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Abstract
Characterizing threading dislocations (TDs) in gallium nitride (GaN) semiconductors is crucial for ensuring the reliability of semiconductor devices. 
The current research addresses this issue by combining two techniques using a scanning electron microscope, namely electron channeling 
contrast imaging (ECCI) and high-resolution electron backscattered diffraction (HR-EBSD). It is a comparative study of these techniques to 
underscore how they perform in the evaluation of TD densities in GaN epitaxial layers. Experiments reveal that the dislocation line vectors 
mostly deviate from the growth direction of the film, i.e., ∦ [0001], followed by edge-type dislocations (dislocation lines || [0001]) with 
insignificant screw character. Furthermore, TDs from the dislocation clusters are characterized as edge- and (edge + mixed)-type TDs. By 
combining ECCI counting of dislocations and HR-EBSD description of geometrically necessary dislocation density type, it is possible to 
measure the total TD density and provide the proportion of pure (edge and screw) and mixed TDs. It has also been observed from the 
analyses of residual elastic strain fields and lattice rotations that it is not possible to identify individual dislocations for the spatial resolution of 
50 nm in HR-EBSD. Nevertheless, ECCI and HR-EBSD can be complementarily used to count and characterize the TDs.
Key words: ECCI, GaN, GND, HR-EBSD, threading dislocation

Received: July 26, 2024. Revised: October 24, 2024. Accepted: November 25, 2024 
© The Author(s) 2025. Published by Oxford University Press on behalf of the Microscopy Society of America. All rights reserved. For commercial re-use, please 
contact reprints@oup.com for reprints and translation rights for reprints. All other permissions can be obtained through our RightsLink service via the 
Permissions link on the article page on our site—for further information please contact journals.permissions@oup.com.

Introduction
Since its inception in the early 90 s, gallium nitride (GaN) has 
been considered a modern-age III–V semiconductor material 
owing to its favorable material parameters, such as wider 
band gap, higher electron mobility, and electron saturation 
velocity than that of its counterpart, Si. These properties 
make GaN suitable for high-frequency and high-power devi-
ces (Vetury et al., 2001; Kikkawa et al., 2009; Runton et al., 
2013; Kaminski & Hilt, 2014). Although, GaN is vastly being 
exploited more and more in diverse fields of application, such 
as automotive (electric and fuel cell vehicles; Kachi, 2018; 
Groon et al., 2023), industrial (5G, wireless sensor networks, 
and internet of things; Xu et al., 2023), data center (cloud 
computing; Forouzesh et al., 2020), aerospace and defense 
(microwave, mixed signal, and optoelectronic products; 
Streit et al., 2005), consumer electronics (wireless chargers 
and ultra-thin power adapters; Pushpakaran et al., 2020), 
wireless communication (Ohno & Kuzuhara, 2001), medical 
technology (biomedical implant; Mishra et al., 2023), etc., it 
is already established to be a game changer for high-efficiency 
power transistors and integrated circuits in particular (Tanaka 
et al., 2010; Nikandish, 2023).

The major difficulty in attaining large single crystals of GaN 
is its high melting point and large dissociation pressure. 
Hence, GaN film has to be deposited by some vapor depos-
ition method on a substrate (e.g., sapphire, silicon, or silicon 
carbide) having similar lattice constants and thermal expan-
sion coefficient, following a heteroepitaxial growth (Kwong 
et al., 2011). Depending on the differences between these 

quantities with that of the substrate, GaN tends to experience 
compressive/tensional biaxial strain (Pearton, 2021). This 
strain in the epilayer is released by the formation of threading 
dislocations (TDs), originating from the substrate and thin 
film GaN interface (nucleation layer) itself (Kapolnek et al., 
1995). TDs can be <a>-type (b = 1/3 <112̅0>), i.e., edge 
(prismatic), or <a + c>-type (b = 1/3 <112̅3>), i.e., mixed, 
or <c>-type (b = <0001>), i.e., screw, and the dislocation 
line direction is either parallel to [0001], i.e., the growth direc-
tion (for edge and screw TDs; Moram et al., 2009) or at about 
12° to it (for mixed TDs; Mathis et al., 2000). Edge TDs are 
likely to be initiated during adjacent island coalescence, pro-
ducing subgrains that are tilted or twisted (which requires 
screw TDs as well) to each other. This is commonly known 
as the “mosaic” model (Wu et al., 1998). Contrarily, the “nucle-
ation layer model” tells that TDs start appearing in the initially 
annealed low-temperature nucleation layer and eventually ex-
tend (but not along the coalescence boundaries) as the film 
grows (Narayanan et al., 2001). The generation of screw or 
mixed TDs is found to be more complex, and their density de-
creases as the film thickness increases, owing to the ease of cross 
slip (Kapolnek et al., 1995). There are reports claiming that the 
dislocation density (DD) reduces by the formation of half-loops, 
as the GaN film thickness increases (Chien et al., 1996; Lee & 
Auh, 2001). Although TDs are formed to relieve the lattice mis-
fit strain (Wang, 2012), these cannot completely be removed 
(Smalc-Koziorοwska et al., 2020).

