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A B S T R A C T   

A nanopipe threading screw dislocation in a GaN layer is studied. A recently developed high-angular resolution 
electron backscatter diffraction technique, relying on a global image registration of Kikuchi patterns, is used to 
assess elastic strain and rotation fields in the defected area. The characterization is complemented with pre-
dictions from a piezoelectric field dislocation mechanics model of a threading screw dislocation line. In plane 
elastic fields are obtained at the free surface, which arise from the cancellation of the dislocation bulk shear stress 
field. The experimental and simulated long range fields agree qualitatively well and correspond to a screw 
dislocation with Burgers vector magnitude 3c = 1.56 nm.   

1. Introduction 

GaN is an important wide band gap semiconductor material with a 
large field of applications in optoelectronics and high temperature, 
radiofrequency, and high-power electronics. Unfortunately, the lack of 
suitable substrates and the necessity of heteroepitaxy generate a huge 
density of defects, mainly threading dislocations in GaN layers, limiting 
devices performances. 

The present paper focuses on threading dislocations in GaN layers. 
More precisely, we analyze here a particular defect usually named 
nanopipe or giant screw dislocation [1]. Such defects were reported and 
investigated in the literature using various characterization techniques, 
such as transmission electron microscopy [2,3], large angle convergent 
beam electron diffraction [4], atomic force microscopy [3], 
multiphoton-excitation photoluminescence [5] etc. Such screw dislo-
cations are composed of elementary Burgers vectors of the type 〈0001〉, 
parallel to the growth direction, with magnitude c = 0.52 nm. The net 
Burgers vector magnitude can be a multiple of c, for instance 2c [3] or 3c 
[1]. 

These dislocations are reported to possibly have hollow cores, with 
diameters usually in the range 5–35 nm. Such hollow cores can be seen 
as a release of high elastic energy at the core by creation of free surfaces 
[6]. GaN layers contain mostly threading dislocations, which induce 
long-range elastic strains, stresses, as well as piezoelectric fields [7–9]. 

The density of dislocation lines is the order of 5-6 × 108 cm− 2 in the 
material studied here. Hence it is possible to find isolated dislocations 
whose elastic fields will have a clear signature not perturbed too much 
by the other defects nearby. This elastic signature will be even clearer for 
a giant screw dislocation, because elastic strains and stresses magnitude 
are likely to be much larger than those of a standard screw dislocation. 
This will indeed be shown in the present study. 

We focus our study on a nanopipe in GaN, to test a recent High- 
Resolution Electron Backscatter Diffraction (HR-EBSD) method devel-
oped in our team [10–12] and implemented in our analysis software 
ATEX [13]. Elastic strains and rotations are assessed to within 1 × 10− 4 

(in ideal experimental conditions) from precise knowledge of the pro-
jection geometry and the displacement field between two high- 
resolution (≈1 Mpx) Kikuchi electron diffraction patterns, a reference 
one and a target one. This principle was first proposed by Wilkinson 
et al. [14], whose pioneering method measures local translations from 
small square subsets taken across both patterns by means of the Fourier- 
transform based cross-correlation technique. The present approach is a 
global one as it considers a unique and large region of interest, similarly 
to other recent methods [15–17]. The method differs in particular in the 
way the relative deformations are modelled, namely by considering a 
linear homography. Often used to describe projections in computer 
vision, the latter is measured by an iterative inverse-compositional 
Gauss Newton algorithm [10], modified to integrate a correction of 
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optical distortions caused by camera lenses [12]. The reader is also 
referred to chapters 1 to 5 in [18] for all details. 

In this paper, we further applied this global HR-EBSD method to the 
case of what appears to be a giant screw dislocation in a GaN standard 
template of 3.5 μm deposited on a sapphire substrate. This defect is 
clearly distinguishable from the other neighboring standard dislocations 
in backscatter electron images (Fig. 1a). To confirm the validity of the 
measured elastic fields, we employ a three-dimensional piezoelectric 
field dislocation mechanics model of a threading screw dislocation in a 
GaN film [19]. The employed model is briefly presented and the simu-
lated elastic fields are compared with those obtained by HR-EBSD. 
Conclusions follow. 

2. Experimental methodology and modelling 

2.1. Experimental data acquisition and processing 

An Si doped GaN standard template of 3.5 μm thickness deposited by 
Metal Organic Vapour Phase Epitaxy (MOVPE) on a sapphire substrate is 
analyzed. A nanopipe screw dislocation, lying along a triple junction 
between three slightly disoriented domains, has been identified in the 
microscope and is shown in Fig. 1a’. A second nanopipe dislocation, 
slightly smaller in size, is also visible in the top of Fig. 1a but was not 
considered here as it is surrounded by more numerous and closer 
defects. 

