature and type of dislocation and the other one only depends on 
geometrical dislocation parameters like line direction and type of glide system i.e.: 

m E kT mi= +/ 0  (20) 

For instance, Ei is different for screw and 60o dislocations, m0§0. Also, the stress exponent m is 
a varying function of stress. In some cases there is a threshold stress, called the starting stress, for 
the dislocation motion. Consequently, the eq. (19) is only an approximate expression of the 
dislocation velocity for a narrow stress range. 

 Combining equations (19) and (20) we have for the activation energy from eq. (17):  

0 0ln( / )iQ Q E σ σ= −  (21) 

that confirms a particular stress dependence of activation energy Q within the stress range σ>σk. 

3.5.2 Peierls mechanism of dislocation motion 
As it can be seen from a lot of electron microscopy pictures, isolated dislocations segments 

occur as straight lines, which are oriented along certain crystallographic directions in their glide 
planes. This can be explained by the existence of pronounced potential valleys, the Peierls 
potentials of 1st kind [pei40], which lie parallel to distinct lattice rows. 

 Gliding of a dislocation line corresponds to the motion of the dislocation from one Peierls 
valley into the next one overcoming the potential barrier. The potential valleys are situated in the 
most close packed planes and point exactly along the close-packed atomic rows assigning the 
minima of potential energy.  

Peierls potential and Peierls stress 
If dislocations move in a potential relief, which is described by a periodical function, 

interatomic distances in the crystal determine the period of this function (Figure 25).  

 
Figure 25. Sketch illustrating the definition of the Peierls potential Wp and σp the Peierls stress. The σp is 
given by the negative gradient of the periodical potential and is the stress which a dislocation requires to 
overcome the Peierls potential in order to glide on a slip plane. In materials with relatively large σp, e.g., in 
Ge σp≈ G*10-2, dislocation can move at σ << σp by thermally activated formation of kink pairs, which can 
then propagate sideward. 
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Cottrell and Nabarro have calculated the displacement energy of this periodical potential 
[cot53]:] 

( ) ( ) ( )
2 2 2( ) exp cos(4 )

4 1 2 1 1
Gb Gb dW

b
πα π

π ν π ν ν
 

= + −  − − − 
α =  

( )
2 1 cos(4 )

4 1 2 p
Gb W πα

π ν
= +

−
 

(22) 

Where G - shear modulus, ν - Poisson ratio, d – glide plane spacing, b - Burgers vector length, 
α=x/b displacement and Wp is called “Peierls potential”. The stress required to overcome the 
Peierls potential is called Peierls stress and denotes the stress that a dislocation needs to glide on its 
slip plane.  

Peierls stress σp is given by negative gradient of the periodical potential: 

( ) ( )
p

p 2 2
max

2πW1 W(α) 2G 2π dσ = = = exp -
α 1-ν 1-ν bb b

 ∂ 
    ∂   

 (23) 

Peierls stress separates the modes of viscous (σ>σp) and thermo-activated (σ≤σp) dislocation 
motion, therefore σp is the critical shear stress mentioned above. 

It is established [hir82], that for a given kind of crystal, σp has to decrease as the temperature 
raise, and σp has to be lower for edge-type dislocations compared to the value for screw ones.  

The motion of a dislocation as a whole is known, however, to be energetically not favourable. 
Instead of this, the dislocation motion occurs by means of kink pairs [kol96, spe97, lun99, joo97]. 
This way, a dislocation can easier reach the next valley. The moving kinks have also to move over 
a potential relief – the 2nd kind Peierls potential. To perform an elementary step of the dislocation 
movement, the kink pair called double kink (DK) has to be generated (Figure 26) as smallest pair 
of left kink (LK) and right kink (RK) while expands and disappears by LK-RK kink annihilation or 
by propagation along the Peierls valley [hir82] up to the ends of dislocation.  

 
Figure 26. Nucleation of  kink pairs and subsequent single kink migration in the kink-collision regime (a) and 
in collision free regime kink propagation (b). 

Thus, the elementary process of this Peierls mechanism includes kink pair formation, kink 
diffusion/drift and single kink annihilation or escape of kinks. Nucleation of kink pairs is a 
thermally activated process. There is a critical minimum width X* (Figure 27) of DK affected by 
thermal fluctuations. The DK with critical width is able to spread along the dislocation line due to 
acting stress σ, because it is energetically more favourable to have DK spreading than converging. 
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(a)      (b) 

Figure 27. The potential energy of a DK as a function of kink pair width X separation [hir82] in the kink 
diffusion model (a) and  in the Peierls model (b) illustrating 2nd kind potential. 

The whole expression for kink pair energy EDK(X) includes the terms of  kink interaction in the 
pair and of work done by the applied stress [hir82]: 

2 2
*

DK DK
Gb hE (x) = E  -  - σbhx
8πX

 (24) 

The formation energy of the critical double kink E*
DK is slightly dependent on stress σ 

according to [krou61]: 
* 1
DK 0DKE (σ) = E  - a'σ /2

 (25) 

where E0DK is the self-energy of the  double kink, a`-  proportionality factor. 
Steady velocity of a dislocation segment is simply given by the product of the kink line 

density Nk, the kink’s diffusion velocity vk and distance h between the valleys of the 1st order 
Peierls potential, as given above in eq. (9). 

The line density Nk is obtained from the temperature-dependent nucleation rate: 

J J E kTDK= −0 exp( / )*
 (26) 

and the kink pair lifetime X/vk:  

k kN =JX/v  (27) 

where X is the mean free path of the kinks. Therefore,  

V = J X h⋅ ⋅  (28) 

There are two processes terminating kink motion: 
1)  The kink can reach an impassable obstacle on the dislocation line, such as the end of the 

segment. 
2)  The kink annihilates with another kink of opposite sign due to collision. 

Let’s assume that L is the distance between obstacles. Then the free mean path X of a DK is: 

1 / X = 1 / L + Nk / 2 (29) 

Now two extreme cases can be considered:   
1) If the kink line density is low (Nk <<1/L), than most of the kinks will reach the ends of the 

segment, and  
2) Most of kinks annihilate (X→2/Nk) because they collision. Here the kink nucleation rate J 

equal to the collision rate vkN2
k , that results in (X<<L): 
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kX = 2 v /J  (30) 

Finally, for the dislocation velocity in this we have: 
*

k k 0 DKV = 2h v J  = 2h v J exp(-E /2kT)  (31) 

It is very likely that under most experimental conditions used the case 2 is verified and intrinsic 
kink dynamics plays most important role. In order to get the kinks diffusing, they have to overcome 
the energy barrier Wm (2nd order Peierls potential) that is higher then kT. Applying Einstein’s 
relation, the kink velocity is found to be: 

2 m
k D

Wσbhv = a exp -
kT kT

ν  
 
   

(32) 

where the νD denotes Debye frequency and a is the distance between two valley of the 2nd order 
Peierls potential. 

 As shown in [hir82], the DK nucleation rate J is proportional to the kink velocity vk: 

J
v
b

E
kT

k D= −
F
HG

I
KJ2 exp

*
K

 
(33) 

Therefore, we have: 
2 2 *

DK m
k D

bh a E /2+WV = 2h v J  = 2 exp -
kT b kT

σ ν
 
 
 

 (34) 

From the eq. (34) and eq. (19) for the activation energy Q we can obtain the following 
expression: 

*
DK mQ = E /2+W  (35) 

Combination of the eq. (30) and eq. (33) yields: 
*
DKX = 2 b exp(E /2kT)⋅ ⋅  (36) 

The maximum of the 2nd order Peierls potential for kink migration according to [geo87] is 
obtained as kink migration energy: 

2

m D
2hbaW = kT ln /v

kT
ν

 
⋅  

 
K  (37) 

3.5.3 Fundamentals of REDG effect 
Electronic excitation of semiconductor crystals containing glide dislocations may often lead to the 
effect of so-called Recombination Enhanced Dislocation Glide (REDG). The REDG phenomenon 
is a softening effect and means increase of the dislocation glide velocity in the sample under 
electron beam excitation in comparison with the velocity in “darkness”. This phenomenon is 
essentially due to a modification of the Peierls mechanism and is of intrinsic nature.  

The enhanced dislocation velocity is described by two terms: the term of thermally activated 
dislocation glide (vd) and an additional REDG-term (vi), thus: 

v v vd i= +  (38) 
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The temperature dependence of the enhanced velocity is quite characteristic. Both parts of the 
velocity expressions obey an Arrhenius low: 

( ) ( )d 0d d i 0i iv v exp -E /kT    and    v v e xp -E /kT= =  (39) 

where Ed and Ei are the activation energies in darkness and under irradiation. Ei is independent of 
excitation and smaller then Ed, so Ei = Ed - ∆E.  

The velocity enhancement is brought about by the substantial reduction ∆E of the apparent 
activation energy. However, since the pre-exponential factor is simultaneously reduced by 
irradiation, the effect can be observed only at temperatures below a critical temperature Tc when 
vi>>vd. 

The dislocation velocity increases with e-beam current density I as: 

∆v∼Iχ , (40) 

where the exponent χ is about unity with a small variation depending on the dislocation systems. 
 Increase of irradiation intensity does not affect the slope of the velocity vs. temperature 
relation in the enhanced state; in other words, irradiation reduces the activation energy of 
dislocation glide by an amount independent of the irradiation intensity. 

All of these facts are summarized by an empirical formula for the dislocation velocity as a 
function of temperature T, stress σ and irradiation intensity I: 

d
0d 0i

E -v(T, ,I) = v ( ) exp v ( ) R exp
kT kT

d
iσ σ ξ σ− ∆  ⋅ + ⋅ ⋅ ⋅    

(E - E) 


 (41) 

Here R – rate of defect bound recombination under e-beam excitation (I); ξi - REDG coefficient; T 
– temperature; σ - shear stress on dislocation. Figure 28 illustrates the phenomenon of electron 
beam-induced enhancement of the slip velocity of dislocations in GaAs. 

 
Figure 28. Temperature dependences of dislocation velocity for three types of dislocations in n-GaAs in the 
dark and under electron beam irradiation [mae83]. 

The first term dominates at high temperatures and at low temperatures the second term is 
relevant for the enhanced glide movement.  
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The critical temperature Tc is given by equating the first and the second term and is expressed 
by: 

t 0

e

v/ ln
vc

IET
k I

χ ∆   =          
 (42) 

The magnitude of ∆E is independent of intensity I and stress σ, and does not exceed ED. The 
magnitudes of ED and ∆E are both dependent on the material and the dislocation type. The ∆E is in 
all cases smaller than the band gap energy Eg.  

Physical origin of REDG effect is still an open issue. Heating of lattice could be most trivial 
cause of the enhancement, since, one may suspect a heating of lattice by the electron irradiation. 
However, the effect of lattice heating by irradiation is concluded to be negligible [mae83, mae81, 
mae83b].  Also charge state effect or doping effect [pat66, cho77] doesn’t explain the REDG. In 
GaAs, the mobility of the α-dislocation is known to be insensitive to doping while that of β-
dislocation is very sensitive [cho77]. If the role of the electron irradiation is to change the quasi-
Fermi level, the resultant effect should be less pronounced in the α-dislocation than in β-
dislocation, which is contradictory with experiments. Furthermore, while the doping effect 
manifests itself with a change in activation energy of dislocation velocity, the activation energy in 
REDG does not depend on the irradiation intensity that would change the quasi-Fermi level as the 
doping does. Thus, the charge state effect is unlikely to be the cause of the enhancement effect. 

3.5.4 Recombination stimulated Peierls mechanism 
During electron beam irradiation the electrons and holes are generated and travel through the 

crystal lattice until they are either recombined with each other or another trapping centers such as 
dislocations acting as very efficient recombination sites. After a pair of carriers is captured by the 
center, the system relaxes to stable ground state by releasing energy, which may be transformed to 
lattice vibrations (non-radiative electron-hole pair recombination), that results in the emission of a 
large number of phonons giving rise to phonon-kick mechanism [mae96]. 

 

 
Figure 29. The potential barrier  profile in the course of DK nucleation that proceeds by formation of a SDK 
(state 0→1) and kink for migration over the saddle-point state p. 

The phonon-kick mechanism is likely to operate in defect processes in which only a small 
number of atoms are involved [mae96]. Although dislocation glide requires a collective motion of a 
large number of atoms, the fundamental processes as the formation of a smallest double kink and 
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the kink migration, proceed by rearrangement of a small number of atoms. The centers providing a 
nonradiative path for carrier recombination can be:  

1. Kinks, which possibly introduce electronic energy levels in the band gap [hirs81, jon80]. 
If it is the case, the carrier recombination at the kink can stimulate the kink migration. 

2. There must be a site on a straight dislocation where non-radiative recombination can take 
place for enhancement of DK formation [mae96]. 

Since the atomic structure of such a straight dislocation site will be different from that of the 
kink, the energy levels associated with them will be also different. This requires differentiating the 
magnitude of the phonon-kick energy and the barrier height for carrier capture for kink migration 
from those for DK formation. 

This explanation of recombination enhanced Peierls mechanism is illustrated in Figure 29. Here 
∆Ek and ∆Es denote the net reduction of activation energy in possibly enhanced kink migration and 
possibly enhanced DK formation, respectively. The index i=0 indicates the state before a DK is 
formed, and other states i=1,2,… are those at which kinks can make diffusive jump to the 
neighboring states over the 2nd kind Peierls potential. The state i=p indicates the saddle point 
configuration. One has to note that the energy reduction is different between DK formation (0→1) 
and its reverse process (1→0) that is needed for backward migration of kink. 