Generally, TDs, being the nonradiative recombination cen-
ters, degrade the emission intensity (Choi et al., 2004). 
Furthermore, TDs, particularly screw-type, may detrimentally 
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influence the leakage current also (Usami et al., 2018). 
Therefore, it is crucial to identify and characterize them to en-
sure the end physical properties. The dislocation densities can 
be categorized as statistically stored (SSD density), i.e., related 
to plastic strain but with null overall Burgers vector, or geo-
metrically necessary (GND density), i.e., associated with 
strain gradients and nonzero overall Burgers vector 
(Voyiadjis & Peters, 2010). The total DD combines both of 
these, and the proportion of GND density depends on the scale 
of observation. In this regard, high-resolution electron back-
scattered diffraction (HR-EBSD) has been proven to produce 
high-accuracy data with angular resolution in the limit of 
about 0.01° (Vilalta-Clemente et al., 2015), which can be 
used to estimate the GND density measured from the lattice 
curvature on the surface (Wilkinson & Randman, 2010). 
However, depending upon various factors, such as scanning 
step size, interspacing, and type of TDs (SSDs or GNDs) pre-
sent, HR-EBSD may give rise to results with missing informa-
tion. In this context, if the interspacing between two adjacent 
dislocations is less than the chosen step size or there is a cluster 
of dislocations producing a null net Burgers vector, HR-EBSD 
is likely to underestimate the counts of dislocations (Jiang 
et al., 2013). Within this framework, another nondestructive 
characterization technique, i.e., electron channeling contrast 
imaging (ECCI), has emerged, which can efficiently be used 
for fast identification of all types of TDs (Naresh-Kumar 
et al., 2012; Zaefferer & Elhami, 2014; Dunlap et al., 2018; 
Kriaa et al., 2017, 2019, 2021; Picard et al., 2007; 
Vilalta-Clemente et al., 2017) by using the concept of channel-
ing, varying the backscattering yield. A study on InAlN semi-
conductors grown on SiC and sapphire substrates combining 
these techniques is effective for the quantitative measurements 
of structural defects (Vilalta-Clemente et al., 2017). However, 
the step size for HR-EBSD used in this study was quite large, 
i.e., 200 nm, as it is anticipated that a reduction in the step 
size may increase the noise floor, causing a misinterpretation 
of the GND density (Jiang et al., 2013). Nevertheless, GaN 
semiconductor, which is expected to exhibit a higher order 
DD (Amano et al., 1986), has not been examined so far using 
these two methods complementarily, with a high spatial reso-
lution of HR-EBSD in the limit of a single dislocation. A recent 
article has dealt with both these techniques for characterizing 
GaN thin film on GaN substrate. Still, it is more of a compara-
tive study between these two techniques where the region of 
interest and the EBSD step size were quite larger than the pre-
sent work (Ruggles et al., 2021). Some cross-correlation– 
based HR-EBSD and ECCI studies demonstrated strain map-
ping and dislocation distributions; however, the EBSD step 
size used was about three to four times than what it is in the 
present work (Vilalta-Clemente et al., 2017; Naresh-Kumar 
et al., 2022).

The present study aims to identify the TDs from ECCI ob-
servations and measure the total DD by this nondestructive 
SEM technique with a high spatial resolution and accuracy 
and also carry out various analyses using HR-EBSD to study 
the characteristics of the same. We show that, by combining 
ECCI counting of dislocations and HR-EBSD description of 
GND density type, it is possible to measure the total TD dens-
ity and provide the proportion of pure (edge and screw) or 
mixed TDs in GaN thin film semiconductor. This will broadly 
help the semiconductor industry to develop the 
state-of-the-art in quick and quantitative assessment of struc-
tural defects, i.e., TDs.

Materials and Methods
Sample Specifics
The GaN thin film studied in this work has been grown by 
metal-organic chemical vapor deposition (MOCVD) technol-
ogy on [111]-oriented Si substrate (Zhu et al., 2013; Zhong 
et al., 2022). The topmost layer is carbon-doped GaN (GaN: 
C), having a thickness of about 80 nm, followed by a silicon- 
doped nGaN layer of 1.7 µm thickness. In between the nGaN 
layer and the Si substrate, there is a buffer stack of around 
1 µm thickness, composed of various layers, which is usual 
in GaN-on-Si heteroepitaxy. It is introduced as a strain engin-
eering stack to adapt the lattice and thermal expansion mis-
matches between GaN and Si. Sparsely placed thin gold 
contacts on top of the film are not relevant to this work. The 
top surface (in the large areas between the contacts) is thus 
[0001]-oriented GaN:C, which is investigated using different 
techniques.

Electron Channeling Contrast Imaging
ECCI uses the principle of channeling backscattered electrons 
and variation of its yield as a function of the orientation of the 
incident beam with respect to the lattice planes (Booker et al., 
1967; Coates, 1967). The circular, electron-sensitive detector 
is placed usually just below the polar piece to collect only those 
electrons with a deflection angle >90°. The imaging is done 
with an electron beam energy and current of 20 keV and 
≈5.5 nA, respectively, at a working distance of 9.2 mm and 
a specimen tilt of 7.8° to achieve the perfect channeling con-
trast inside a Dual Beam FIB-SEM Zeiss® Auriga 40 scanning 
electron microscope (SEM). The pixel size in the electron 
channeling contrast (ECC) micrograph is 3.278 nm, the 
beam dwell time is 76.2 μs, and the image is captured as a sin-
gle frame. Each line is averaged over six scans (the dwell time 
for each line per scan is 12.7 μs). The lowest backscattering 
yield has been attained at the edge of (112̅0) band, as identified 
by the electron channeling pattern (ECP), for the best contrast. 
Notably, this is a direct measurement technique for the 
dislocations.