The presented experimental data are acquired with a FEG-SEM Jeol 
F100 equipped with an Oxford Symmetry camera. The sample to de-
tector distance is 18 mm and the calibration is performed using the 
moving screen technique implemented in Aztec software. Accelerating 
voltage, current and aperture size are set to 15 kV, 10 nA and 50 μm, 
respectively. The mapped region is about 3 × 3 μm2 with a step size of 
40 nm, which corresponds to the commonly accepted lateral resolution 
limit of the EBSD technique (50 nm). Electron diffraction patterns of 
resolution 1244 × 1024 pixels (~19.3 μm/pixel) are recorded with an 
exposure time of 150 ms and 3-time frame averaging (Fig. 1b). 

Raw patterns are filtered as follows: intensities are first divided by a 
continuous background image, then a high-pass log-filter of kernel size 
101 × 101 pixels is applied, followed by a Gaussian filter of radius 1 
pixel. Intensities are zero-normalized and values exceeding three times 
the standard deviation in absolute value are truncated. The IC-GN 

algorithm considers an elliptical subset of size 1135 × 925 pixels (major 
and minor axes) centered on electron diffraction pattern. 

Note that inside the Oxford Symmetry camera, optic fibers link the 
CMOS-detector to the scintillator. Though some studies have raised the 
concern about optical distortion in tapered fiber bundle cameras [20], 
the manufacturer states that the camera is distortion-free. We choose 
here to adhere to the latter claim. The variation of the projection ge-
ometry across the orientation map is accounted from information 
recorded by Oxford. We previously checked its relevance from a silicon 
single crystal knowing the sample tilt and map step size. 

Since the measured displacement field is two-dimensional, the HR- 
EBSD technique is insensitive to hydrostatic dilatation. A traction-free 
surface condition is thus routinely applied to determine the elastic 
deformation gradient tensor [14]. Rotations and elastic strains are then 
computed considering a “finite-rotation, small strains” framework, i.e., 
using the left polar decomposition of the elastic transformation gradient 
[21]. The stress considered is the classical Cauchy stress tensor that is 
related to the elastic strain tensor through elastic stiffness tensor. Note 
that, the following elastic moduli [22] are considered for both the 
traction-free surface condition and the piezoelectric field dislocation 
mechanics model: C11 = C22 = 390 GPa, C12 = C21 = 145 GPa, C13 = C31 
= C23 = C32 = 106 GPa, C33 = 398 GPa and C44 = C55 = C66 = 105 GPa. 

2.2. Piezoelectric field dislocation mechanics model 

The HR-EBSD measurements are confronted to predictions from a 
three-dimensional piezoelectric field dislocation mechanics model. The 
model was shown to well retrieve the elastic, but also piezoelectric, 
fields induced by threading dislocation lines in GaN. Hence, it is thought 
to be well suited here to assess the soundness of HR-EBSD measured 
fields. The coupled field dislocation mechanics piezoelectric model is 
published in [19], it is here briefly recalled. In a linear piezoelectric 
setting, the internal stress field and the electric displacement field are 
coupled through the following constitutive laws: 

σ = C : εe − ft.E (1)  

and 

D = μ.E+ f.εe. (2) 

In the equation above, σ is the Cauchy stress tensor, D is the electric 

Fig. 1. (a) Backscatter electron detector image of the GaN sample and (a’) close-up of the region analyzed by HR-EBSD containing a nanopipe dislocation at its 
center. (b) Typical electron diffraction pattern (1244 × 1024 pixels) used in the HR-EBSD analysis. 
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displacement vector, εe is the elastic strain and E is the electric vector. 
The latter is the gradient E = − grad ϕ, where ϕ is the electric potential. 
The piezoelectric polarization vector is P = f.εe. C is the elastic stiffness 
tensor, μ the electric permittivity tensor and f is the matrix of piezo-
electric moduli. In the absence of mobile charges (resp. inertia effects), 
the electric displacement vector field (resp. Cauchy stress tensor) is 
divergence free. 

We use the Nye’s dislocation density tensor α to introduce in a 
continuous manner dislocations in the model. The Nye tensor is related 
to the incompatible elastic distortion by: 

curl Ue = α. (3) 

The incompatible elastic strain is then deduced from the symmetric 
part of the dislocation induced distortion Ue. The net Burgers vector due 
to a distribution of Nye tensor on a surface S of unit normal n is: 

b =

∫

S
α.n dS. (4) 

The elastic moduli used in the simulations are given above. The 

electric permittivity moduli are μ11 = μ22 = μ33 = 5.45 1011 cm− 1.V− 1. 
The piezoelectric tensor components are f15 = − 0.22 cm− 2, f31 = − 0:22 
cm− 2 and f33 = 0.44 cm− 2. 