To reveal which process is responsible for the REDG effect, the enhanced dislocation glide 
process has to be decomposed into its elemental steps within the framework of Peierls mechanism. 
This way, the expression for kink velocity vk has to be rewritten as: 

2
m

kv expk
Wbha

kT kT
σν  =  

 
-  (43) 

Here instead νD is used νk because the latter may depend on the recombination rate. 
The kink-pair nucleating rate J is derived from a set of rate questions which describe the forward 
and backward jumps over the respective barriers shown in Figure 29 with and denoting 
respectively, the barrier height for the forward jump from the state i to the state (i+1) and for the 
backward jump from state (i+1) to the state i, J is written in form: 
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where again instead νD is used νs to express its possible dependence on recombination rate. 
Substituting eq. (43) and eq. (44) into eq. (31) and (V=J·L·h) we obtain the generalized formulae 
for dislocation velocity: 

( )
2 1

*
1

0

2 1 1V = exp W      for  L X
2

p

s k i i m
i

bh a E E
kT kT

σν ν
−

+ −
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− − +  

  
∑  (45) 

In darkness, since ( ) *
1i i DKE E E+ −

+− =∑  and νs ≈ νk ≈νD (the Debye frequency), we get the same 

formulae as those derived by Hirth and Lothe [hir82]. 
For the REDG effect, one has to analyze separately the respective cases differing in the 

processes that are enhanced. 
Case (i). Both the double kink formation and the kink migration are enhanced, that means a 

recombination occurs on both straight (s) dislocation sites and kink (k) sites. In this case, the 
frequency factors νs and νk are related to the recombination rate R with an efficiency factor η. 
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Since R and η should depend on distinct process, it must be set νs=ηsRs and νk=ηkRk with indices 

expressing the specific process. For the energy terms, *
1( )i i DK s kE E E E+ −

+ E− = − ∆ + ∆∑  and  Ek = 

Wm-∆Ek . Therefore, 
*2

*/ 2 ( ) / 22V = exp      for  L XDK m s k
s k s k

E W E Ebh aR R
kT kT

ση η
 + − ∆ + ∆
− 

 
 (46) 

Case (ii). Recombination occurs only at straight dislocation sites and hence only double kink 

formation is enhanced. In this case, s s sRν η=  but k Dν ν= , and  and 

E

*
1( )i i DKE E E E+ −

+− = − ∆∑ s

k = Wm,  yielding 
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Case (iii). Recombination occurs only at kink sites and hence only kink migration is enhanced. 

In this case, k k kRν η=  but s Dν ν= , and  *
1( )i i DKE E E E+ −

+ k− = − ∆∑  and  Ek = Wm-∆Ek,  so that 

one obtains: 
*2

*/ 2 / 22V = exp      for  L XDK m k
k D k

E W Ebh aR
kT kT
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 + − ∆
− 
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The interpretation of the net reduction of glide activation energy ∆E differs depending on which 
process is enhanced. In any case, the magnitude of ∆E does not exceed the bandgap energy Eg. 
Dissociated dislocations may be strongly reconstructed so that the dangling bonds along the 
dislocation cores are all eliminated with the electronic bandgap free from deep states [hir79, 
mark79, jon79]. Solitons or anti-phase defects bounding reconstruction domains give rise to 
dangling bond levels located deep in the bandgap. Thus, the solitons fulfill the conditions, deep 
levels and a strong electron-lattice coupling, favorable for them to act as non-radiative 
recombination centers operative of the phonon-kick mechanism. Hence it is likely that solitons act 
similarly to straight dislocation sites for the enhanced DK formation in the REDG effect. In this 
case, since the kink-pair formation occurs preferentially at the soliton sites, the kink-pair nucleation 
rate J so far considered must be modified by multiplying a factor a/d, where d is the mean 
separation of solitons. As d is given by a·exp(Es/kT) with the Es, the soliton formation energy, the 
kink pair formation energy EDK

* must be interpreted as including Es. Therefore, if the kink-pair 
nucleation in darkness can occur everywhere on a dislocation line while that under excitation 
occurs only at soliton sites, the energy reduction to be observed is smaller by Es/2 in the kink-
collision regime and Es in the kink-collisionless regime. 

For kinks, on the other hand, Hirsch [hir79] assumed an unreconstructed kink, whereas Jones 
considered a reconstructed kink, both trying to account for the doping effect on dislocation 
mobility. While unreconstructed kink having a dangling bond should give rise to electronic states 
in the bandgap, the reconstructed kink, according to calculations by Heggie and Jones [heg83, 
heg82], has no gap states. However, for the REDG effect to occur the kink pair formation must in 
any case be enhanced. This suggests that kinks formed at solitons, conceivable sites of enhanced 
DK formation in Si, necessarily have dangling bonds, which may act as non-radiative 
recombination centers in the kink migration process.  
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These speculative arguments, however, lack experimental evidences, especially the actual depth 
of electronic levels associated with the solitons and kinks have not been identified on a definite 
experimental basis. 

3.5.5 Forces acting on Dislocations 
Peach-Koehler force 
Dislocation movement is based on the presence of driving forces as documented by eq. (49). 

Detailed calculations of forces on dislocations originating from external stress σ applied are 
complicated and must be done numerically in most cases. For the movement of a dislocation in its 
glide plane, only the shear stress on this plane needs to be considered. This is so, because only 
force components lying in the glide plane of the dislocation can have any effect on dislocation glide 
motion. The component of shear stress acting on the dislocation in the glide plane (Figure 30) in 
direction of the Burgers vector is called resolved shear stress σres. 

 

 
Figure 30. Resolved shear stress acts in slip plane along slip direction.  

However, while the resolved shear stress points into the direction of the Burgers vector, the 
direction of the force component acting on the dislocation, is always perpendicular to the 
dislocation line direction.  

This force component is called Peach-Koehler force and is given by equation [pea50]: 

PK ˆF ( )b gσ ξ ξ= ⋅ × = ×  (49) 

where g=σ*b so that gi=Σσijbi. 
The Force FPK as defined above by eq.(49) is always perpendicular to the dislocation line. 
The external stress σ must exert a same force on a screw dislocation segment that is 

perpendicular to the force acting on the edge dislocation part to achieve the in-plane expansion of a 
dislocation loop structure. 

One has to note that FPK always perpendicular to plane defined by b and g, and is always 
perpendicular to dislocation line labelled as ξ. Only in case if the σ is shear stress, we obtain the 
simple Peach-Koehler equation, i.e. (force per unit length) FPK= σresb. 
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Line tension 
In reality, dislocations can rarely move in total because they are usually firmly anchored 

somewhere. For a straight dislocation anchored at two points the Peach-Koehler forces resulting 
from the resolved shear stress will "draw out" this dislocation into a strongly curved dislocation 
line.  

 
Figure 31. Balance of Peach-Koehler forces acting on dislocation segment with line tension developed. 

The illustration in Figure 31 shows that for a certain stress σres, the Peach-Koehler forces 
will draw the dislocation into a curved line, but for some configuration there will be a balance of 
forces, because the line tension pulls the dislocation back. 

The dislocation line tends to shorten to minimize energy, as if it had a line tension. Line tension 
Φ equals to strain energy W per unit length l and can be expressed as [hir82]: 

21
2

dW Gb
dl

Φ = ≈
 

(50) 

A mechanical equilibrium will be established as soon as the force FPKL acting on whole segment 
of length L is balanced by the line tension Φ as a function of curvature radii R. Under equilibrium 
conditions it holds: 

PK resF σ b 2 sin
2

L L Θ ⋅ = ⋅ ⋅ = Φ ⋅  
 

 (51) 

where Θ-angle between lines perpendicular to the segment in anchor points and b-Burgers 
vector. From the sketched geometry follows that: 

sin
2 2

L
R

Θ  = 
   

(52) 

The formula gives the resolved shear stress necessary to maintain a certain radius of curvature for a 
dislocation. 

3.5.6 Propagation of real glide dislocations 
The Peach-Koehler force acting on unit length of dislocation line segment is of the same 

magnitude for all parts belonging to an identical dislocation loop structure in distinct glide plane. 
The response to the acting force is amount of all dislocation parts of the loop structure. Since the 
acting force is shown to be equal for all dislocation segments, the velocity has to be also the same. 
As a consequence, the expanding dislocations loops should possess a symmetrical shape. However, 
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experimentally obtained loop structures do not reveal strong symmetry. Clear asymmetry of real 
loop configurations hints at differences in mobility of the screw and edge type dislocation segments 
in the loop configuration. 

The dislocation mobility, which is expressed as ratio of the dislocation velocity to the acting 
Peach-Koehler force 

PK

V = 
F

µ , (53) 

may be employed to characterise the specific dynamic dislocation properties relating to the 
different core structures. 

Concept of dislocation mobility can be very useful to analyse behaviour of moving dislocations 
under similar experimental conditions. 

Although by first principle calculations of Peach-Koehler forces are rather difficult, and thus, 
mobility values cannot be calculated. However in many cases, if for geometrical reasons the Peach-
Koehler force may be supposed to be comparable for different dislocation segments, then values of 
mobility should directly reflect the dynamic states of the distinct dislocation cores. 

3.6 Electrical activity of dislocations 

3.6.1 Electronic states at dislocations (Read’s model) 
Dislocations introduced into ideal crystal lattice disturb the periodic lattice potential. 

Consequently, local electrical, mechanical and optical properties of the crystal are altered in the 
area of dislocation. The presence of dislocations in the crystal is responsible for the existence of 
localised electronic states in the energy gap, which give rise to donor and acceptor activity or cause 
scattering, trapping and recombination properties affecting the behaviour of charge carriers as 
proved by numerous electrical and optical measurements in several semiconductor materials. 

Initiated by an observed amphoteric behaviour of dislocations if the semiconductor matrix 
converts its type of conductivity, Shockley and Read [hol96] developed a model, which ascribes 
dislocation-induced electrical effects to the broken chemical bonds assumed to exist in core 
structures of the dislocations. In the framework of this model, each “dangling bond” may release or 
capture an electron, i.e. all dangling bond states along the dislocation line represent a half-filled 
energy band with certain position in energy gap. 

Analysing data of photoconductivity spectra, Hall measurements, and electron spin resonance 
Schröter in [schrö79] states, that the existence of dangling bonds at edge-type dislocations in Si and 
Ge, and some features of their electronic energy spectrum are well established. Labusch and 
Schröter [lab75] have derived some basic properties of the dislocation electron states from the 
experimental results on the Hall effect and carrier lifetime measured in deformed Si and Ge by 
means of a statistical treatment. The results are summarised in Figure 32. 
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Figure 32. Parameters of dislocation states for Si and Ge, as derived from Hall measurements [lab75].   

Within the simple dangling-bond model, a 60o dislocation (Figure 12) of the shuffle- or the 
glide-set is associated with a half-filled band. A screw dislocation has no dangling bonds, but 
dissociated into two 30o partials, having dangling bonds for which half-filled bands have to be 
expected. 

The dangling bond concept offers an empirical quantitative aspect by means of the line density 
of dangling bonds. This quantity is available as a structure parameter of the dislocation core under 
consideration and may be correlated with experimentally determined dislocation properties such as 
line charge built up due to carrier trapping at the defect. The line charge q is given [read54, 
read54a] by:  

DBq = ·n ,f  

where nDB is the dangling bond density and f is an occupation factor (f≈0.1). The situation of 
charged dislocation is illustrated in Figure 33 (a). 

   
(a)      (b) 

Figure 33. The Read [hol96] model of charge dislocations. (a) cylinder of space charge with radius R. (b) 
energy band structure  scheme (ED-dislocation state, EF-Fermi level, Φ-band bending). 

The line charge q is due to majority capture and appears to be screened by a region of space 
charge originating from the donor ions in the vicinity. 

The electrostatic configuration results in a band bending as sketched in Figure 33 (b), it is 
described by the potential [ale91]: 
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 (54) 

 (here ε0-, εr - absolute and relative dielectric constants respectively, r-radial distance) 
The scheme in Figure 33 (b) may be regarded as generalized dangling bond model as applied by 

many authors to discuss experimental findings on the electrical activity of dislocations. 
Besides studies of other authors, Ossipyan and Petrenko have performed experiments on the 

movement of charged dislocations during plastic deformation of AIIBVI crystals [osip79]. The 
electrical current density produced by moving dislocations was measured and analysed with respect 
to the plastic flow. The line charge q has been determined in wurtzite CdS for different dislocation 
types. The authors could show that the screw dislocations were uncharged, whereas the edge-type 
dislocations exhibited distinct line charge densities. In [hol62, osip68] it was shown that the charge 
of all the dislocations is likely to correspond with dangling bond configurations related to the core 
structures. 

However other authors [bul97] based on theoretical calculations state that the bonds in 
dislocation cores have to be reconstructed in order to minimize energy. Furthermore, the results of 
advanced theoretical works yield dislocation-bound electronic states related to perturbation of the 
periodic lattice potential, in particular, in the region of the defect-caused strain field [far99]. 

Thus, the dangling-bond concept is expected to fail at many cases of distinct electrical 
dislocation properties revealed experimentally. On the other hand, albeit sophisticated quantum 
mechanical calculations of electronic structure for dislocations have been done, there is no 
convincing correspondence between theoretical predictions and experimental data gained from 
electrical and spectroscopic data. In spite of the new theoretical concepts, the dangling-bond model 
is often used so far as a first approximation to explain experimentally recognised dislocation 
behaviour. 

In this work the dangling-bond concept is utilized to distinguish dislocations of different type in 
ZnO in respect of their recombination active properties. 

3.6.2 Dislocation recombination activity 
Dislocations in semiconductors are known to be very efficient recombination centers. This 

causes a pronounced impact on luminescence. 
A very detailed theoretical descriptions of the formation of CL signal at the defects in 

semiconductors have been presented in [her84, her87a, her87b].  
In the SEM-CL mode a defect-related contrast exists in panchromatic (cCL) and monochromatic 

form. Distinguishing matrix luminescence contrast (c0) from contrast part (cDL) due to dislocation-
bound luminescence (DL) leads to  

CL 0 DLc c + c=  (55) 

cCL, c0, cDL  can be analysed separately in the experiments. 
In the framework of the excess carrier processes under e-beam excitation the generation rate and 

recombination flux are balanced. Summarising radiative and non-radiative recombination 
determines the total recombination rate. The minority carrier lifetime is locally reduced by 
dislocation-induced recombination, thus: 
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1 1 1 1 ,
nr r Dτ τ τ τ

= + +  (56) 

where τnr, τr  relate to matrix recombination and τD is the dislocation related carrier lifetime. Any 
dislocation bound carrier recombination results in a reduced amplitude of matrix emission. 