High-Resolution Electron Backscattered Diffraction
HR-EBSD experiment is carried out at 70° tilt toward the de-
tector to optimize the convenience of experimentation and 
pattern contrast all together. Typically, a phosphor screen is 
used as the detector that captures the electrons backscattered 
inelastically from the sample surface, giving rise to a diffrac-
tion pattern, i.e., electron backscattering pattern (EBSP). A 
digital camera finally obtains the image of the EBSP. No back-
ground correction is performed by removing the recorded im-
age before the HR-EBSD analysis, and only a high-pass log 
filter is applied on the raw patterns. HR-EBSD offers substan-
tially higher angular resolution, when compared with conven-
tional EBSD, aiding in measuring ∼1 × 10−4 rad of relative 
disorientation (Wilkinson et al., 2006). The EBSP images are 
averaged by three to enhance the signal-to-noise ratio. An 
area of size 3.2 × 3.0 µm2 (64 × 60 pixels) is scanned under 
HR-EBSD with an acceleration voltage of 20 kV, probe current 
of 5 nA, a step size of 50 nm, and a 100% index rate. A total of 
3,840 patterns are captured and recorded for the map at the full 
resolution of the HR-EBSD symmetry camera (Oxford). The ex-
periment is performed inside FIB-SEM Zeiss® Auriga, fitted 
with an EBSD system, and the results are analyzed using 
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Analysis Tools for Electron and X-ray diffraction (ATEX©) 
software (Beausir & Fundenberger, 2017). No smoothing is 
performed on the HR-EBSD results. The sample is oriented in 
such a way that the [0001] direction is pointed out of the sample 
surface plane. Unlike ECCI, HR-EBSD is an indirect method to 
characterize the dislocations.

Results and Discussion
Observation by ECCI
Since GaN is a large single crystal, ECPs can be useful to en-
sure that the perfect channeling condition is met just by pla-
cing the edge of a certain channeling band along the optic 
axis of the microscope (Booker et al., 1967; Ayers & Joy, 
1972; Kriaa et al., 2017). One such pattern is displayed in 
Figure 1a (inset), superimposed on a reference pattern simu-
lated by ESPRIT DynamicS 1.0 by Bruker. The pattern is simu-
lated at 5° because in ECCI the specimen is placed at a tilt 
angle close to this, i.e., 7.8°. The rectangular area of size 
9.6 µm2, marked within the ECC micrograph captured on 
[0001] plane (Fig. 1a), is taken into consideration for the dis-
location analysis further. TDs, i.e., dislocations nearly perpen-
dicular to the observation surface, appear as spots with dark 
and bright contrast as shown in Figure 1. The total number 
of dislocations identified and counted manually within this re-
gion is 139 (Fig. 1b). From this observation following the 
ECCI method, the total DD is calculated to be ∼1.4 ±  
0.14 × 109 cm−2.1 The DD (ρ) has been estimated by calculat-
ing Ntot/A, where Ntot is the total number of dislocations with-
in the area A (in cm2). The major advantage of determining the 
total DD using the ECCI method is that it is likely to charac-
terize all the surface penetrating TDs within the area of interest 
under all diffraction conditions attributed to the surface relax-
ation. This makes the analysis more reliable and statistically 
significant over other techniques where some TDs can be left 
undetected. Importantly, in ECCI, TDs do not go out of 

contrast under different channeling conditions unlike inclined 
dislocations (Kriaa et al., 2017, 2019), which allows a better 
estimation of the DD (Vilalta-Clemente et al., 2017; 
Habiyaremye et al., 2021, 2024). However, with a single dif-
fraction condition, i.e., using a particular g-vector that is 
(112̅0) in the present study, it is not plausible to readily distin-
guish between the types of dislocations, i.e., screw or edge, us-
ing this method. Even if the diffraction conditions are 
unidentified, it is possible to characterize the pure edge dislo-
cations and dislocations with screw component by comparing 
the directions of black and white “butterfly” contrast patterns 
of TDs between two ECC micrographs captured using two dif-
ferent g-vectors (that are at 120° to each other) from a particu-
lar region of the sample (Naresh-Kumar et al., 2012). 
Nevertheless, this approach is not undertaken in the present 
work.

Observation by HR-EBSD
The identical region of interest studied by the ECCI method 
has been taken into consideration for further investigation 
under HR-EBSD. Importantly, HR-EBSD is sensitive to only 
5–10 nm depth from the top surface (this depth is subjected 
to change depending on electron acceleration voltage, atomic 
number of the material, etc.) and, consequently, does not tend 
to detect subsurface defects other than TDs penetrating the 
surface, which makes the comparison between HR-EBSD 
and ECCI reasonable in terms of density determination of 
TDs. The challenging part is to align the images perfectly to 
obtain the same microstructural area by both techniques, 
which is attributed to the difference in the sample tilting 
with respect to the detector and also the drifting during 
HR-EBSD acquisition. An ImageJ plugin, TrakEM2 
(Cardona et al., 2012), is used for image montaging where 
two different layers (images) are aligned by manually selecting 
the landmarks (56 points) and finally applying transform with 
free affine. The ECC micrographs along with the reference vir-
tual forescatter diode image obtained during HR-EBSD acqui-
sition are shown in Figures 2a and 2b, respectively. Here, the 
position of the TDs (different color than the neighboring pix-
els) and subgrain boundaries (partitioning two adjacent zones 

Fig. 1. ECC micrograph of (0001) GaN surface showing the TDs appearing either brighter or revealing black and white contrast on a darker background. 
The magnified image of the region inside the white-bordered rectangle within (a) is displayed in (b). The inset within (a) shows the ECP superimposed on 
an EBSD pattern simulated for a 5° tilt where the area shown in the ECC micrograph is taken from the circled region at a tilt of 7.8° for perfect channeling.