The model field equations are numerically approximated by using 
the freeware Finite element code FreeFem++ [23]. In the forthcoming 
simulation, a threading dislocation line along the [0001] c direction is 
modelled. The c direction corresponds to the X3 direction in the model. 
The X1 and X2 directions correspond to [1120] and [1100] directions. 
We assign a Nye tensor component α33 on nodes in all (X1, X2) planes 
along a line threading the simulation box in the X3 direction. The density 
value is chosen to get the Burgers vector magnitude as obtained from Eq. 
(4). The finite element mesh size in the (X1, X2) plane and near the 
dislocation line is taken to be the same as the EBSD step size (40 nm). It 
is slightly increased away from the dislocation line to avoid effects of 
free surfaces in the X1 and X2 directions on the dislocation elastic fields. 
In the X3 direction, a convergence test was conducted and showed that a 
mesh size of 20 nm and a total thickness larger than 200 nm (here 240 
nm) was necessary to properly capture the strong gradients of elastic 
fields near the free surfaces in the X3 direction (Fig. 2). 

Fig. 2. Cut showing the near surface internal shear stress σ12 of the threading screw dislocation predicted by the model. The dislocation line is indicated by the white 
solid line in the figure. 

Fig. 3. (a) Monte-Carlo simulation of the backscattered electron (BE) trajectories performed with the CASINO software [25]. (b) Convolution mask in the (X1, X2) 
plane. (c) Convolution mask in depth. 
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Fig. 4. Elastic rotations Ω1 and Ω2 (rad) of the threading screw dislocation measured by HR-EBSD and predicted by the field dislocation mechanics model.  

Fig. 5. Elastic rotation Ω3 (rad) of the threading screw dislocation measured by HR-EBSD and predicted by the field dislocation mechanics model.  
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Fig. 6. Elastic strain ε12 of the threading screw dislocation measured by HR-EBSD and predicted by the field dislocation mechanics model.  

Fig. 7. Elastic strain ε11 of the threading screw dislocation measured by HR-EBSD and predicted by the field dislocation mechanics model.  
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These strong gradients originate from the cancellation of tractions 
due to the screw dislocation at the free surfaces. Finally, no significant 
piezoelectric effects are observed. This is not surprising for a screw 
dislocation line. More effects are expected for a threading edge dislo-
cation [7,19]. The screw dislocation modelled here has a Burgers vector 
magnitude 3c = 1.56 nm. This magnitude was chosen to fit at best the 
profiles and magnitudes of elastic strains and rotations obtained by HR- 
EBSD and shown below in Figs. 4–8. Changing the magnitude of the 
Burgers vector in the simulations (increase or decrease) does not change 
the spatial distributions of elastic fields, only their magnitude. The 
change in magnitude is proportional to the change in Burgers vector 
magnitude. We found that b = 3c yields the best match. 

Moreover, not shown here, we compared the simulated elastic fields 
at the free surface with the analytical solution for a screw dislocation in 
a GaN semi-infinite layer within isotropic elasticity [24]. Fields are 
observed to be very close, except near the dislocation line where the 
analytical solution tends to infinity. Also, the analytical solution for a 
hollow circular dislocation core [24] is not found to be relevant here 
because the HR-EBSD step size, 40 nm, appears to be much greater than 
the hollow core diameter, such that core effects on the elastic fields are 
barely not seen in the HR-EBSD fields. 

2.3. Monte-Carlo simulation for data convolution 

Since Fig. 2 shows gradients of elastic fields along the depth of the 
film, a Monte-Carlo simulation is performed with the CASINO software 
[25] to evaluate the spreading of the electron beam during HR-EBSD 
measurements. Then, we use these results to convolve the three- 
dimensional numerical strain and rotation fields accordingly, before 
comparing with HR-EBSD maps. A beam radius of 5 nm, a sample tilt of 
70◦ and a total number of 108 electrons were set while leaving other 
settings to default value, the physical model in particular. The 

acceleration is set to 15 keV as in our EBSD scan. Only backscattered 
electron having a minimum of 14.5 keV are considered for the convo-
lution as they encompass most of the electron energy spectrum in 
backscatter Kikuchi diffraction [26]. 