Description of CL contrast by the Volume-Recombination-Model (VRM) [schr89b] supposes 
that the recombination activity of the dislocation is characterized by total defect strength: 

λ π τ= ⋅ rD D
2 /  (57) 

which comprises both the radius rD of defect cylinder and τD the carrier lifetime related to 
defect-induced recombination. 

Figure 34 represents a recombination kinetic model in the defect area for an n-type 
semiconductor as proposed by [hil98]. This model is based on Self-consistent barrier-controlled 
Shockley-Read-Hall (SBCSRH) model of recombination process to describe the nonradiative 
electron-hole recombination at a dislocation [kus95]. 

 

 
Figure 34. Schematic of recombination in the defect area for in n-type semiconductor [hoer01]. 

 Shockley-Read-Hall kinetics is used taking into account the charge state Q of the defect due to 
majority capture. Q creates the barrier Φ potential within rD and varies self-consistently with 
altered local majority density and capture of minorities. The recombination via the defect state ET is 
governed by Φ due to attracting minorities and controlling the majority flux into the defect states. 

As recombination-kinetic defect parameters emerge: ET-electronic defect state, NL-line density 
of states, cn,cp-electron and hole capture coefficients, Φ-space charge barrier, fT-dynamical 
occupation factor. 

The total defect strength λ  represents the factor of proportionality between the recombination 
fluxes Jn or Jp and the local excess carrier density [wil85], thus  

pn

D D

JJλ =  = 
∆n ∆p  

(58) 

For the recombination flux:  

p
( )J exp (1 ) exp V T

L p T T V
e E EeN c f p f N

kT kT
 ⋅ −⋅ Φ   = ⋅ ⋅ ⋅ ⋅ − − ⋅ ⋅ −   

    


 
(59) 

or 
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(60) 

holds, where NC, NV, EC, EV are the conventional quantities in semiconductor physics and n, p 
correspond to the carrier densities under focussed  electron beam excitation.  

The defect strength λ  is the only physically relevant parameter to characterise the electrical 
activity of the dislocations, it is direct proportional to NL. The temperature dependence of the 
recombination flux directly relates to (T)λ  which allows to extract the recombination-kinetic 
defect parameters. Values for λ  can be gained from experimental CL contrast studies by analysing 
of measured CL defect contrast employing the theoretical contrast profile function 

*
CL D D 0 D b 0c (ξ)=λ(r ,τ ) c (ξ,ξ ,U ,α ,L,τ)⋅  (61) 

in order to get λ as the fitting parameter. The theoretical defect contrast profile with regard to 
SEM-regime is given [hil98] as a distinct profile functions depending on ξ,ξD as probe beam and 
defect position, respectively, Ub – beam voltage, α0 and αD – optical absorption coefficients of 
matrix- or defect-related luminescence, L – diffusion length, and τ total lifetime of minority 
carriers in matrix. 
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4.1 Sample materials and preparation  
For investigation dynamics and electrical activity of glide dislocations in typical compound 

semiconductor with zincblende and wurtzite lattice structure GaAs and ZnO bulk samples with 
low-index surface were chosen. 

The GaAs bulk crystals were Si-doped n-type with carrier concentration about 5x1017 cm-3 and 
had (1 1 1)  B surface orientations. 

The ZnO samples have been prepared from (0001) substrate wafer or from bulk crystal in form 
of hexagonal prisms that provide  (1  and 0 10) (1120)  planes as samples surfaces to be studied. The 
material was colourless and transparent by sight. 

The ZnO materials were not doped, n-type with carrier concentration in the range of 1016 cm-3. 
Both the GaAs and ZnO crystals showed low grown-in dislocation density less then 104cm-2.  

 
Figure 35. Low temperature cathodoluminescence spectra of undoped ZnO monocrystalline hexagonal prism. 

Figure 35 shows representative CL spectra for the ZnO monocrystalline hexagonal prism used 
in experiments. As indicated, the two bands had peaks at 375nm and 530nm that were related to 
excitonic states and oxygen vacancies [stud98, van96] respectively. 
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On properties of ZnO 
Zinc oxide has attracted a significant amount of attention in the past several years since it is 

wide band gap the semiconductor finds a number of applications in catalysis, gas sensing, and the 
fabrication of varistors and other microelectronic devices. ZnO is appropriate for use as a 
transparent electrode in electronic and electric devices because of its transparency in the visible 
light region. Recently, ZnO-based optoelectronic devices, e.g. light-emitting diodes [ohn98] and 
lasers [oht00], have been developed. For the fabrication of such devices, high quality crystalline 
material with low defect density is necessary to achieve light emission with high efficiency. 

ZnO single crystals are being grown in bulk by means of hydrothermal, melt, and seeded vapor 
phase (SVP) methods. Grown technique yields ZnO wafers having dislocation densities in the 104-
105 cm-2 range and impurity level (causing n-type) in the 1016 cm-3 range. 

Regarding the ZnO WZ lattice structure the four low-index surfaces are of interest: non-polar 
(10 10)  and (   surfaces, and the polar (0001)-Zn and 1120) ( -O surfaces.  0001)

The enormous potential for use of ZnO in optoelectronic applications can be explained with 
reference to in Table 4-1 below which contains key properties of ZnO 

 

Table 4-1.: General zinc oxide physical  properties. 

Type of lattice WZ 

Lattice constants a and c / Å a=3,2495, c=5,2066 

Ratio (c/a) 6,137 

Energy gap Eg / eV 3.37 (RT)  

Exciton binding energy / meV 60 

Dielectric constant ε 8.75-10.8 

Melting temperature Tm / oC  2250 

Vicker’s hardness / GPa 1.75  

Young’s modulus / GPa 161-230  

Shear Modulus / GPa 45.5 

Poisson ratio 0.36 

4.2 Fundamentals of cathodoluminescence mode in SEM 
Cathodoluminescence (CL) is one of the interaction products originating from high-energy 

electron excitation of a non-metallic target (Figure 36) like semiconductor or insulating materials. 
CL represents the light emission associated with the materials excitation by the electron beam. CL 
radiation comes from the radiative recombination of non-equilibrium charge carriers such as 
electron–hole pairs excited in semiconductors by the impinging electrons. There are several 
luminescence channels in semiconductors. The recombination can be attained by various radiative 
transitions between the conduction band (Ec) and valence band (Ev) by excitons (Ee) or from donor 
(Ed) and acceptor (Ea) levels induced by dopants, impurities and point defects. Thereby, the energy 
of an emitted photon equals the difference between the initial and final energy levels of the 
captured excess electron. 
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Figure 36. Signals available from electron-target interaction in case of a semiconductor sample in scanning 
electron microscope (SEM). 

Electron-hole pair recombination is also realised by nonradiative processes such as Auger effect 
or multiple-phonon generation. In many cases lattice defects can serve as non-radiative 
recombination centres. Particularly, dislocations may act as local non-radiative centres of carrier 
recombination.  

The scanning electron microscope (SEM) is a very powerful tool to perform CL measurements. 
The SEM electron optics is utilized to produce a focused e-beam for exciting small region of a 
sample. The e-beam diameter in the SEM is of the order of nanometers. The excited volume 
depends on the acceleration voltage of the electron beam. Electron energies ranging from 200 V to 
50 keV (0.05-10nA) can be used in the SEM. The resulting probe volumes range from tens of 
nanometers to a few microns in diameter.  

The light emitted from such region is captured by a light collecting optics, and an optical 
spectrum is obtained using a monochromator equipped with a high-efficiency light detector. By 
changing the energy of the electron beam it is possible to perform a depth profiling of the optical 
properties of the specimen. Scanning of the e-beam probe in frame mode produces images of the 
panchromatic light emission intensities or with specific wavelengths emitted. The lateral resolution 
of the technique depends mainly on the diffusion length of the excited carriers. It can be as small as 
the electron probe diameter in the case of very small diffusion lengths and low beam voltages.  

There are several requirements concerning the specimens used. Electrically conducting samples 
are required in order to achieve high spatial and spectroscopic resolutions. The specimen should be 
stable under electron beam irradiation.  

However, there are some limitations, because high magnification imaging requires high electron 
dose, so specimens need to be relatively beam insensitive. Specimens that degrade under the 
electron beam should be avoided, i.e. there should not occur any degradation or damage 
phenomena. 

Suitable microscopes to performing SEM-CL are to be used, because the radius of the volume 
sampled by CL is much larger than the probe diameter. The CL sensitivity in the SEM for CL is 
primarily determined by the high electron brightness of its electron source. LaB6 guns are preferred 
to field-emission guns. Cold stages (liquid N or He) are necessary in order to observe optical 
transitions without thermal broadening. 
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4.3 Experimental setup for SEM-CL 
Two conventional scanning electron microscope apparatus (Jeol JSM6400, Tesla BS300) 

equipped with particular attachment have been used to conduct the SEM-CL experiments for 
studying the defects behaviour in the semiconductor crystals samples. To perform measurements at 
low temperature in the range 4.5K-300K for getting temperature dependences, both instruments are 
combined with the cooling stages (CF302) from Oxford Instruments Ltd. Controlled cooling down 
of the samples could be done by means of liquid helium or liquid nitrogen, respectively, flowing 
through a mini-cryostat integrated in the sample stage. The SEM-CL investigations were made 
utilising panchromatic and monochromatic mode. 

The SEM-CL setup used is sketched in Figure 37.  

     

(a)       (b) 

Figure 37. Scheme of SEM-CL setup with cooling stage (a). The device for the in-situ deformation (b). 

The operation principles of the setup are follow: electrons emitted from cathode (1) are focused 
by an electron optics (2) on the sample surface (3). The sample can be cooled from 300K down to 
4.5K by means of the cooling stage (4). The CL radiation collected by light optics (see Figure 37 
(b) for details) passes through a special monochromator (5) to different detectors to be measured in 
pan- and monochromatic mode. The digital image scanning system DISS 5 operates the electron 
beam during measurements and acquires the CL signal data quantitatively. It provides special 
capability of kinematical SEM operation.  

For the first time the special micro-indentation setup was developed and installed for the 
purpose of local plastic deformation under in-situ conditions. 

The tool attached for the in-situ deformation is shown in Figure 37 (b). It consists of indenting 
needle (9) integrated into the optical collection system made up by the spherical mirror segment 
and a flat 45o-mirror (7, 8). Indenting and scratching can be carried out with the needle (9) by 
mechanically touching the sample (10) during vertical movement of sample stage. 
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Plastic micro-deformation by means of in-situ scratching and indentation was used at 
temperature between 295K and 72K to introduce fresh glide dislocations in the crystalline samples 
examined. Sample treatment and correlated CL observation could be carried out simultaneously. 

The thermal contact with the cryosystem (CF302, Oxford Instruments, UK) is achieved through 
the “dovetail”-holder (11). 

The working parameters of the SEM-CL apparatus are: 
1) resolution: 100 nm 
2) image size: 512x512pixels 
3) contrast gradation: 8-bit grey scale resolution (255 levels) 
4) spectral resolution: 1 nm  
5) wavelengths range: form 200 to 1800nm 
 

4.3.1 Kinematical SEM-CL 
Technique of kinematical SEM-CL has been developed as a special tool to reveal dislocations 

as extended mobile recombination centers in semi-conducting crystals [hoe01]. It may be applied to 
in-situ plastic deformation [hoe01a] resulting in generation and thermally activated propagation of 
glide dislocations, and is also applicable under specific conditions of the REDG effect [mae81]. 
Kinematical SEM-CL studies comprise the observation of dislocation dynamics on microscopic 
scale as well as an analysis of the CL contrast behaviour at both moving and resting dislocations. 
Such kind of experiments aims at disclosure of any correlation between dynamics and 
recombination behaviour at identical defect segments. 

 Kinematical mode of SEM-CL is realised by means of generating and storing image 
sequences with frame rates up to real-time imaging condition. The kinematical CL technique can 
document a complete history of dislocation movement and corresponding CL defect contrast 
behaviour over a long period. The kinematical SEM-CL is based on an advanced digital scanning 
and signal acquisition system available for the real-time imaging and fast data processing. 
Optimum frame rates being available depend on the pixel acquisition times which are limited by a 
given signal-to-noise ratio, and thus, result from frame sizes chosen as well. In order to save 
quantitative CL information over dynamic range of 8 bits, uncompressed AVI format must be 
exploited for movie storage. Sequential CL imaging based on panchromatic signal acquisition with 
frame rates up to 10 fps according to a minimum pixel acquisition time of 0.4 µs for frame size 
500x500 is performed by utilizing the digital acquisition and processing system DISS 5 (point 
electronic GmbH). 

4.4 Description of SEM-CL signal 
  Figure 38 contains schematically carrier and photonic processes occurring in the SEM-CL 

experiments. The carrier behavior is primarily represented by the electron-hole pair generation 
distribution g(r), the minority carrier diffusion length L Dτ= , and the radiative and non-radiative 
bulk lifetimes τr and τnr which determine corresponding recombination rates Rr and Rnr. 
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Figure 38. Scheme of SEM-CL experiments. 

The continuity equation for the time-dependent excess minority carrier density q(r,t) is 
established as the balance of diffusion and drift currents, total recombination, and beam induced 
generation rates at each point r of the sample:  
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Here the total minority carrier lifetime τ(r) = (τr
-1 + τnr

-1)-1 is a defect-related function of the 
position r and D- the diffusion coefficient, µ- the minority carrier mobility. The validity of zero 
requires a linear recombination model such as band-to-band recombination in the low-injection 
regime so that the majority carriers do not need to be considered. If electric fields F(r,t) zero, the 
stationary balance dF/dt = 0 is expressed by the steady-state continuity equation for diffusion: 
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Taking into account the actual sample geometry, boundary conditions are to be fulfilled as  
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for any surface or interface at rS where a normal diffusion current is related to a non-radiative 
surface/interface recombination velocity vs. The carrier density must vanish (q(r)→0 for r→∞  ) in 
directions with practically infinite sample extensions 

Different models have been used in the literature [hil98] for the generation rate. To perform a 
correct quantitative analysis of experimental data, one has to use a realistic generation distribution 
g(r;Ub) = G0 gr(r,z) gz(z) (G0 is the total carrier generation rate). The basis for the CL contrast 
calculation are the equations ( 62) and (63), respectively. 