1 Uncertainty, Δρ = ρ[(ΔN/Ntot) + (Δl/l) + (Δw/w)], where, ΔN (≈5) is 
the number of dislocations that may have been missed while counting 
them, Ntot (≈139) is the total number of dislocations, Δl = Δw (≈0.1 μm), l 
(=3 μm), and w (=3.2 μm) are the length and width of the area of interest, 
respectively.
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with different colors) can be compared between these two im-
ages. To specifically locate the dislocations, as identified by the 
ECCI method (Fig. 2a), the area of interest has been divided 
into a 60 × 64 grid (l × w), with each cell having the same 
size as the size of the pixel used in 2D HR-EBSD (Fig. 2c). 
This gridding method helps facilitate the comparison between 
the two methods. Dislocation clusters are marked by oval 
shapes of different colors in the grid map. The distance be-
tween two adjacent dislocations is more than the size of the 
pixel in most of the cases (only one pixel contains two disloca-
tions, as identified by the ECCI method within zone 2 in 
Fig. 2c). Also, the Burgers vectors of dislocations within clus-
ters (corresponding to different zones as shown in Fig. 2a) are 
denoted by respective colors in the crystal reference frame 
(Fig. 2d). The dislocation arrays are mostly dislocation clus-
ters with a similar direction of the Burgers vector and are 
more of edge-type (or mixed-type with large edge component) 
dislocations. The minimum deviation of the Burgers vector 
from the [0001] pole direction, i.e., a pure screw dislocation, 
is 65.05° (corresponding to zone 1). Notably, it is not possible 
to distinguish multiple dislocations below the ECCI lateral 
resolution (which can be as small as 5 nm with a probing depth 
of around 100 nm), which is not the scenario in this study. 
Most of the TDs located within the nucleation layer are origi-
nated from faulted regions, i.e., those are misfit dislocations 
(Narayanan et al., 2001). Therefore, TDs are mostly GNDs 
and not SSDs. Moreover, since each dislocation corresponds 
to an individual data point, the HR-EBSD treats all the dislo-
cations as GNDs, irrespective of their formation mechanism.

Lattice Rotations
Analysis by HR-EBSD data (based on a user-chosen reference 
point) is realized to attain the lattice rotation (ωij) maps. 
The calculations are done in the framework of finite rotation, 
assuming traction-free conditions, i.e., σ33 is considered zero. 
Figure 3 shows the maps of computable stress components. 
The map corresponding to the σ33 component displays a negli-
gible near-zero value, which makes the assumption legitimate. 
The elastic constants used for this calculation are as follows 
(Polian et al., 1996): C11 = C22 = 390 GPa, C12 = C21 =  
145 GPa, C13 = C31 = C23 = C32 = 106 GPa, C33 = 398 GPa, 
C44 = C55 = 105 GPa, and C66 = 123 GPa.

The sample is oriented in such a way that the [0001] direc-
tion is perpendicular to the plane of line scanning and two mu-
tually perpendicular directions, i.e., [74110] and [5̅61̅0] lie 
parallel to the x1 and x2 direction of the specimen, respective-
ly. It is to be noted that these two directions are 8.9° rotated 
clockwise about axis [0001] from the conventional [112̅0] 
and [1̅100] directions, respectively. The displacement gradient 
tensor can be divided into symmetric and antisymmetric com-
ponents, and the latter can be used to obtain the lattice rota-
tions by the following equation (Asaro, 1979):

ωij =
1
2

∂ui

∂xj
−

∂uj

∂xi

 

(1) 

where xi is a crystal direction and ui is the displacement in that 
direction. ω12 is the in-plane rotation, i.e., tilt about surface 
normal x3, and ω13 and ω23 are the out-of-plane rotations, 
i.e., tilts about x2 and x1, respectively.

Fig. 2. (a) The ECC micrograph of the area of interest where orange dots denote the TDs, (b) the reference virtual forescatter diode image obtained during 
HR-EBSD acquisition, which is utilized to transform the ECC micrograph, (c) the 60 × 64 grids (l × w) display, with each grid having the same size as the size 
of the pixel used in HR-EBSD, showing the exact positions of the TDs observed using ECCI, and (d) the direction of Burgers vectors of the TDs from 
different dislocation clusters (zones) shown in (a–c).
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The lattice rotation maps are shown in Figure 4 in the range 
between −0.25 and +0.25°. The EBSP reference point is a 
user-chosen option, which is indicated by a red cross within 
ω12, and lattice rotations are calculated with respect to that 
point. For correlation, the TDs, as identified by ECCI, are 
superimposed on the rotation maps (pink dots).

Figure 4 exhibits two out-of-plane lattice rotations, i.e., ω23 

and ω13 about axes x1 || [74110] and x2 || [5̅61̅0], respectively, 
and one in-plane lattice rotation, i.e., ω12 about axis x3 || 
[0001]. The magnitude of the in-plane tilt rotation is discerned 
to be appreciably greater than that of the out-of-plane tilt ro-
tations. The distribution of the rotation angles reveals a wider 
spread for ω12 than that of ω23 and ω13. Domains of opposite 
lattice rotations are found adjacent to each other, particularly 
within ω12. This is indicative of the fact that the number of 
(edge + mixed)- and edge-type dislocations is greater than the 
number of screw-type dislocations within the area of interest. 
Interestingly, the position of the TDs does not exactly match 
the subgrain boundaries, especially toward the bottom of the 
maps. Depending on the deviation parameter (which is slightly 
positive in the present case, i.e., just outside the edge of the 
band), the center of the black and white contrast does not 

necessarily coincide with the exact position of the inclined dis-
location core (Kriaa et al., 2017, 2019).