Although a spread of about 100 nm along the longitudinal direction 
is observed in Fig. 3a, the outlet location of most electrons is less than 20 
nm away from the inlet. The convolution kernel is therefore set to 40 ×
40 nm2 in the (X1, X2) plane, whose weights (Fig. 3b) are based on the 
distribution of the “Surface Radius of BE” in CASINO. Asymmetry due to 
sample tilt is ignored, its effect being assumed marginal given the voxel 
size of the finite-element mesh. Similarly, almost all the considered 
backscattered electrons stem from the first 30–40 nm in depth, but 
convolution is performed anyway. The mask along X3 (Fig. 3c) is derived 
from the “ZMax Backscattered” distribution. It is combined with the 
previous one (Fig. 3b) to construct the three-dimensional kernel, whose 
weights are normalized (i.e., their sum is 1). This latter kernel is used to 
convolve the three-dimensional simulated elastic fields. 

3. Results and discussion 

The Figs. 4–8 compare the elastic rotations and strains as obtained 
from HR-EBSD analysis and with the model. Despite the screw disloca-
tion fields obtained by HR-EBSD are locally disturbed by long range 
fields induced by other defects in the neighborhood, the analogy be-
tween the observed lobe polarized patterns in the elastic fields and those 
predicted by the model is clear. 

Maps in the free surface plane are complemented by some relevant 
profiles along the image width (X1), height (X2) or diagonals, depending 
on the considered elastic strain or rotation component. These profile 
directions are indicated by dotted arrows. In some cases, a close-up al-
lows a better visualization of their position in the vicinity of the dislo-
cation core. To visualize the effect of the convolution, profiles extracted 

Fig. 8. Elastic strain ε22 of the threading screw dislocation measured by HR-EBSD and predicted by the field dislocation mechanics model.  

C. Ernould et al.                                                                                                                                                                                                                                 



Materials Characterization 194 (2022) 112351

7

from both the convolved (Convolved FDM) and the original (FDM) nu-
merical results are plotted using solid and dotted lines in Figs. 4–8, 
respectively. The original numerical results correspond to the fields at 
the external surface. 

We think that the profile comparisons confirm the soundness of the 
HR-EBSD measurements, despite for some fields, a faster decay with 
increasing distance from the dislocation line is predicted by the model. 
This can be particularly noticed for the elastic rotation fields (Figs. 4 and 
5). There also appears to be a crater-like shape of the HR-EBSD tilt 
rotation field (Ω3 in Fig. 5) in the dislocation core region, not captured 
by our model. We think that these discrepancies can be reasonably 
attributed to the effect of the dislocation core. Close-ups of elastic strain 
mappings obtained by HR-EBSD (Figs. 6–8) reveal spurious sign changes 
in experimental profiles at the dislocation line, but the values here are 
affected by the spatial resolution limit of the EBSD technique. The de-
pendency with respect to the chosen path is highlighted by moving the 
path’s extremities by ±0.5 pixels in both directions and reporting the 
alternative values using crosses. The effect of the dislocation core could 
be investigated more precisely by using an HR-TKD analysis [10,11], but 
it is beyond the scope of the present work. 

4. Concluding remarks 

To conclude, the recently developed HR-EBSD method was success-
fully applied to a threading screw dislocation line in a deposited GaN 
layer. Although the step size (40 nm) is too large to capture strong elastic 
field gradients at the core structure of the defect, the comparison of the 
elastic fields with those predicted by the field dislocation mechanics 
model are satisfactory and allow estimating the Burgers vector magni-
tude of the giant dislocation to be 3c = 1.56 nm. This preliminary 
analysis constitutes a qualitative assessment of the technique as to the 
prediction of elastic strains and motivates for the further use of our HR- 
EBSD algorithm to microstructural characterizations in metals. 

As previously mentioned, a quantitative analysis is limited here, 
mostly by the local perturbations in the elastic fields induced by 
neighboring defects and by the non-necessarily strain-free state of the 
reference point for the HR-EBSD analysis. Despite these limitations, we 
nevertheless show that the HR-EBSD method can capture qualitatively 
well such complex elastic fields, as in-plane elastic strains, normal and 
shear strains, which are induced by the cancellation of the dislocation 
bulk shear stress field at the external free surface. 

The obtained results make the method appealing for the study of 
crystal defects in GaN, including other types of dislocations, dis-
clinations, dislocation ensembles and disoriented domains. Finally, 
combined with the present piezoelectric field dislocation mechanics 
model, the HR-EBSD technique can indeed be used to analyze the effects 
of defects on piezoelectric properties. 

Data availability 

Data will be made available on request. 
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