The spectral CL signal defined as photon flux leaving the sample surface and collected by an 
ideal spectrometer [her84] is given by the integral of the radiative recombination rate over the 
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sample volume Ωs corrected by losses due to spectral optical absorption α(hν) and total reflection 
at the sample surface for escape angles larger than the critical angle Θc: 
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where Q(h) denotes the relative internal spectral distribution of the recombination radiation. In 
the case of panchromatic, spectrally integrated CL experiments, eq. (65) remains correct if 
"effective" parameters for quantum efficiency Q  and α  absorption are introduced. ICL(UB,hν) is 
governed by the local carrier density q(r) which can be deduced from eq. ( 62). It should be noticed 
that q(r) directly depends on τ(r) that is affect by the presence of any recombination active defects. 

4.4.1 CL contrast of extended defects 
For comprehensive studies on the formation of the CL contrast from dislocations it is necessary 

to take into account the intrinsic nature of dislocation related recombination, as well as effects due 
to dislocation interaction with surrounding point defects. Moreover, there are additional 
geometrical contrast factors too. Generally, extended defects are supposed to change the local 
recombination properties of the sample. Dislocations in semiconductor crystals are known to be 
very efficient recombination centres. Hence, their electric activity resulting in a recombination 
contrast has to be considered with respect to bulk recombination rates. The knowledge of matrix 
signals and corresponding parameters is therefore a general requirement for quantitative analysis of 
the defect contrasts. The model case of a surface-parallel dislocation as applicable for many both 
misfit and glide dislocation geometries considered in [hil98] is shown in Figure 39.  In Figure 39 
(a) the situation for the carrier generation and recombination processes in the vicinity of a 
dislocation line is outlined. The Volume-Recombination-Model for the dislocation is utilized. 

 

  
(a)      (b) 

Figure 39. (a) Configuration of SEM-CL contrast measurement at a surface-parallel dislocation [hil98]. (b) 
Scheme for the carrier generation and recombination processes. 

In the volume recombination model, the dislocation is characterized by a cylindrical region rD 
where the total lifetime τ' differs from the bulk value. A defect-induced recombination strength 
[don78] is defined as:  

1
' D

τ τγ
τ τ

= − =
 

(66) 
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The radius rD of the dislocation cylinder may be preliminarily interpreted as a "capture cross 
section" but one can also try to infer this region from physical dislocation properties such the 
extension of the core region, strain field or the space charge region of a charged dislocation.  

However, it can be shown that for rD<<L, where L is minority carrier diffusion length, the shape 
of the contrast profile of the surface-parallel dislocation line is independent of rD. In this case, γ and 
rD cannot be determined separately but form together a so-called defect strength λ . On the other 
hand, impurity decoration or a gettering-induced denuded zone may cause a larger extension of the 
defect-related region as shown e. g. for GaAs in [bal76]. In such a situation or if specific defect 
bound emission occurs, the radiative recombination can be also affected. This is considered by 
introduction of a second defect cylinder ΩD

r of radius rD
r with modified τr' and radiative 

recombination strength γr = τr/τr' – 1. In principle, this model is able to describe the complex 
structure of the well-known "dot-and-halo" contrasts. 

As the e-beam probe approaches the dislocation site, the SEM-CL signal responds by 
decreasing as sketched in Figure 39 (b). A single line scan generates a CL intensity profile showing 
a local minimum at the defect position. The profile dip defines the defect-related CL contrast value 
c as part of the CL contrast profile: 

CL CL
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CL
o

I ( ) Ic( ) = 
I
ξ

ξ
−

 
(67) 

where I0
CL= I0

CL(ξ→ ∞) is the matrix signal. 
This relationship may be directly applied to SEM-CL experiment. On the other hand, the CL 

contrast profile may be described by: 
*

CL D D 0 D b 0c (ξ) = λ(r ,τ ) c (ξ,ξ ,U ,α ,L,τ)⋅  (68) 

This gives a rewritten form the CL defect contrast value as: 
*c = λ c⋅  (69) 

where the defect strength λ  appears as a parameter characterising the defect recombination 
activity. There is an access to simulation calculations for the profile function c*, thus, from 
quantitative CL contrast measurements the parameter λ  may be determined. The λ  value 
represents a “linear recombination velocity” specific for the extended line defect. 
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5.1 Investigation of dislocation structures in ZnO 

5.1.1 As grown dislocation structures 
 
Dislocation structures in ZnO are expected to be formed according to the wurtzite type lattice of 

the mono crystalline material. Until now, no systematic investigation of grown-in dislocation 
configurations or dislocation structures produced by plastic deformation can be found in the 
literature. For the first time, more detailed studies on the dislocation behaviour in ZnO bulk crystals 
has been performed here by means of the method SEM-CL to reveal microscopic dislocation 
distributions including imaging of single dislocation arrangements allowing recognition of different 
types of dislocations. Only electrical active dislocations will be recorded. 

The ZnO bulk materials both (0001) substrate wafers and hexagonal prisms exhibited a low 
average dislocation content. However, locally enhanced dislocation densities have been observed in 
particular areas of the prismatic crystals. Figure 40 is a CL picture of the pyramidal termination of 
a ZnO prism. 

 
Figure 40. CL image taken from the pyramidal termination of a hexagonal prismatic ZnO crystal. 
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The CL dark patterns display defected regions existing in vicinity of the edges of the hexagonal 
pyramid. Similar defected regions were found along edges of the (10 10)  faces. 

Figure 41 (a) and (b) are the CL images zoomed from the same ZnO prism sample. The edge 
between two neighbouring faces (10 10)  is accompanied by a very strong dark contrast due to the 
dislocations density increased. Extended arrangements of single dislocations are seen. Furthermore, 
propagation of the dislocations in distinct crystallographic direction of different glide planes may 
be deduced. 

(a)    (b)  

Figure 41. CL images of as grown dislocations in ZnO (10-10) sample surface. 

The grown-in glide dislocations are immobile and form prismatic half loops. Rounded and 
random dislocation line shapes point to increased temperature at which the crystal was  grown. 

         
(a)    (b)     (c) 

         
(d)    (e)     (f) 

Figure 42. Sequence of CL images taken at distinct temperatures, showing changes (vanishing) of CL 
contrast upon heating of the as-grown dislocations observed at  (0001) ZnO (a)-(f). 

Figure 42 shows CL patterns of individual dislocations as observed on (0001) ZnO sample, 
threading segments and a half-loop like defect configurations are indicated. In this particular case 
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of as-grown dislocations, the CL contrast vanishes at higher temperature. The CL contrasts of glide 
dislocations, which moved into the area of image, are seen in Figure 42 (e, f). 

5.1.2 Glide dislocations 
To obtain a more general insight into the dislocation structure being realized in ZnO, 

appearance of glide dislocations has been analyzed. The glide dislocations were introduced by 
means of local plastic deformation utilizing micro-indentation and scratching on the low-index 
(0001), (10 10)  and (1120)  sample surfaces. The generated dislocation configurations comprise a 
set of the main slip dislocation types. 

Figure 43 represents the results of ex-situ scratching experiments on (0001) ZnO. Scratches 
approximately parallel to [  have been made with different loads between 5p to 15p. The CL 
picture images the near-surface dislocation arrangements produced. Even at the scratches for 
lowest load the dislocations are distributed over a range of about 150 µm in extension. Defect 
density varies with distance from scratch center.  

1010]

 

(a)    (b)  

Figure 43.  Micrographs of ex-situ scratching of (0001) ZnO at 300K. (a) SEM SE mode.  (b) SEM-CL 
mode. 

As seen in Figure 44, there are characteristic differences in the dislocation arrangements. The 
scratches have generated a number of threading dislocations spreading along the [  directions. 
Higher density of threading defects is observed near the scratch produced at higher loading. 
Surface-parallel dislocation lines travelling over distances of 100µm can be seen near the scratch 
with lower loading. The line segments do not rest primarily along the corresponding Peierls valley 
directions. 

1210]
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(a)     (b)      
       

Figure 44. Magnified dislocation structures: (a) near the highly stressed scratch (15p); (b) near low-stress 
scratch (5p). 

The dislocation configurations shown in Figure 44 (a, b) may be ascribed to four particular slip 
systems activated. Operating slip systems could directly be identified by means of in-situ 
scratching experiments. In-situ scratching was performed on a (0001) plane surface of the ZnO 
substrate at low temperatures. Kinematical SEM-CL documented the entire procedure of 
scratching. Loading stress was changed in order to observe propagation of dislocations under 
different stress conditions.  

 
Figure 45. In-situ scratching being performed on  (0001) ZnO plane with high σ1 and low σ2 loading. 

Figure 45 is a selected frame of entire SEM-CL movie. Threading types of dislocations are 
found to appear at the higher stress σ1 on the upper and lower sides of the scratch, while loop 
structures were formed at the lower stress σ2 only at the upper side. The appearance of loops at 
lower stresses completely corresponds with results on ex-situ experiments obtained earlier. 

Micro-indentation yields better-resolved dislocation configurations because of realising more 
symmetric geometry for the glide systems activated. Indenting on (0001) sample surface results in 
6-fold symmetry of the dislocation arrangement as proved in Figure 46. 
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(a)       (b) 

Figure 46. Micro-indentation on (0001) ZnO. (a) SEM-CL micrograph. The SE image of indent is shown in 
the center. (b) Scheme of dislocation structures expected to be formed. 

From the SEM-CL micrograph in Figure 46 (a), the six-arm dislocation rosette around the 
indentation center is concluded. Dislocations spread along double arms in [  for distances of 
about 40 µm. The defect rosette constitutes of threading segments, surface parallel lines, surface 
parallel half- and quarter-loops as well as of lines and half-loops inclined to the surface. 

1210]

A detailed inspection of the CL image in Figure 47 (a) revealed that surface-parallel half-loops 
break and transform into quarter-loops. Such a reaction is sketched and can be explained by the 
model shown in (b). 

 

    
(a)       (b) 

Figure 47. (a) Reactions in basal half-loops involving a cross-slip events. (b) The model of possible reaction 
resulting in prismatic loop parts. 

Local plastic deformation by means of micro-indentation on (10 10)  sample surfaces of 
hexagonal prismatic crystal could be used to verify dislocation configurations containing, in 
particular, dislocations with polar core structure. 
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(a)      (b) 

Figure 48. (a) Typical double rosette arms in (10-10) plane. (b) Scheme of dislocation structures in (10-10) 
ZnO. 

This (10 10)  indentation produces two-fold dislocation rosettes pointing along the [  
directions. The CL picture of such dislocation arrangement is shown in Figure 48 (a). As sketched 
in Figure 48 (b) both rosette arms consist of two dislocation branches lying on opposite sides in 
respect to c-axis direction. No surface parallel dislocation arrangements are found. Thus, activation 
of basal plane slip systems must be concluded. Such kind of slip systems contains polar edge-type 
dislocations. Length of a rosette arm characterises dislocation mobility which should be different 
for the opposite polar edge-type dislocations. 

1210]

Taking advantage of the special setup attached for in-situ plastic deformation, the formation of 
the dislocation-rosette could be followed up and documented by kinematical SEM-CL.  

Figure 49 shows the CL picture chosen from the CL movie demonstrating building up of a 
rosette arm in the six-fold dislocation rosette around a indentation on (0001) ZnO. 

 

ZnO 

(0001)

CL

25 m µ
 

Figure 49. CL image of the defect configuration formed in <11-20> arm of six-fold dislocation rosette around 
an indent on (0001) ZnO sample. Basal and prismatic slip systems can be recognized from the defect 
arrangement utilizing the model for glide prism configurations proposed [see section 3.2.1]. 
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The introduced dislocations exhibited high mobility and were propagated predominantly in 
surface-parallel basal and inclined or surface-perpendicular prismatic slip planes.  

A closer look at the distribution of CL dark contrasts gives evidence for expansion of prismatic 
dislocation loops in a surface-parallel (0001) slip plane as part of the 1120< >  glide prism 
proposed in section 3.2.1. 

5.1.3 Identification of glide dislocation types 
The dislocation configurations revealed by the results of the CL microscopy studies reflect 

major fundamental glide dislocation structures as predicted for the wurtzite lattice of ZnO crystals. 
The dislocation arrangements observed might be related to the basic slip systems expected. A clear 
evidence is given by the experimental findings for the operation of following glide systems: 

- basal plane slip systems {0001} 1120< > , 
- prismatic plane slip systems {10 10} 1120< > . 

There is no hint at any dislocations propagating in the other possible kinds of slip systems such as 
{1020} <0001>, 1100< > .  

An example for the identification of dislocation type is given in Figure 50. The loop structure 
found in this CL image constituted from 58o, 90o and screw-type line segments. This kind of 
dislocation half-loop corresponds quite well to the group of glide dislocations shown in Figure 41 
(b). 

 

       
Figure 50. Grown-in glide dislocation loops parallel to (10-10) ZnO plane. 

All observed glide dislocations should have an a-type Burgers vector and differ in their 
particular core structures. Thus, from dislocation line directions determined in the microscopic 
defect arrangements as revealed in the CL images, the specific types of individual dislocation 
segments are obtained. Emergence of following dislocations is proposed: 
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Table 5-1.: List of types of glide dislocations identified. 

Example 

in: 

Slip system Line direction ξ Burgers 

vector b 

Description 

Figure 49 {0001} 1210< >  

 

1213< > ,<0001> 

1210< >  

1/3 1210< >  

QUARTER-LOOPS 

Edge-type: threading 

Screw: ξ||surface 

Figure 50 
 

{1010} 1210< >  

 

1213< > ,<0001>, 1210< >  
1/3 1210< >  

HALF-LOOPS 

Edge-type, screw: ξ||surface 

Figure 49, 

45 

 

{0001} 1120< >  

{1010} 1120< >  

1100< > , 2110< > , 1010< >  

1213< > ,<0001> 

1/3 1120< >  

PRISMATIC LOOPS 

Edge type: A(g)/B(g) loops  

Edge type: threading  

Figure 41 {1010} 1120< >  

{0001} 1120< >  

1213< > ,<0001> 

1100< > , 2110< > , 1010< >  

1/3 1120< >  

PRISMATIC LOOPS 

Edge type: loops 

Edge type: A(g)/B(g) threading  

Figure 55 {0001} 1210< >  

 

1100< > , 2110< > , 1010< > , 

1210< >  

1/3 1210< >  

HALF-LOOPS 

Edge-type: A(g)/B(g) ξ||surface, 

Screw: ξ||surface 

Figure 48 {0001} 1210< >  1100< > , 2110< > , 1010< > , 

1210< >  

1/3 1210< >  

QUARTER-LOOPS 

Edge-type: A(g)/B(g) threading  

Screw: ξ||surface 

5.2 Dislocation dynamics 
Dislocation configurations developing during micro-deformation provide a straightforward 

access to study microscopic dislocation dynamics. Utilizing in-situ scratching and micro-
indentation technique, progress of dislocation propagation can be recorded by means of kinematical 
SEM-CL. For the first time, it was possible to document motion and recombination activity of 
single dislocations in ZnO. 