Nye’s DD Tensor
Nye introduced the DD tensor (αij) to quantify GND densities 
(Nye, 1953):

αij = bitj (2) 

Where bi is the total length of Burgers vector (of all dislocation 
lines present) per unit surface, and tj is the unit dislocation line 
vector. This yields a signed DD in units of m−1. Dividing this 
value by the magnitude of the Burgers vector produces a dens-
ity in units of m−2, which is comparable with conventional dis-
location densities. The direction normal to the free surface is 
the x3 direction for the present study, i = 1 or 2 and j = 3 cor-
respond to pure edge dislocations, and i = j = 3 to pure screw 
dislocations, as the dislocation line always goes perpendicular 
(or nearly) to the film surface irrespective of the type of dis-
location (edge or screw).

The Nye’s DD tensor, α, can also be computed considering 
the Nye–Kröner theory (Nye, 1953; Kröner, 1959):

Fig. 3. The stress components calculated from the HR-EBSD data, showing almost no tangential stress, i.e., σ33 ≈ 0.
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α = curl ε + tr(κe)I − κT
e (3) 

Where ϵ and κe are the elastic strain tensor and lattice curva-
ture, respectively. Again, these lattice curvatures can be ex-
pressed by a finite difference in rotation term:

κij ≅
Δωi

Δxj
(4) 

Where Δωi is the difference in rotation ωi (with respect to the 
reference point on the basis of the sample reference system) be-
tween two adjacent pixels spatially separated by Δxj in the j-th 
direction. It is to be noted that the GND density obtained by 
this method is, therefore, a function of the step size used in 
HR-EBSD (Jiang et al., 2013).

HR-EBSD assumes spatial derivatives along the surface nor-
mal direction, i.e., x3, which are unknown as EBSD takes 2D 
measurements:

α =

∂ε12

∂x3
−

∂ε13

∂x2

∂ε13

∂x1
−

∂ε11

∂x3

∂ε11

∂x2
−

∂ε12

∂x1
∂ε22

∂x3
−

∂ε23

∂x2

∂ε23

∂x1
−

∂ε21

∂x3

∂ε21

∂x2
−

∂ε22

∂x1
∂ε32

∂x3
−

∂ε33

∂x2

∂ε33

∂x1
−

∂ε31

∂x3

∂ε31

∂x2
−

∂ε32

∂x1

⎡

⎢
⎢
⎢
⎢
⎢
⎣

⎤

⎥
⎥
⎥
⎥
⎥
⎦

+

∂ω12

∂x3
+

∂ω31

∂x2

∂ω13

∂x1

∂ω21

∂x1
∂ω32

∂x2

∂ω23

∂x1
+

∂ω12

∂x3

∂ω21

∂x2
∂ω32

∂x3

∂ω13

∂x3

∂ω31

∂x2
+

∂ω23

∂x1

⎡

⎢
⎢
⎢
⎢
⎢
⎣

⎤

⎥
⎥
⎥
⎥
⎥
⎦

(5) 

Here, the αi3 components [i.e., α13 (edge), α23 (edge), and α33 

(screw)] are completely computable from 2D EBSD data 
(El-Dasher et al., 2003; Pantleon, 2008) and allow 

Fig. 4. Lattice rotations with respect to the datapoint shown by the red cross in ω12. The red cross in ω12 is the user-chosen EBSP reference point, where 
the pixels with black, yellow/red, and cyan/blue colors correspond to areas with no rotation, positive rotation, and negative rotation, respectively, 
corresponding to a tilt about x3 || [0001]. The sample reference axes are shown in the figure. TDs are superimposed on the maps as pink dots. The same 
color bar is used for all rotations.
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characterizing the local Burgers vector of dislocation densities. 
Whereas the α12 and α21 components are computed by neglect-
ing the contribution of the elastic strain, and the α31 and α32 

components are not at all computable as the contribution of 
neither the lattice curvature nor the elastic strain is entirely 
assessable.

Figure 5a shows the difference of terms (α11−α22), and 
Figures 5b–5e show α12, α13, α21, and α23 components of the 
Nye tensor, respectively, which correspond to the edge dislo-
cations, while Figure 5f shows the α33 component denoting 
screw dislocation. The b values are considered as 3.190 and 
5.189 Å for edge i.e., <a>-type and screw i.e., <c>-type com-
ponents of Nye tensor, respectively (Schulz & Thiemann, 
1977). We remind that the two numbers in the subscript re-
present the directions of the Burgers vector and dislocation 
line vector, respectively, in the sample reference system 
(shown in Fig. 5). Components corresponding to the edge dis-
locations with the line vector perpendicular to the observation 
surface (i.e., αi3 components) reveal larger values and wider 
distribution compared with the other components. This is an-
ticipated as most of the dislocations with their line vectors are 
expected to be along the growth direction of the thin film. 
There will just be other smaller components (α12 and α21) as 
the dislocation line is slightly inclined toward the x2 and x1 di-
rections. In this context, a dislocation line vector inclined at a 

certain low angle with [0001] is considered to be perfectly 
aligned along [0001] for the density calculation in the present 
study. The average density of pure edge (i.e., α13 and α23) dis-
locations (∼1–2 × 108 cm−2) is one order of magnitude higher 
than that of the pure screw (i.e., α33) dislocations (∼1.8 ×  
107 cm−2). This finding is concordant with the previously re-
ported values of the density of TD types in InAlN/SiC samples 
by HR-EBSD (Vilalta-Clemente et al., 2017). Especially, the 
regions where TDs form clusters show a higher density of 
edge dislocations, as recognized in Figures 5c and 5e. 
Specifically, zones 1 and 4 reveal the presence of both α13- 
and α23-type at higher density, while zones 2 and 3 divulge 
higher density of α23- and α13-type edge dislocations, respect-
ively (Table 1).