The results of in-situ scratching and micro-indentation experiments give clear evidence of high 
mobility and long-distance movement of the glide dislocations in basal as well as prismatic slip 
systems. Even at low temperatures down to 65K considerable dislocation slip up to some 100 µm 
per sec. is documented by SEM-CL movie. From this point of view, the crystalline ZnO appears to 
be a relatively soft material. Values of Vickers microhardness could be determined in range of 
1.75·109Pa [mukh01]. 

5.2.1 Dislocation movement 
Glide of dislocations is mobilized due to thermal activation. However, there is a remarkable 

response for the REDG effect, too. Figure 51 demonstrates thermally induced expansion of the 
dislocation rosette around an indent produced on the (0001) surface at low temperature.  
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(a)     (b)     (c) 

Figure 51. Expansion of a dislocation rosette in the stress field gradient of indent on (0001) ZnO upon 
heating.  (a) 100K, (b) 170K, (c) 270K. 

Heating up the sample caused dislocation propagation in the stress gradient occurring because 
of the indent in the rosette center. Lengths of the rosettes arms increased while raising the 
temperature. Expansion of single dislocation loop structures as well as motion of threading 
dislocations can be recognised. 

Individual threading dislocations emerging from basal slip systems on a (10 10)  sample surface 
are shown in Figure 52 as moving due to REDG effect. These dislocations were introduced by 
scratching on ( . Anti-parallel slip occurs in the almost identical strain field area close to a 
scratch. This anti-parallel slip motion originates probably in different sign of the Burgers vectors 
belonging to the dislocations under consideration. Such a difference in the Burgers vectors might 
also explain some processes of simultaneous occurrence of dislocation formation and 
backformation in same sample area [schr04]. 

10 10)

         

ZnO (1010)-

t0    tn    tx 

Figure 52. Series of CL images illustrates anti-parallel slip motion of threading dislocation segments 
observed on (10-10) ZnO sample and gliding in (0001) slip plane at 259K. Order on time scale: t0 < tn < tx. 

Grown-in dislocations (see Figure 42) are found to be immobile; they showed no tendency to 
move neither for thermal activation nor under REDG conditions. 

The further studies performed have disclosed interesting particularities of the microscopic 
dislocation dynamics in ZnO. In Figure 53 beside events of anti-parallel slip and formation or 
backformation of dislocation parts in same strain field are displayed, respectively. 
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(a)           

(b) 
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Figure 53. Microscopical dynamic behaviour of single dislocations as revealed by kinematical SEM-CL at 
72K. In CL series the formation (a) and backformation (b) of surface-parallel screw-type defect line parts (s) 
accompanied with mobile threading dislocation segments (e) are documented. Lengths of line segments 
pulled out or removed are in the order of some µm. Order on time scale: t0 < tn < tx 

Figure 53 (a) and (b) are about the formation and backformation of surface-parallel line 
segments (s) accompanying threading dislocation segments (e) moving near a scratch placed on a 
(0001) (Figure 53 (a)) or (10 10)  (Figure 53 (b)) surface, respectively. In case of Figure 53 (a) the 
threading segment is pulling out a surface-parallel defect line, which has seemingly screw-type 
character. In series of Figure 53 (b) the local dislocation configuration marked by (s) and (e) 
shrinks mainly due to disappearance of the surface-parallel screw line part (s). This defect reaction 
may be regarded as an elementary step of the recovery process if local stress is removed. 

In Figure 54 (a) the arrangement of surface-parallel dislocation loop parts is shown. The screw-
type segment (s) disappears by assumed cross slip event and subsequent backformation of the 
remaining defect line portion (Figure 54 (b)). The sketched models (Figure 54 (c-d)) illustrate this 
reaction. The threading segments (e`,e`) formed more apart, and backformation takes place for 
screw segment (s). 

Revealing the mobile dislocations as recombination centres by means of kinematical SEM-CL 
microscopy proves their intrinsic electronic properties.  

Distinct type-dependent dynamic behaviour may be expected to be recognisable at separate 
dislocation segments exhibiting screw- and edge-type structures. The CL micrograph in Figure 55 
contains several CL contrasts of dislocation half-loops (s-e-s) expanding preferably in the 1120< >  
crystallographic direction of the arm of a dislocation rosette investigated on the (0001) surface of a 
ZnO sample. 
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(a)    (b)  
 

   
   (c)      (d) 

Figure 54. Selected frames of entire SEM-CL movie containing backformation of a screw dislocation 
segment by means of the cross-slip (a, b) in ZnO (0001) and corresponding possible models (c, d). 

 

 
Figure 55. CL micrograph showing propagation of dislocation half-loops (s-e-s) expanding preferably in 
<11-20> direction by basal plane slip. (e) and (s) label edge- and screw-type segments, respectively. Stronger 
CL contrast for edge-type parts is clearly seen. 

The asymmetric expansion of the loop structures hints at different mobilities for the edge- and 
screw-type dislocation segments. The faster loop parts may be identified as the edge-type segments 
having B(g) character as can be deduced from the polar termination of the (0001) sample surface. 
The edge-type segments obviously show stronger CL contrasts if compared to the contrast values 
observed at the screw line segments. 
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5.3 Quantitative analysis of dynamics and CL contrast of dislocations 

5.3.1 Dislocations as recombination centers in ZnO 
SEM-CL imaging of dislocations gives direct evidence of dislocations electrical activity by 

proving defect-induced carrier recombination reflected by the CL defect contrast. All dislocations 
dealt with so far, may be regarded as non-radiative recombination centres. It is worth mentioning, 
that kinematical SEM-CL technique employed to carry out studies on dislocation dynamics allowed 
at the same time in the same way to establish the dislocations as extended mobile recombination 
centres having electronic properties of intrinsic nature. Studying the CL contrast behaviour at the 
dislocations yields essential information about the dislocation-bound carrier recombination 
processes. In case of the non-radiative carrier processes a detailed analysis of the acquired CL 
contrast data may be used to gain specific recombination kinetic defect parameters as described in 
the framework of the SCBSRH model mentioned above [see 3.6.2]. 

Present investigations were intended to disclose a distinct type-dependent electrical activity of 
the glide dislocations verified in the ZnO samples. 

5.3.1.1 Quantitative analysis of CL contrasts of individual single dislocations 
In order to quantify CL defect contrasts as displayed in the CL micrographs following 

convention is commonly used to define a value of CL contrast [schr89b]: 

D 0
CL

0

(I -I )C =
I

. (70) 

Here, ID and I0 mean CL intensity as measured at the dislocation and in undisturbed matrix, 
respectively. CL contrast values are usually gained by means of one-dimensional CL intensity 
profile measurements. 

Improvement in CL contrast determination is achieved by recording quantitative CL maps 
containing the defect contrast pattern. 

 

 
(a)      (b) 

Figure 56. 3D presentation of map of CL intensity at threading dislocation segment in ZnO sample by top 
view (a) and A-side view (b) showing local defect-related and matrix intensity levels. 

Figure 56 (a) is a 3D plot of a quantitative CL map showing the CL defect contrast spot of a 
threading dislocation segment. A lateral decrease of the CL signal in the vicinity of the defect is 
clearly displayed. In Figure 56 (b), the same local reduction of CL intensity is revealed in a side 
view appropriate for extracting the matrix (I0) and defect related (ID) CL intensity values. 



Results and discussions   67

In case of surface-parallel dislocation configurations, the defects are imaged as line-like CL 
patterns such as demonstrated in Figure 57 (a). Local CL contrast behaviour as well as the change 
of the contrast value along the defect line under consideration can be revealed.  

A new procedure for the CL contrast analysis along dislocation lines has been developed 
[vas04]. This procedure is explained in Figure 57 (b) as applied to the CL contrast pattern of a part 
of a dislocation half-loop expanding in the surface-parallel slip plane.  

 

   
(a)      (b) 

Figure 57. Procedure of Bezier curve guided analysis of CL contrast along dislocation loop structure (sf)  
shown in the CL image (a). Procedure of local CL contrast profile measurement is sketched in (b). 

Change of CL contrast strength is recognized over this loop structure between s and f. The 
advanced CL profile analysis for a dislocation line includes following steps. First, a set of CL 
intensity profiles aa’ crossing perpendicularly the dislocation loop line is taken between the start 
point “s” and the finish point “f”. The local CL profiles are generated by means of Bezier curve 
[far83] guidance as illustrated by the scheme given in Figure 57 (b). Such guided measuring 
procedure provides a number of CL intensity profiles, which are to be analysed in a second step in 
order to evaluate the local CL contrast values. The result obtained is the CL contrast value in 
dependence on distinct site along the dislocation line. The advantage of this multiple contrast 
analysis procedure is a reliable comparison of the CL contrast behaviour over neighboured 
dislocation segments that may differ in type. Figure 57 illustrates a typical case of edge and screw 
part arrangement in a dislocation loop. 

5.3.1.2 CL contrast behaviour depending on dislocation type 
Quantitative CL contrast studies have been carried out based on the verification of dislocation 

configurations containing individual glide dislocations varying in structural type. The chosen 
dislocation arrangements must be accessible for SEM-CL mapping under conditions fulfilling the 
requirements of quantitative CL contrast analysis. 

The glide dislocations considered so far, were identified as screw- and edge-type dislocations 
with the same kind of Burgers vector parallel to 1120< > , but differing in the core structure. As 
shown in Table 3-6, there is a clear distinction between edge-type dislocations having polar or non-
polar core structures in relation to the type of slip system they belong to. The polar core structures 
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are found in the basal plane slip system, and the non-polar core structures occur in prismatic slip 
systems. 

A quantitative inspection of the CL contrast values at dislocations has been made by comparing 
the contrast behaviour at individual dislocation segments which exhibit similar defect geometry, 
i.e. threading position or situation in identical surface-parallel glide plane. The latter case is 
realised for a surface-parallel loop structure. In these cases, measured contrast ratios may be 
equated with the ratios of the defect recombination activities. 

All types of dislocations formed in both the basal and prismatic plane slip systems are found to 
show non-radiative recombination activity. However, no dislocation arrangement suitable for a 
reliable comparison of the recombination activity between single dislocations in basal and 
prismatic slip systems could be realised. 

Restricting to basal plane slip systems, the main attention in the experiments was focussed on 
quantitative examinations of the CL contrast behaviour of screw and various edge-type dislocation 
segments built in an identical slip plane. Furthermore, special emphasize was on the disclosure of 
expected differences in the recombination activity of the polar A(g)- and B(g)-type dislocation 
structures that appear in threading geometry on (  sample surfaces. 10 10)

Figure 58 shows the result of the Bezier-curve-assisted contrast analysis along the dislocation 
loop structure found in the CL image of Figure 57 (a). The analysis procedure includes the well-
developed edge- and screw-type parts forming the defect configuration.  

A distinct recombination activity is likely indicated by the different contrast strengths observed 
at the screw- and edge-type dislocation segments situated in the same surface-parallel glide plane.  

 

 

Figure 58. Behaviour of CL contrast at a dislocation half-loop propagating in a surface-parallel basal slip 
plane. Variation of CL contrast along the dislocation sf is revealed. Edge- and screw- type segments are 
found to exhibit different contrast strengths. Additional enhancement of CL contrast in the bend region L is 
seen. 
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The CL contrast values measured on the edge-type dislocation segment are found to be clearly 
increased in comparison with those ones of the screw part. Thus, enhanced recombination activity 
for the edge-type segment can be concluded. A characteristic contrast ratio Ce / Cs of about 1.4 is 
found. At the sharply bent part of the loop line, an additional rise of contrast is observed. This 
phenomenon might be explained by regarding kinks as effective carrier recombination centres. 
Their density could be increased in the corner region for geometrical reasons [see section 3.4.1]. 

Figure 59 presents a second example of CL contrast analysis at a dislocation loop structure. The 
result obtained clearly confirms different recombination strength for the edge- and screw-type 
dislocation segments in the basal plane slip systems. 

    
(a)      (b) 

Figure 59. Result of advanced analysis of CL profile measurement at basal dislocation half-loop containing 
screw and edge-type segments. (a) CL micrograph of expanding dislocation loop structure in ZnO (0001). (b) 
CL contrast for the different dislocation segments. Markers m1, m2, m3 have been given for clear localization 
of profile measurements. 

    
(a)      (b) 

Figure 60. Utilize of CL profile analysis to a propagation dislocation half loop (a). Advanced profile analysis 
(b). 

Figure 60 (a) is the CL picture of dislocation half loops as propagated in a basal glide plane 
along the [  direction. The remarkable feature of the CL micrograph is that the half-loop 
contains among others a well discernible 60

1210]
o-type segment. The 30o- and screw-type segments may 

easily be recognised. The set of arrow markers (m1… m4) was putted in order to establish 
correspondence between the measured contrast profiles and real positions in the image. The angle 
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measurements performed for the line segments have shown that there occurs only a very short 90o 
segment. The maximum CL contrast is found to be located in between two 60o-segments. This 
could point at the fact that the 90o-type segment present possesses considerable strong 
recombination activity. Thus, a relationship of the contrast behaviour can be concluded as follows: 

o o o screw90 60 30c c c c≥ ≥ ≥ . 

 The smoothly curved shape of the dislocation line might indicate existence of geometrical 
kinks that might affect the contrast behaviour along the dislocation bent. 

The behaviour of CL contrast found for its dependence on type of the dislocation segments in 
the loop structure of Figure 60 qualitatively agrees with the tendency predicted by the consideration 
in section 3.2.2, in respect to the electrical activity of a glide dislocation loop as expected in the 
framework of the dangling bond model. 

5.3.1.3 Revealing of dislocation reactions and CL contrast behaviour 
Particular CL contrast behaviour characterising complex recombination activity must be taken 

into account for defect reactions such as dislocation- dislocation interaction. 
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Figure 61. Motion (REDG) of edge-type threading dislocations with or without corresponding surface-
parallel screw parts in prismatic slip planes. Running time between t0 and t5 is about 10 sec. Reaction can be 
seen between sessile defect (r) and moving dislocation (e) resulting in expansion of defect line (s´). 

Figure 61 presents a sequence of images chosen from the CL movie, which was taken to record 
travelling threading dislocations. Most of them have been found dragging a screw part along. The 
latter is pictured by a straight contrast line, whereas the related threading segment, appears as a spot 
of stronger dark contrast. There is defect reaction between a sessile and a slipping threading 
dislocation resulting in a new screw part growing along the direction of glide. 
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As the mobile dislocation segment (e) approaches the sessile defect (r), hence it becomes 
pinned, and as a consequence of this dislocation-dislocation interaction, a surface-parallel line 
defect configuration (s’) is formed and pulled out. 

5.3.2 Correlated analysis of dynamics and CL contrast properties by means of 
DCD method 

5.3.2.1 Introduction to DCD method 
Utilization of kinematical CL microscopy renders it possible to consider single dislocation 

dynamics on microscopic scale. For this purpose, velocity measurements at individual dislocation 
segment have to be realised. A unique method for quantitative analysis of the dynamic dislocation 
properties has been developed, which may be applied to reveal the CL contrast behaviour of 
moving dislocation as well. Using the procedure described in the following, the behaviour of 
gliding dislocations i.e. the momentary speed and dynamic CL contrast value can be deduced from 
the CL video movies.  

Analysis of single dislocation dynamics has been used very successful in case of GaAs studies, 
and shall be presented again to demonstrate the methodological steps [vas04]. Starting with 
splitting of the CL movie into single frames provides a series of subsequent CL images that display 
changes of the dislocation configurations as a function of time. Example is given in Figure 62 (a).  

The shown sequence nicely illustrates expansion of several surface-parallel dislocation loop 
structures. For registering the movement of a line segment belonging to dislocation D1, CL 
intensity profiles are created along the arbitrarily chosen line AB that is fixed in the identical image 
area for all frames of the entire image sequence forming the given movie. 

Distinct positioning of the recording line allows to record the motion of any particular 
dislocation segment (Figure 63). 

To analyse the dislocation slip path as a function of time, the CL intensity profiles over the 
recording line AB must be measured in all subsequent frames of the given movie. The resulting CL 
profiles are finally arranged in a special kind of diagram, the so-called Dynamic Contrast Diagram 
(DCD) [vas04]. The DCD plots (Figure 62 (c,d)) present slip path and momentary value of CL 
contrast at the dislocation site crossed by the recording line AB versus the frame numbers that 
correspond to time scale. On the other hand, the DCD displays the progress of a CL intensity 
profile measured between points A and B in each frame against the time. The local dislocation 
velocity can be derived from slope of the DCD pattern formed by the CL contrast peak of moving 
defect. 

Generation of the DCD plots is a very useful way to discover the dynamics of slip dislocations. 
The DCD plot in Figure 62 (d) contains information on the glide motion for up to 5 different 
dislocation segments (D1…D5). Anti-parallel slip and change of velocities are clearly revealed. 

The dynamic CL contrast behaviour of edge- and screw-type dislocation segments in GaAs is 
demonstrated in Figure 62(a-d). Both edge- and screw-type parts appear as dark CL contrasts. 
Movement of fresh glide dislocations in various {111} 1 10< > -type slip systems as observed on 
the (111) oriented sample is illustrated by the sequence of CL images shown in Figure 62 (a). The 
dislocations introduced by ex-situ scratching propagate in strain gradient and move under electron 
beam excitation due to REDG effect at room temperature [mae00]. 
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Figure 62.  Analysis of dynamics and correlated CL contrast properties as observed by means of kinematical 
SEM-CL at  individual glide dislocations. Sequence of CL images (a) selected from CL movie displays 
propagation of dislocation segments (D1,D2,…) constituting an expanding half-loop structure. Examples of 
CL intensity profiles along AB crossing particular mobile parts of half loops are given in (b). Corresponding 
DCD plots (c, d) represent complete set of the CL intensity profiles transformed into 3D or gray scale 
presentation, and put together over the frame number axis which relates to time scale. The DCD plots provide 
data on slip motion and momentary CL contrast behaviour for up to 5 different dislocation segments. The 
DCD plots given for dynamics of surface-parallel line segments moving by REDG in strain field of scratch 
on (111) GaAs. 
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Figure 63. Particular 60o  or screw segment of a dislocation half-loop is chosen for DCD analysis by 
positioning the recording lines AB and AB`.  

Studying the (111) sample configuration allows for recognition of isolated individual 
dislocation half loops expanding in surface-parallel glide planes, so that occurring edge-type (30o, 
60o, 90o) and screw line parts belonging to same dislocation loop structure can be investigated in 
detail. In Figure 62, complete CL contrast analysis is performed for a 60o-line segment D1. 
Examples of extracted CL intensity profiles according to the recording line AB fixed are shown in 
Figure 62 (b).  

The qualitative interpretation of a DCD is easy to perform only in the case if the scan line 
chosen runs perpendicular to the dislocation segment under consideration. Otherwise, the 
interpretation is more difficult and, thus, simultaneous consideration of the original CL movie is 
necessary. Quantitative treatment of CL intensity profiles includes preliminary noise filtering and 
local background correction followed by a computation of the values of CL defect contrasts. In 
particular, specific DCD plots can be created from the same CL movie for analysing several 
distinct segments along an individual dislocation line structure. In order to perform analyse of as 
derived DCD the original algorithm has been developed which includes following steps: 

1) Manual choosing (through the mouse click) of the pattern related to a distinct dislocation 
segment and its subsequent automatic tracking. 

2) Automotive extraction of frame number, position of a CL defect contrast peak and its 
magnitude directly from the given DCD. 

3) Storage of as extracted data in an ASCII file. 
The new DCD technique was successfully applied to examine the dynamic CL contrast behaviour 
of edge- and screw-type dislocation segments in GaAs as demonstrated in Figure 62 (a-d). 

The DCD plot gives basic information about the fundamental dynamics of single dislocations. 
Figure 64 is about the dynamic behaviour of two threading dislocations spots travelling in closely 
spaced glide planes of same {111} 1 10< >  slip systems. The DCD patterns show different modes 
of motion, namely, acceleration for D* and deceleration of D, respectively. This different behaviour 
is rather surprising since both defects are situated in a common stress field related to the scratch as 
can be seen in Figure 64. Thus, additional local driving forces must be taken into consideration. 
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Figure 64. Dynamics of neighbored single threading dislocations moving in a similar slip system of GaAs as 
illustrated in CL micrograph (a). DCD plot (b) proves acceleration for defect D* and deceleration for 
dislocation D. Entire time scale: 8s. 

A similar dynamic behaviour can be evidenced for the dislocations in ZnO. Accelerated 
movement of a single dislocation in the glide plane of a prismatic slip system is documented in 
Figure 65 (a-c). Figure 65 (c) is the velocity diagram showing variation of slip speed. 

 

        

(a)    (b)    (c) 

Figure 65. Dynamics and CL contrast behaviour of threading dislocation segment in ZnO. (a, b) show CL 
micrograph and derived DCD plot, respectively, for a mobile threading dislocation D. Analysis of the DCD 
yields local velocity as plotted in (c).  

To get a better understanding of a possible relationship between defect dynamics and intrinsic 
recombination activity, more detailed considerations of the REDG effect at individual dislocation 
appears to be rather useful. Such an experiment employing kinematical SEM-CL to observe the 
REDG properties of a single dislocation is dealt with in Figure 66 (a-c).  
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(a)   (b)     (c) 

Figure 66.  Recognition of REDG effect for dislocation slip by a {10-10}<11-20> glide system in ZnO. 
Movement of a threading dislocation segment under condition with and without electron beam excitation is 
followed by observing the CL contrast spot D shown in CL image (a). Corresponding DCD plot is given in 
(b). Slip velocities determined for REDG phases and the period of pure thermally activated glide are 
displayed in (c), enhancement factor of ~12 is derived.  

Figure 66 (a) is a frame taken from the entire movie documenting the REDG-related movement 
of threading dislocation spot marked D. The DCD plot in Figure 66 (b) contains the pattern of the 
mobile defect D and of a resting defect marked as ”*”. Dark area in the DCD corresponds to beam-
off state. 

Under electron beam excitation, the threading dislocation D has comparable velocity before 
and after the beam-off period. During the time, when the electron beam was blanked, slow 
dislocation glide remains. Under this condition, dislocation motion is only due to thermal activation 
and local stress. For the threading dislocation observed here the velocity ratio is found to be: 

Vexc/V0 ≈ 12 
Motion of the dislocation under electron beam irradiation and its essential decrease in excitation 

pause prove clear REDG effect in the ZnO sample [mae00] and hint at stimulation of kink 
processes by the dislocation induced carrier recombination [mae83]. 

 

     
(a)     (b) 

Figure 67. (a) A frame from an entire movie with gliding edge-type dislocation segment in basal slip plane. 
Scan line AB was positioned as shown in the picture. (b) Corresponding DCD plot as acquired for segment 
(e) shows deceleration. 
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REDG-induced movement of dislocation loop configurations have been recognised, too. In 
Figure 67, a loop-like dislocation structure (e’-e-s) can be found, where the edge parts (e, e’) 
slipped along AB in surface-parallel glide plane of a basal slip system (e) and in a surface-
perpendicular plane of prismatic slip system (e’). The screw part (s) appears to be immobile 
possibly due to confinement  by a prismatic slip plane that may give rise to cross slip events. 

Figure 67 (b) is the slip path diagram derived for the dislocation line segment (e) possessing two 
distinct velocity ranges. 

5.4 Evaluation of dynamic CL contrast behaviour of moving 
dislocations 

The technique of kinematical SEM-CL which reveals glide dislocations as extended mobile 
recombination centres was exploited to evaluate CL contrast behaviour at the moving defects. The 
dynamic CL contrast properties directly relate to dislocation-bound carrier recombination during 
the glide process. Evaluation of the dynamic CL contrast behaviour appears to be appropriate for 
proving differences of electrical activity resulting from alteration of internal dislocation structure if 
the defect turns from resting state to slip motion. Obviously, variation of kink density may play a 
distinct role.  

Creation of the DCD graph followed by extraction of local contrast values and corresponding 
velocity for a single dislocation segment under consideration have been used to realize any 
relationship between dislocation dynamic and recombination activity. 

Before presenting detailed results concerning expected contrast-velocity correlation an example 
of clear impact of dynamics-related structural changes of dislocation configuration on the CL 
contrast behaviour shall be considered. 

Figure 68 shows the DCD plot generated for the dislocation-dislocation interaction described 
above in Figure 61. 

The insets image the dislocation arrangement before and after collision of the slipping 
dislocation segment (e) with the resting defect (r). This defect reaction can be followed up in the 
DCD plot given. The patterns of the mobile and sessile defects before and after interaction are 
figured. The formed defect complex (r+e) shows enhanced CL contrast resulting obviously from a 
superposition of contrast contributions of the individual defects (r) and (e). The pulled-out defect 
structure (s’) constitutes of two parallel screw-type line segments making up a dipole structure. Its 
contrast behaviour is reflected by the slightly darker area in between the patterns (r+e) and (s’).   

The results given in Figure 69 are about the dynamic CL contrast behaviour of a threading 
dislocation segment moving in ZnO (0001). The dislocation slips on prismatic glide plane under 
interrupted REDG condition. During beam-off period the dislocation may possibly getter impurities 
from the matrix, causing a change of CL contrast. In this experiment here the dislocation did not 
succeed to attract a remarkable amount of impurities to affect the contrast value. 

The dynamic CL contrast values determined show slight decrease with slip path that contradicts 
any formation of dislocation decoration at the moving defect. 
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Figure 68. DCD analysis of interaction between resting defect (r) and slipping threading dislocation segment 
(e) approaching. Defect reaction observed is figured by the insets given. Dynamics and contrast behaviour of 
individual defects (r, e, s’) and defect complex (r+e) are reflected by the DCD plot. (s’) labels a screw-type 
line defect structure generated. 

 

 
(a)      (b) 

Figure 69. (a) The DCD plot of a threading dislocation moving in ZnO (0001). The dislocation glide by 
REDG was interrupted by blanking the electron beam. (b) Slip path and CL contrast as extracted from the 
DCD pattern. 
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In Figure 70, for a second case of threading dislocation in ZnO (0001) the velocity and related 

CL contrast behaviour are pictured in common diagram. The velocity and contrast curves seem to 
be related to each other over a large range, hinting at possible correlation. 

   
Figure 70. Correlated behaviour of  velocity and CL contrast of a threading dislocation moving on prismatic 
slip plane in ZnO. 

Figure 71 (a) deals with the evaluation of the dynamic CL contrast at a surface-parallel 
dislocation segment on basal slip plane in ZnO (0001) shown in Figure 67. 

 

(a)      (b) 

Figure 71. (a) Slip path (1), dislocation velocity (2) and CL contrast (3) as derived from the DCD shown in 
Figure 67 (b) and plotted versus frame number. (b) The graph shows correlation of CL contrast to slip 
velocity of the edge dislocation presented in Figure 67 (a). 

The edge-type line part has slipped over a relative short distance partially in accelerated and 
decelerated mode. Analyzing the DCD plot data, a so-called “contrast-velocity correlation graph” 
as presented in Figure 71 (b) could be developed. The plot yields a very small decrease of the CL 
contrast values with growing defect glide speed. This rather weak effect has been confirmed by 
additional similar experimental findings. In particular, there are clearer results obtained for glide 
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dislocations in GaAs. The pictures in Figure 72 illustrate the measurement procedure at an 
expanding dislocation half-loop in GaAs (111).  