Fig. 5. The HR-EBSD maps showing one difference of terms and five known terms of the Nye tensor: (a) α11−α22, (b) α12 (edge), (c) α13 (edge), (d) α21 

(edge), (e) α23 (edge), and (f) α33 (screw), with the sample reference frame shown. TDs are superimposed on the maps as pink dots.

Table 1. The Average Density of GNDs and the Dislocation Type (by the 
Components of Nye Tensor) of Different Zones That HR-EBSD Identifies 
for the Dislocation Clusters.

Zone Number Avg. GND Density (×109 cm−2) Dislocation Type

1 0.033 α13 + α23 (edge)
2 4.6 α23 (edge)
3 0.031 α13 (edge)
4 1.5 α13 + α23 (edge)
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Entrywise Norm of Nye Tensor
The entrywise norm of the Nye tensor (‖α‖) is proportional 
to the bulk GND density in face-centered cubic material 
(El-Dasher et al., 2003). Equations (6) and (7) recapitulate 
this relation:

‖α‖ = ������αijαij
√

(6) 

ρGND ≈
1
b
‖α‖ (7) 

HR-EBSD can provide distortion derivative components, 
which can give rise to the estimation of bulk DD for more com-
plex lattice structures than the cubic ones by solving equation 
(7) (Ruggles & Fullwood, 2013). The norm of the Nye tensor 
as indexing-derived and HR-EBSD analyzed have been shown 
in Figures 6a and 6b, respectively, for the comparison between 
information provided by EBSD and HR-EBSD. Figures 6c and 
6d display the Burgers vectors of the dislocations having the 
reference presented in Figure 6b. A disorientation angle 
<0.04° from the perfect [0001] orientation is neglected for 
the construction of this map. Since the density of edge-type 
GNDs is more when compared with that of the screw-type 
(Fig. 6d), the Burgers vector has been considered as lattice con-
stant a (=3.190 Å) for the construction of the norm of Nye 
tensor (Schulz & Thiemann, 1977). Notably, the GND density 

is ∼109 cm−2 from the analysis of the norm of the Nye tensor 
(plotted considering not only the αi3 components but all the 
known terms of the Nye tensor), which is the same order of 
magnitude as the TD density estimated from the ECC micro-
graph. Understandably, the regions with a high angle of in- 
plane rotation (Fig. 4) are surrounded by regions with a high 
density of GNDs. The values of average GND density are pre-
sented in Table 1 for those four regions, which show disloca-
tion clusters (Fig. 2a). From the Burgers vector analysis, it can 
be established that the areas of high GND density are mostly 
constituted by pure edge dislocations with <a>-Burgers vec-
tor, i.e., 1

3 [112̅0], 1
3 [21̅1̅0], and 1

3 [1̅21̅0], whereas, the screw 
i.e., <c>-type dislocations are very less in numbers. It is note-
worthy that the average GND density in zones 2 and 4 is high-
er than that of the entire map as the GNDs are very closely 
spaced (i.e., within consecutive pixels) in those regions 
(Table 1). Generally speaking, the dislocations forming clus-
ters are likely to be misidentified by HR-EBSD if the disorien-
tation angle is considerably low. In this case, it is more an SSD 
density here, with no or negligible elastic rotation.

Residual Elastic Strain
The symmetric component of the displacement gradient tensor 
can be used to obtain the elastic residual strains, by the follow-
ing equation (Asaro, 1979):

Fig. 6. The norm of the Nye tensor (∥α∥/b) , i.e., geometrically necessary DD maps: (a) indexing-derived and (b) by HR-EBSD; (c) the Burgers vector map 
where the lengths of the arrows denote the magnitudes of b, and (d) the IPF showing the direction of b. The colors of the arrows within (c) are referred to 
as the z-IPF as shown in (d) where the perfect poles for edge, screw, and mixed dislocations are marked. The zones of dislocation clusters are shown by 
white ovals (dotted boundary) in (b), and TDs are denoted by pink and white dots in (b) and (c), respectively.
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εij =
1
2

∂ui

∂xj
+

∂uj

∂xi

 

(8) 

A positive and a negative normal strains signify tensile and 
compressive strains, respectively. The normal and shear elastic 
strain maps are produced in Figure 7. The EBSP reference 
point is a user-chosen option, which is indicated by a red cross 
within ϵ11, and elastic strain variations are calculated with re-
spect to that point. It can be observed in all the maps that the 
areas showing tensile elastic strain (yellow) are necessarily ad-
jacent to the areas with compressive elastic strain (cyan) and 
they are divided by a boundary with no strain (black). The 

higher strain variations are exhibited by the in-plane strain 
components, i.e., shear strain ϵ12 and normal strain ϵ22. This 
can be attributed to the difference in thermal expansion coef-
ficient and the lattice mismatch along the in-plane direction 
between the GaN layer and the substrate, which guides the 
formation of TDs (Vilalta-Clemente et al., 2017). 
Contrarily, the out-of-plane strain components, i.e., especially 
ϵ23 shear strain and ϵ33 normal strain, do not reveal much vari-
ation in the strain distribution, which is in accordance with the 
out-of-plane stresses to be close to zero to conform the biaxial 
strain of the GaN layer grown epitaxially. Given the EBSD 
step size (50 nm) and the quite large number of dislocations 