(a)      (b)  

Figure 72. The first and last frame of entire movie for a dislocation loop structure (a, b). Different 
orientations of recording lines AB for generation of DCD of dislocation segments D1, D2, S1, S2. 

The screw- (S1) and the two 60o-type segments (D1, D2) in the loop structure could be recorded 
and analyzed.  The corresponding data regarding slip path, velocity and CL contrast value are 
collected in Figure 73 (a, c) and Figure 74 (a). 

 

 
(a)      (b) 

  
(c)      (d) 

Figure 73. The correlation graphs for two 60o-dislocation segments of the same half-loop structure in GaAs 
(111). 
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(a)      (b) 

Figure 74.  The correlation graphs for mobile screw dislocation segment of the same half-loop structure as 
shown in Figure 73. 

Conclusions concern the contrast-velocity correlation graph given in Figure 73 (b, d) and Figure 
74 (b). In all cases presented, a decrease of the contrast value with velocity is indicated. Thus, the 
effect of contrast reduction versus defect velocity seems to be supported by these findings. 
Furthermore, this effect is found to be more pronounced for the fast edge- and screw components in 
the half-loop configuration. There is no distinct dependence on the structure type.  

Figure 75 contains results that again confirm the tendency of a decrease of dislocation contrast 
if slip velocity rises.  

 

   
(a)      (b) 

Figure 75. (a) The slip path and velocity of 90o dislocation segment as derived from the corresponding DCD. 
(b) Plot of dislocation CL contrast correlation with its velocity. The data point fitted by linear equation. 

The measurements have been conducted at a surface-parallel 90o line segment of a dislocation 
loop structure in GaAs (111). This segment showed non-monotonic dynamics including weak 
interaction with an obstacle. Also under such conditions an apparent linear contrast-velocity 
correlation holds up. 

The contrast-velocity relationship established above as a reduction of dislocation-bound CL 
contrast for increasing slip velocity has to be explained by the recombination activity of the 
dislocations in dynamic state. According to the Peierls mechanism a change of the kink density is 
believed to be responsible for this effect. If kinks are assumed to be involved as recombination 
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active site, that is suggested by the REDG operation observed, lowered density of kinks should 
exist at the dislocation line for higher glide velocity.  

Recombination activity of a dislocation as a whole is caused by the recombination at all kink 
sites of both positive and negative double kinks. Therefore, the concentration of the double kinks 
has to be considered (see equation (7)). Upon the stress applied the negative double kinks shrink up 
[hir82] lowering second term in the equation, therefore sum of these terms decreases. 

The remaining first term needs more detailed consideration.  
It may be understood in the framework of a simplified kink dynamics model. The experimental 

conditions employed have realized a constant temperature, but the dislocation was driven by stress 
gradients resulting in accelerated or decelerated defect motion. The change of slip velocity is 
believed to originate in stress-related effect on the kink migration speed. Assuming the kink 
nucleation rate to be constant, than decrease of the kink lifetime due to enhanced kink migration 
velocity should cause a lower line density of kinks for increased dislocation glide speed. 

However, it must be stated, that the effect of dynamic contrast reduction is not sufficiently 
pronounced for establishing the kinks sites as basic recombination centers.  
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6.1 Recombination activity and dynamics of polar A(g) and B(g) 
dislocations in basal plane slip system 

For the first time, the CL contrast properties of polar edge-type dislocation structures in ZnO 
could be studied in detail. Recognizable A(g) and B(g) dislocations were verified in the defect 
arrangements around indents on (  surfaces of ZnO samples. The edge-type dislocations with 
the polar A(g) or B(g) core structures as determined by A- or B-atom termination of the extra half 
planes occur side by side in the arms of two-fold dislocation rosettes. Figure 76 is the CL picture of 
a corresponding rosette arm pointing in 

10 10)

1120< >  direction. 

 

    
Figure 76. CL picture of threading edge-type dislocation segments with polar A(g) and B(g) core structure, 
respectively, which occur in the same arm of a dislocation rosette generated by indentation on (10-10) ZnO 
sample surface.  

According to the orientation of the c-axis, threading segments of the A(g) and B(g) dislocations 
are collocated in two branches formed in the rosette arm. The given dislocation arrangement allows 
a detailed investigation of the CL contrast strengths appearing at the A(g) and B(g) dislocation 
segments. The detailed findings are presented in Figure 77 (a-d). 
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Figure 77 (a) shows the CL map displaying a different CL contrast strengths at single defects 
belonging to the A(g) and B(g) group, respectively. The intensity profile in Figure 77 (d) as 
extracted along AB yields a ratio of the CL contrast values for the A(g) and B(g) dislocations: 

CA(g)/CB(g) = 0.7. 
This contrast ratio has been found to be different for low and higher temperature as given in Table 
6-1. 

Table 6-1.: Results of CL contrast profile measurement on polar dislocations at low and room temperatures. 

72 K 295 K 

CB(g)= 0.24÷0.30 C B(g)= 0.31÷0.38 

C A(g)= 0.22÷0.26 C A(g)= 0.17÷0.27 

C A(g)/ C B(g)=0.87 C A(g)/ C B(g)=0.71÷0.55 
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(c)      (d) 

Figure 77. Difference in CL contrasts at A(g)- and B(g)-type glide dislocations in ZnO revealed by CL 
micrograph (a) and  profile measurement (d), respectively, at single threading dislocation segments in A(g)- 
and B(g)-branches, respectively. (b) and (c) are the 3-D plot and so-called modified gray scale representation 
of (a). 

The tendency of the CL contrast at B(g)-dislocations to increasing with temperature raise is seen 
from the table, while the CL contrast of the A(g)-type dislocations remains almost constant. At low 
temperature, the contrast ratio is closer to one, i.e. the contrast values are comparable. However, at 
room temperature, the CL contrast difference is more pronounced. 

The contrast ratio corresponds immediately with the difference in recombination activity 
[hil98] of the A(g)- and B(g)-type dislocations:  

CA(g)/CB(g) = λA(g)/λB(g). 
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The evidenced dependence of the CL contrast on dislocation type may be ascribed to the 
opposite polar core structures in the A(g) and B(g) dislocations. 

6.2 Inversion of glide velocity ratio for A(g) and B(g) dislocations 
A special run of experiments has discovered a very interesting dynamic behaviour of the polar 

glide dislocations in ZnO. A measurement of dislocation velocity was performed under in-situ 
indentation at different temperatures. The surface (10 10)  was being indented at temperatures in 
the range from 72 K up to 295 K. 

  

    

(a)      (b) 

Figure 78. Inversion of dislocation glide velocity upon in-situ indentation at different temperatures. Indented 
at 72 K (a) and 295 K (b) respectively, during the short dwell time. 

Two extreme cases are illustrated in Figure 78. A single frame of SEM-CL movie obtained 
during indentation at 72 K (Figure 78 (a)) contains rosette arms with the branches of polar 
dislocations. The B(g)-type  polar dislocations being usually of higher mobility at room 
temperature  (as deduced from Figure 78 (b)) show shorter slip path as compared to the length of 
the A(g) arm. Contrary to this, absolutely new finding the B(g)- and A(g)-dislocations possess a 
mobility ratio >1 at higher temperatures (Figure 78 (b)). The polar dislocations moved in the same 
strain field gradient that permits to apply the concept of dislocation mobility to the comparison. 
Thus, an inversion of the mobility ratio of the A(g)- and B(g) dislocations can be established. 

During the heating up of the sample indented at low temperature, the dislocations moved due to 
residual stresses and the rosette arms expanded, finally the lengths of the A(g)- and B(g)-branches 
were equalised at room temperature. The change of slip path for the A(g) and B(g) dislocations 
with temperature is shown in Figure 79. 
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Figure 79. Expansion of A(g) and B(g) dislocation branches in rosette arm during heating up of ZnO sample 
formerly indented on (10-10). 

The distinct temperature dependences of slip path in the A(g) and B(g) branches hint at a lower 
activation energy for A(g) dislocation movement as compared to that one for the B(g) dislocations, 
as given in Table 6-2. The magnitudes of velocities as measured for the B(g) and A(g)-type 
dislocations at low and high temperature are given in this table. 

 

Table 6-2.: Glide velocities and calculated activation energies for polar dislocations moving in (0001) slip 
planes at low and high temperature, respectively. 

Polar dislocation type 72 K 295 K Activation energy  

B(g) V B(g)  ≥  80 µm/s V B(g) ≥ 4200 µm/s ≈32,5 meV 

A(g) V A(g) ≥  170 µm/s V A(g) ≥ 350 µm/s ≈5,9 meV 

 
Utilizing Arrhenius plot diagrams, the activation energies are obtained to be approximately 32,5 
meV for B(g) and 5,9 meV for A(g), respectively (Table 6-2). 

Despite comparable A(g) and B(g) dislocation slip paths in the rosette arms under equilibrium 
condition, that indicates similar critical shear stresses, a clear difference in the absolute mobility 
values for both dislocation types is expected. 

The true dislocation mobility of A(g) and B(g) dislocations can be observed only at really 
moving defects under dynamic conditions. Applying in-situ micro-indentation, a development of 
the rosette arms has been revealed. In particular, the formation of the A(g) and B(g) branches could 
be distinguished by a tricky experimental procedure. In Figure 80, the expansion of the A(g) and 
B(g) branches in a rosette arm as proceeding for stepwise loading (σ1<σ2<σ3) is analyzed by 
employing the DCD plots generated from corresponding movie. 
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Figure 80. Stepwise motion of dislocations upon in-situ indentation on (10-10) at room temperature. (a) 
Dynamics of single A(g)-type dislocations moving with gradual deceleration. (b) High velocity B(g)-type 
dislocations motion is displayed. 

The B(g) branch exhibits a step-like expansion, whereas the A(g) branch expands more 
continuously. The DCD diagrams prove fast motion in case of the B(g) dislocations and clear 
slower motion of the A(g) dislocations under temporarily constant load. A velocity ratio of  

VB(g)/ VA(g) ≈12  
is obtained. 

In the DCD plot of Figure 81 is seen the slip-path vs. time curve for the isolated threading 
segment slipping in front of the A(g) branch of a rosette arm. Its shape is fitted by 

~ tl  

pointing at 1/r-decay of the local stress field.  

 
Figure 81. Analysis of dislocation dynamics by means of DCD plot. The DCD pattern considered represents 
the local dynamics of an individual A(g) threading dislocations propagating in the polar branch of the rosette 
arm under stationary load σ. Indentation load which was in-situ changed from  σ1 to higher σ2 after distinct 
dwell time. 
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The defect segment shows decelerated movement related to  
V ~ σ0/r. 

The fast movement of single threading dislocation segments in the B(g) branch could not be 
resolved. 

The results presented in this chapter discover a striking relationship between the dynamic 
behaviour and the electrical activity of the polar A(g) and B(g) dislocations. In case of the B(g) 
dislocations, strong recombination activity correlates with higher dynamic mobility, whereas for 
the A(g) dislocations a weaker recombination behaviour corresponds with lower mobility during 
glide motion. This tendency is supported by the low temperature properties observed at the A(g) 
and B(g)  dislocations. 
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The presented work dealt with systematic studies on the dynamic and electrical dislocation 

properties in ZnO bulk crystals. Based on conventional CL microscopy in the scanning electron 
microscope and a new kinematical SEM-CL technique the appearance of plastic deformation at low 
temperature, operation of various slip systems and generation and propagation of glide dislocations 
have been investigated in context with the localised luminescence behaviour. 

In the theoretical part the fundamental dislocation structures occurring in wurtzite type crystal 
lattices were reviewed. Dislocation loop structures have been designed using basic types of 
dislocation segments, which allow to describe the propagation of glide dislocations. Furthermore, 
the probability of possible slip systems could be estimated, and the resulting glide prism models for 
local plastic micro-deformation have been developed. 

 A detailed consideration of the hypothetical core structures of the different dislocation types in 
respect of distinct dangling bond configurations yielded a loop structure model reflecting expected 
electrical activities of the individual dislocation segments forming a loop structure. 

Fundamentals of the Peierls mechanism taking into account both thermal activation and 
recombination stimulated kink processes were employed to treat the dynamics of dislocations. 

Verification of recognizable dislocation arrangements as an essential precondition for the 
systematic experiments performed were realised by applying micro-indentation and scratching on 
the low-indexed basal and prismatic sample surfaces under in-situ conditions. 

Plastic deformation in the ZnO bulk samples could be proved at temperatures between 70K and 
300k. Simultaneous activation of basal plane and prismatic plane slip systems identified as 
{0001} 1120< >  and {10 10} 1120< > , respectively, that have small relative Peierls stresses, was 
observed. These slip systems formed the typical glide geometry occurring in the micro-deformation 
processes. Dislocation propagation in both slip systems was revealed by means of kinematical 
SEM-CL during in-situ micro-indentation and scratching. 

Overall characteristics of the dislocation propagation were found to be determined by high 
defect mobility and long-distance movement in the whole temperature range between room 
temperature down to the lowest temperature applied. Single dislocation slip was observed in basal 
plane as well as in prismatic plane slip systems for the case of thermal activation and REDG effect, 
too. 

High resolution CL microscopy enabled the identification of the glide dislocation types 
generated. All introduced defect, so far recorded by CL imaging, were a-type dislocations (Burgers 
vector: 1/3 1120< ) with polar core structure if belonging to the basal plane slip system or 
showing non-polar core structure if appearing in the prismatic plane slip system. The identified 
dislocations exhibited very similar, but not identical electrical activity. 

>
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The principal topic of this work was focussed on the disclosure of an expected type dependence 
of dislocation dynamics and electrical activity, and/or of an impact of dynamics-related structural 
particularities on the dislocation properties.     

Single dislocation dynamics have been studied in basal plane and prismatic plane slip systems at 
defects moved in the strain field gradients caused by indentation or scratching. The kinematical 
SEM-CL investigations proved rather different dynamic behaviour for dislocations affected by the 
same local stress field.  Accelerated and decelerated as well as antiparallel dislocation motion have 
been found. Particular defect reactions such as formation and back formation of dislocation parts, 
dislocation-dislocation interaction and pinning by obstacles could be recognised.  