Fig. 7. Residual strain maps obtained from HR-EBSD. The red cross in ϵ11 is the user-chosen EBSP reference point, where the pixels with black, yellow/ 
red, and cyan/blue colors correspond to areas with no strain, tensile strain, and compressive strain, respectively, along the [74110] direction. The sample 
reference axes are shown in the figure. TDs are superimposed on the maps as pink dots.
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in our maps, it is not possible to identify elastic strain pattern 
characteristics of individual edge, screw, or mixed dislocations 
(Ernould et al., 2021). Furthermore, the estimation of TD 
density by HR-EBSD is supposed to be a lower bound as 
only the net Burgers vector is considered for the calculation. 
The input from some TDs is likely to have vanished ascribed 
to the cancellation of the vector sum of Burgers vectors.

Therefore, based upon the analysis of the norm and compo-
nents of the Nye tensor, it can be concluded that the pure edge- 
or mixed-type dislocations with large edge component form-
ing clusters are less likely to be distinguished by HR-EBSD 
even though the resolution is at such a level that each disloca-
tion falls within an individual pixel. This can be attributed to 
their net small Burgers vector or small magnitude of individual 
Burgers vector (which is close to zero), resulting in minimal 
elastic strain and lattice rotation. Also in the case of ECCI, 
when a small tilt angle is used, the clusters of edge dislocations 
in a line appear as spatially smaller bright spots on the dark 
background than the TDs with a <c>-component, attributed 
to their smaller magnitude of Burgers vector when compared 
with the latter (Picard et al., 2009), as can be seen in 
Figure 1. This is unlike the results reported by 
Naresh-Kumar et al. (2012), where they observed no differ-
ence in the size of the black and white contrast for the edge 
and screw dislocations when a large tilt angle is used.

Synergy Between ECCI and HR-EBSD
The possible directions of Burgers vectors for edge, screw, and 
mixed dislocations are illustrated schematically in Figure 8a, 

with the color codes blue, red, and green, respectively. The dis-
location line vector, i.e., t is considered as ∥ [0001] if the de-
viation α from the perfect [0001] is within 15° (α1) and 
∦ [0001] if it is between 15 and 90° (α2) (Fig. 8b), which is fur-
ther considered for the construction of the grid map shown in 
Figure 9. The TD density of each type [i.e., edge, screw, mixed, 
and (edge + mixed)]2 is presented in Table 2 combining ECCI 
and HR-EBSD. The results are reported considering three dif-
ferent threshold angles of deviation of dislocation line vector 
from [0001], i.e., 10, 15, and 20°. Surprisingly, the line vectors 
of TDs are deviated from [0001] more often than not. 
Although, the dislocation lines are so far considered as || 
[0001], they can be legitimately considered to have deviated 
from that direction since the directions of Burgers vector are 
not concentrated only at the edge (i.e., [112̅0]), screw (i.e., 
[0001]), or mixed (i.e., [112̅3]) poles but distributed through-
out the inverse pole figure (IPF) (Fig. 6d). The combined ECCI  
+ HR-EBSD method reveals the TDs with t ∦ [0001] to be 89, 
72, and 55% with the threshold angles 10, 15, and 20°, re-
spectively (Table 2). The distribution of TDs, as identified by 
ECCI within the domain of interest, is plotted within the pixel- 
sized (as in HR-EBSD) grids according to their type (i.e., pure 
or mixed or combination), following the direction of Burgers 
vector analysis (Fig. 9). The deviation from the ideal 
<a>-Burgers vector for an edge, <c>-Burgers vector for a 

Fig. 8. Schematic illustration of (a) possible Burgers vectors (b) of edge (blue), screw (red), and mixed (green) TDs, (b) the consideration of dislocation line 
vectors (t) corresponding to the angle of deviation (α) from the [0001], and (c) different types of TDs with all possible dislocation lines and Burgers vectors 
and also a dislocation loop showing all possible line and Burgers vectors; E: edge (<a>-type), S: screw (<c>-type), M: mixed (<a + c>-type).

2 The (edge + mixed) dislocations are those <a>-type dislocations with 
inclined dislocation line vectors and having a large edge component, i.e. 
the angle between the dislocation line vector and the Burgers vector is close 
to 90°.
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screw, and <a + c>-Burgers vector for a mixed is categorized 
as <15° for pure with t ∥ [0001] and between 15 and 90° 
for combined (or mixed with large edge component) with t ∦ 
[0001]. Edge, mixed, and (edge + mixed) TDs are colored as 
yellow, orange, and gray, respectively, in Figure 9. For esti-
mating the number of pure edge (b = 1a) and pure screw (b  
= 1c) types, a polar angle of deviation of <4° has been consid-
ered by Tsukakoshi et al. (2021) in a recent article, while for a 
mixed dislocation (b = 1a + 1c) this angle is >4°.

As stated above, the ECCI method reveals most of the TDs 
as combined, i.e., (edge + mixed)-type (∼72%), followed by 
edge-type (∼25%), with very few mixed types and no screw 
type. This is in line with the findings by Wu et al. (1996)
who showed that the edge character TDs represent a larger 
fraction in MOCVD films. It is noteworthy that the average 
deviation of the direction of Burgers vector of TDs from the 
perfect <c> (i.e., [0001]), perfect <a> (i.e., 1/3[21̅1̅0], 1/ 
3[112̅0], 1/3[1̅21̅0], and their negatives), and perfect <a + c> 
(i.e., 1/3[112̅3], 1/3[21̅1̅3], 1/3[12̅13], 1/3[1̅1̅23], 1/3[2̅113], 
and 1/3[1̅21̅3]) poles are 75.1 ± 11°, 48.7 ± 22.2° (with 
the lowest deviation of 38.9 ± 22.5° from 1/3[112̅0]), and 
67.2 ± 14° (with the lowest deviation of 59.2 ± 15.8° from 
1/3[112̅3]), respectively, as identified by combining ECCI 
and HR-EBSD (errors are the standard deviation from the 

average values). Therefore, it can be deduced for the 
present region of interest that most of the TDs are either 
(edge + mixed)-type (where t ∦ [0001] and b far deviated 
from the screw component Burgers vector, i.e., exhibit negli-
gible screw character) or edge-type (where t ∥ [0001]). 
Furthermore, the TDs that belong to the dislocation clusters 
are seen to be of pure edge-type (yellow) and (edge + mixed)- 
type (gray) TDs (Fig. 9). Figure 8c depicts the different types 
of TDs with all possible t and b. The TDs with t ∦ [0001] 
are mostly mixed-type TDs with an energetically favored in-
clined line direction (Mathis et al., 2001). From the Burgers 
vector analysis, it can be concluded that these inclined disloca-
tions are (edge + mixed)-type (ME1 and ME2 in Fig. 8c) with 
negligible screw character. At a later stage of film growth, 
TDs participate in dislocation loop formation through their 
interaction which reduces the DD. These loops have a particu-
lar b, however, depending on the t (which is mostly ∦ [0001]), 
the type can be edge, screw, or mixed, as shown schematically 
in Figure 8c. Nevertheless, following this approach, the pro-
portion of edge- and mixed-type TDs cannot be explicitly de-
termined for t ∦ [0001].

The quality of the GaN crystalline film can be adversely af-
fected by the formation of TDs; however, the effect is lesser 
when compared with other compound semiconductors 

Fig. 9. The 60 × 64 grid (l × w) display of the area of interest where TDs are colored by their type following the direction of Burgers vector analysis using 
ECCI + HR-EBSD techniques. Within individual grids (i.e., pixel of HR-EBSD), pure edge, mixed, and (edge + mixed) dislocations are colored by yellow, 
orange, and gray, respectively. The threshold angle of deviation of t from [0001] is considered as 15°.
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(Bennett, 2010). It has been observed that the TDs with screw 
component Burgers vector i.e., mixed-type TDs are strong 
nonradiative centers when compared with the edge TDs, 
which are in majority in GaN thin films (Hino et al., 2000). 
The density of mixed-type TDs is higher in the nucleation 
layer; however, it is reduced substantially by the TD reaction 
resulting in the generation of edge-type TDs with the growth 
of the film (Moram et al., 2009). Although the material used 
in the present study contains the most number of edge- and 
(edge + mixed)-type TDs with an insignificant screw character, 
it necessitates suitable characterization to ensure practical ap-
plicability. The combination of ECCI and HR-EBSD (in the 
resolution limit of single dislocation) techniques has been 
proven to be effective in this regard. Notably, the current 
approach of using the HR-EBSD algorithm to acquire quanti-
tative information about dislocation type bypasses the manual 
and meticulous g.b calculation using ECC micrographs with 
multiple g-vectors.

Conclusion
To summarize, it has been observed that ECCI offers direct 
and fast imaging of dislocations, whereas HR-EBSD delivers 
quantitative information on the magnitude and direction of 
disorientations along with the character of the dislocations. 
Commonly, both of these nondestructive techniques are cap-
able of analyzing large areas (comparatively less for 
HR-EBSD considering the time consumed to perform the ex-
periment) on a bulk specimen in order to produce useful but 
complementary microstructural information. A large number 
of dislocations can be probed by both of these techniques, pro-
ducing a statistically more significant result than a transmis-
sion electron microscope. Thin film GaN deposited on Si 
substrate exhibits the TDs of mostly (edge + mixed)-type 
with insignificant screw character. Although HR-EBSD pro-
vides information on elastic strain, lattice rotation, etc. quan-
titatively, to only count the number of TDs and estimate their 
density, ECCI is stand-alone. To image and count the disloca-
tions (some are tiny faint spots without the black and white 
contrast), the ECC micrograph is preferred over HR-EBSD be-
cause of its smaller pixel size. The TDs forming clusters are 
mostly edge- and (edge + mixed)-type TDs. This is attributed 
to their small magnitude of individual Burgers vector or small 
net Burgers vector, resulting in minimal elastic strain as well as 
lattice rotation, which can be distinguished by methods that 
do not use channeling contrast for the identification of TDs. 
Nevertheless, following this approach, the proportion of 
edge- and mixed-type TDs cannot be explicitly determined 

for the dislocations with an inclined line vector ∦ [0001]. 
In the present study, with the spatial resolution of 50 nm in 
HR-EBSD, it is not possible to identify elastic strain pattern 
characteristics or lattice rotations of individual dislocations 
that have been identified by the ECCI technique.
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