The dynamic behaviour studied at threading dislocation segments and surface-parallel 
dislocation loop structures in (  and (0001), respectively, established type-dependent mobility 
of edge and screw dislocations and, in particular, gave clear evidence of different dynamic 
properties of the polar A(g) and B(g) dislocation structures. Motion of prismatic loops observed 
were regarded as correlated movement of dislocation segments belonging to different neighboured 
slip systems. The edge dislocations have been found to move faster than the screws, and the B(g) 
type dislocation exhibited a considerably higher mobility as compared to an A(g) type dislocation. 
The mobility ratio V

10 10)

A(g)/VB(g) appeared to be temperature dependent. This finding hints at a larger 
activation energy for the dynamics of B(g) dislocations. Asymmetric expansion of the loop 
structures was observed, it indicated following order of type-dependent dislocation mobility: 

µ90 > µ60 > µ30 > µ0. 
Imaging of moving dislocations by kinematical SEM-CL revealed glide dislocations as 

extended mobile recombination centers. All types of dislocations recognised by CL dark contrasts 
could be regarded as non-radiative centers. Differences in the CL contrast strength recorded at 
edge- and screw-type dislocation segments could directly be related to distinct recombination 
activity. Quantitative analysis provided the contrast ratio  

Cedge/Cscrew =1.4 
A similar different contrast behaviour could be discovered for the A(g) and B(g) dislocations, 

where contrast ratio amounted to   
CA(g)/CB(g) = 0.7  

and showed a dependence on temperature. 
It is worth mentioning, that the correlation between dynamic and CL contrast behaviour 

observed was observed. The higher the relative slip velocity, the higher the CL contrast. In case of 
the polar dislocations it may be concluded that the higher recombination strength correlates with 
the larger activation energy derived for the dynamic behaviour. 

The non-polar a-type dislocations possessed similar dynamic and electrical properties as 
described above, however, a direct quantitative comparison with the polar dislocations was not 
possible. 

Quantitative CL contrast analyses have been performed by using a special procedure of Bezier-
curve guided contrast profile measurements over surface-parallel dislocation line structures in order 
to register the contrast properties of neighboured dislocation segments differing in structural type. 
Measurements taken on a half-loop structure documented quantitative CL contrast variation 
between the screw- and edge-type part in the half-loop, thus 

C90 > C60 > C30 > C  0

as expected in the framework of the dangling bond model  designed. 



Summary and conclusions   91

The important issue of this work was to find out a certain correlation between the dynamic and 
electrically active properties of the glide dislocations. For this purpose, it was necessary to realise 
direct access to the recombination behaviour of the dislocations during moving state. The 
kinematical SEM-CL is a unique tool especially designed and developed to acquire at the same 
time data of dislocation-bound CL contrast and dynamics for individual single dislocations. This 
new technique supplied the substantial information needed by means of the SEM-CL movies, 
which documented whole history of dislocation movement and momentary CL contrast behaviour. 
For the first time, the DCD method could be utilised to analyse a complete CL movie. Creation of 
the DCD plots allowed detailed consideration and extraction of the quantitative characteristics of 
dynamics and correlated CL contrast behaviour for selected dislocation segments. These data 
resulted in contrast-velocity-correlation graphs. This way, it rendered possible to discover a very 
weak phenomenon of reduced CL contrast values versus increasing slip velocity. The effect could 
be reproduced by analysing several dislocation structures, it is also supported by analogue findings 
from similar experiments with glide dislocations in GaAs. 

This behaviour of the CL contrast under influence of the dislocation dynamics was unexpected. 
The impact of the dislocation dynamics should be understood in the framework of the kink 
processes in the Peierls mechanism. The preliminary explanation is based on the assumption of 
lowering the line density of kinks due to enhanced kink migration velocity related to stress. That is 
the first attempt to involve kinks as recombination centers. 

In order to extend current knowledge about possible relationship between the dynamic and 
electrical dislocation properties several additional issues remain to be solved.   

Preferably further experimental work is expected to provide essential contribution, particularly, 
to enlighten the electronic dislocation structure. Next studies to perform should comprise a 
comprehensive investigation of the dynamic and electrical properties on dislocations showing Y-
luminescence, thereby very valuable spectroscopic information on the dislocation-induced 
electronic states will be available. Such experiments require the choice of materials having Y-
luminescence and sufficiently high dislocation mobility at low temperature (see section 9.4 in 
Appendix), otherwise dislocation dynamics and electrical activity of the dislocations can not be 
studied simultaneously. 
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9 Appendix 

9.1 Refinement of dangling bond densities calculations 
However, a situation when the combined case takes place may be also theoretically possible. 

For the instance, when condition of core at the 30o remains without changes while the 60o- 
dislocation losses atoms in result of diffusion and its dangling bond density goes down (see Table 
3-9 and Figure 21), the highest dangling bond density will have the 30o.  

On the one hand the model presented describes only possible values of dangling bonds for basal 
partial dislocations in wurtzite lattice, but doesn’t answer a question which exactly combined case 
could take place. On the other hand, if to deal with mobile dislocations, gliding at low temperatures 
when diffusion of atoms from the dislocation core could be neglected, we could suppose that the 
case with maximal dangling bond densities for all types of dislocations is more probable. But 
taking into consideration the split reaction #8 for 60o-perfect (see Table 3-9) with a possible bond 
reconstruction, the 30o remains a single candidate to possess maximal dangling bonds. 

Supposing that the dangling bonds (formed by solitons or kinks) in the dislocation core are 
centres of recombination, based on the model proposed, if the dislocations are split, the highest 
recombination activity should possess either a 60o- or 30o-dislocation, but not 90o as for case of 
perfect dislocations. Therefore, the loop structure earlier introduced in Figure 16 (b) was modified 
as shown in Figure 22. 

Table 9-1. Results of refined calculation of dangling bond densities for basal partials dislocations in ZnO. 

B(g) α 

Angle ξ^b nDBmin nDBmax l, a γmin= nDBmin / l γmax= nDBmax / l 

0o 1.7 1.7 1 1.7/a 1.7/a 

30o 0.5 6.05 1.732 0.29/a 3.49/a 

60o 2.4 4.4 1 2.4/a 4.4/a 

90o 3.75 4.9 1.732 2.165/a 2.83/a 

A(g) β 

Angle ξ^b nDBmin nDBmax l, a γmin= nDBmin / l γmax= nDBmax / l 

0o 1.7 1.7 1 1.7/a 1.7/a 

30o 0.35 5 1.732 0.2/a 2.89/a 

60o 2.4 4.1 1 2.4/a 4.1/a 

90o 3.9 4.45 1.732 2.25/a 2.57/a 
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As it was shown by experiments on SEM-CL in section 5.3.1.2, the A(g)- and B(g)-types 

dislocations are found to possess different CL contrast i.e. recombination activity, possibly, due to 
difference in types of terminating atoms. The CA(g)/CB(g) contrast ratio has been revealed to be about 
0.7. Therefore, besides the values of dangling bond densities, the type of elements (atoms) has to be 
involved to make a refinement of the model proposed. The effective dangling bonds number is 
reduced for A-type atoms by a factor 0.7. This way, all as calculated numbers of dangling bonds 
(Table 3-9) of A-type atoms has to be multiplied by 0.7.  

Thus, in order to construct the refined model of loop structure, we have to distinguish between: 
A- and B-types of atoms by means of factor 0.7 for the number dangling bonds of A-type, as well 
as A(g)- and B(g)-core structures by changing the indexes A to B and reverse. 

The results of refined dangling bond densities calculations are presented in Table 9-1. The 
corresponding graph based on the data from the Table 9-1 is shown in Figure 82. From this plot 
one can deduce relationship between as calculated dangling bond densities and dislocation types. 
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Figure 82.  Diagram of the relation of line dangling bond density per lattice constant length to dislocation 
type for partial dislocations in wurtzite structure. Blue bars correspond to A(g), red bars to B(g). 

It should be noted, that split screws don’t change those dangling bond density neither under 
atom type rearrangement, nor under transition from one polar type of dislocations to another. 

Despite the essential refinement of the calculations performed the dependences remains to be 
qualitatively nearly the same (compare Figure 21 and Figure 82). The possible electrical activities 
for the A(g)-types dislocations are seen to be lower as that for the B(g)-types. But nevertheless, 
according to the dangling bond density counting, the 60o-split dislocation should possess the 
highest electrical activity among others split defects, as it was derived without distinction between 
A- and B-types of atoms. 

In conclusion, comparing results of dangling bond densities calculations for the basal perfect 
and split dislocations, it could be seen, that for the perfect dislocations the most electrical activity is 
expected for 90o-dislocation segment, whereas, among split defects the 60o dislocation is believed 
to be the most efficient recombination centre. 
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9.2 Peculiarities of CL intensity profile measurement 
Utilizing CL SEM, it is possible to obtain information on CL contrast in whole range of signal. 

Science recombination activity of dislocations is represented by CL contrast stored in the CL 
images obtained the CL contrast should be quantitatively analysed. 

The procedure of quantitative CL profile analysis proposed is based on grey scale level 
measurement along a straight line (scan line) selected between two points in a given CL image. To 
calculate coordinates of each subsequent point of the scan line the Bresenham [bre65] algorithm 
has been used. This algorithm allows calculation of coordinates of all points along the line selected 
so that to miss none of them. Grey scales values from each point placed at such imaginative scan 
line are sequentially pixel-by-pixel acquired and stored in a two-dimensional profile plot. After the 
array of CL intensity profile magnitudes is formed, the numeric data collected have to be 
smoothed.  Actually, three- or five-point smoothing procedure could be enough to get some signal 
noise reduced. 

Due to inhomogeneity of matrix, for instance, caused by distributed impurity or strain field 
gradient, the local luminescence enhancement can appear which would superpose with own CL 
contrast of dislocations. The local matrix luminescence enhancement gives an additional 
background for the CL profile. Therefore, a real CL contrast values could not be measured directly 
with good accuracy. Contributions of these artefacts have to be subtracted.  

 

Figure 83. CL profile analysis. The local background near the defect related peak could be fitted by a linear 
function well, while an exponential function fits general background well. 

Good results of local background subtraction have been obtained applying the 6-point linear 
approximation. The local background is measured apart from the dislocation CL peak. Six data 
points - three before and three after dislocation peak (Figure 83) have been used to calculate the 
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coefficients of linear function approximately describing the background. As soon as background is 
calculated, it is subtracted from as-measured CL profile. Thus, local CL intensity value of defect 
can be calculated accurate. CL contrast is calculated as a ratio of difference of CL intensity at 
defect and matrix area to the CL intensity in the matrix. The CL intensity at defect is represented 
by peak extremum (minimum or maximum), whereas matrix CL intensity has to be measured not in 
but close to the defect considered. 

In case of the background is too wide and smooth enough, it can be fitted by a function i.e. the 
exponent. In order to increase accuracy, the calculation of exponent fitting parameters must be 
based only on the data excluding peaks. After the fitting parameters have been calculated and the 
fitting function describing background is derived, the latter has to be subtracted from as measured 
original CL intensity profile. Calculation of CL contrast in this case shows also good results. 

9.3 Measurement of CL contrast depending on type of dislocation 
segments in GaAs 

Utilization of the Bezier curve guided advanced CL contrast profile analysis to measure at the 
loop surface parallel structure in GaAs (111) samples is shown in Figure 84. 

       
(a)      (b) 

Figure 84. Advanced CL contrast profile measurement in GaAs. (a) Surface parallel loop in (111). CL 
contrast was measurement between starting and finishing markers m1 and m2 respectively. (b) As measured 
CL contrast obtained along part of dislocation loop between markers m1 and m2. 

No any essential dependence of CL contrast on the type of dislocations was found. 
For the GaAs deviation of dislocation CL contrast from averaged value was found to be about 

±5% that is within the range of measurement error. Meanwhile, for the ZnO the differences of CL 
contrast for edge- and screw-type dislocations reached 30-40%.  
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9.4 Revealing of Y-luminescence in CdS and ZnSe 
The in-situ indentation and scratching tests performed at 72K under CL observation on CdTe, 

ZnSe and CdS samples gave evidence for local plastic deformation due to generation and 
propagation of dislocations carrying CL bright contrasts as displayed in Figure 85. 

 

CL
72 K

CdS

(0001)30 mµ
     

(a)       (b) 

Figure 85. Dislocation luminescence after local plastic deformation. (a) Glide dislocations introduced by in-
situ scratching of CdS sample show Y-luminescence. (b) CL bright contrasts (Y luminescence) of B(g) 
dislocations in ZnSe. 

Relatively high dislocation speed even at this low temperature has been registered by means of 
the CL movies taken. On the other hand, REDG effect could not be verified under excitation 
conditions applied. Experimental findings from the ZnSe sample which was treated ex-situ at room 
temperature hint at preferred propagation of B(g)-type threading dislocation segments. Y-
luminescence in ZnSe was also observed in [dea79, dea84a, dea84b]. 
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9.5 Abbreviations 
 

III/V binary semiconductors compound from elements of III. and V. groups  
II/VI  binary semiconductors compound from elements of II. and VI. groups 
A(g) dislocation at glide-set with A-atom in core 
A(s) dislocation at shuffle-set with A-atom in core 
B(g) dislocation at glide-set with B-atom in core  
B(s) dislocation at shuffle-set with B-atom in core 
gs glide-set 
ss shuffle-set 
CCD Charge Coupled Device (Detector array) 
DCD Dynamic Contrast Diagram 
EHP extra-half plane 
fcc face centered cubic  
FWHM full width at half maximum  
CL cathodoluminescence 
MBE molecular beam epitaxy  
NUV near ultra violet 
REDG  recombination enhanced dislocation glide 
REDM  recombination enhanced dislocation motion 
SEM Scanning Electron Microscope(y) 
SE secondary electrons 
SRH Shockley-Read-Hall kinetics 
TEM Transmission Electron Microscope(y) 
WZ wurtzite 
ZB zincblende 
Y Y Luminescence – defect related Luminescence 
Dyn-CL dynamical SEM-CL 
α alpha- dislocation (corresponds to B(g)- or A(s)-dislocation) 
β beta-dislocation (corresponds to A(g)- or B(s)-dislocation) 
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