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Abstract
Extended defects, like threading dislocations, are detrimental to the performance of optoelectronic devices. In the scanning electron microscope, 
dislocations are traditionally imaged using diodes to monitor changes in backscattered electron intensity as the electron beam is scanned over the 
sample, with the sample positioned so the electron beam is at, or close to the Bragg angle for a crystal plane/planes. Here, we use a pixelated 
detector instead of single diodes, specifically an electron backscatter diffraction (EBSD) detector. We present postprocessing techniques to 
extract images of dislocations and surface steps, for a nitride thin film, from measurements of backscattered electron intensities and intensity 
distributions in unprocessed EBSD patterns. In virtual diode (VD) imaging, the backscattered electron intensity is monitored for a selected 
segment of the unprocessed EBSD patterns. In center of mass (COM) imaging, the position of the center of the backscattered electron 
intensity distribution is monitored. Additionally, both methods can be combined (VDCOM). Using both VD and VDCOM, images of only 
threading dislocations, or dislocations and surface steps can be produced, with VDCOM images exhibiting better signal-to-noise. The 
applicability of VDCOM imaging is demonstrated across a range of nitride semiconductor thin films, with varying surface step and dislocation 
densities.
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Introduction
It is known that the presence of threading dislocations in group 
III-nitride semiconductors inhibits the performance of (opto) 
electronic devices (Wu et al., 1996; Mathis et al., 2001; 
Nagahama et al., 2001). Due to the growth on foreign substrates, 
such as sapphire and silicon, these materials exhibit relatively 
large densities of threading dislocations of the order of 
108–109 cm−2. Generally, threading dislocations in nitrides are 
centers for nonradiative recombination; however, there is still 
ambiguity in the literature on the effect of dislocation types on 
the optical activity (Lähnemann et al., 2022). Dislocations are 
the cause of leakage currents, decreased device efficiencies, lim
ited lifetimes in visible InGaN/GaN-based light emitting diodes 
(LEDs) and ultraviolet AlGaN-based LEDs (Kneissl et al., 
2019; Weisbuch, 2019), reduced lifetimes of laser diodes (LDs) 
(Bojarska-Cieślińska et al., 2021) and decreased device perform
ance of high electron mobility transistors (HEMTs) (Setera & 
Christou, 2021). Therefore, investigating, characterizing, and re
solving dislocations plays an important role in the development 
of these devices; for example, investigating dislocation density, 

dislocation distribution (random vs. clustering) and dislocation 
type.

Performing dislocation analysis for nitride semiconductors 
in the scanning electron microscope (SEM) has numerous ben
efits. Firstly, there is minimal sample preparation required. For 
many of the techniques performed in the SEM, samples do not 
have to be electron transparent, as with transmission electron 
microscopy (TEM). In addition to this, when imaging disloca
tions, the statistics are significantly greater than those in TEM 
cross-section measurements; i.e. one dataset simply includes a 
greater number of dislocations to be sampled. This is because 
large regions of the sample surface (e.g. 10 μm2) can be imaged 
in a relatively short time (of the order of minutes) with high 
spatial resolution.

Traditionally, in the SEM, images of dislocations have 
been acquired with electron channeling contrast imaging 
(ECCI) which uses back- and/or forescatter diodes (BSDs, 
FSDs) to acquire images (Wilkinson & Hirsch, 1997; Crimp 
et al., 2001; Trager-Cowan et al., 2007; Hite et al., 2010; 
Naresh-Kumar et al., 2012; Picard et al., 2012; Carnevale 
et al., 2014; Zaefferer & Elhami, 2014; Yaung et al., 2016; 
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Vilalta-Clemente et al., 2017; Brodusch et al., 2018; Callahan 
et al., 2018; Kaboli & Burnley, 2018; Miyajima et al., 2018; 
Schulze et al., 2018; L’hôte et al., 2019; Han et al., 2020). 
This is done by monitoring the change in the scalar intensity 
of the backscattered electron (BSE) yield as the electron beam 
scans continuously over the sample surface. Dislocations will 
be observable if the sample is placed such that the electron 
beam is incident on crystal planes of the sample at close to the 
Bragg angle, the condition for Bragg diffraction, which will influ
ence the elastic and inelastic scattering of the incident electron 
beam inside the sample. In this condition, known as a “diffrac
tion condition,” any change in crystallographic orientation or 
lattice constant due to strain will produce a change in the prox
imity to the local Bragg angle, and correspondingly a change in 
the BSE yield based on the diffraction effects. In ECCI images, 
dislocations generally appear as dots with black-white contrast.

In this study, rather than using individual hardware diodes, a 
pixelated detector has been utilized to image dislocations. At 
each point on the sample where the beam is dwelled, rather 
than simply collecting a scalar intensity with individual 
diodes, we collect an angular distribution of backscattered elec
trons in the form of an electron backscatter pattern (EBSP). 
Experimentally measured EBSPs comprise several different com
ponents. The first component is given by Kikuchi bands which re
present around 10–15% of the image signal (Winkelmann et al., 
2017). Kikuchi bands are formed due to the diffraction of back
scattered electrons from crystal planes as they leave a crystalline 
sample. Kikuchi bands therefore correspond to different crystal 
planes and EBSPs are closely related to a 2D projection of the 
crystal structure. While Kikuchi bands are the basis for the quan
titative analysis of orientation, crystal structure and strain in elec
tron backscatter diffraction (EBSD) measurements (further 
information on this can be found in Schwartz et al., 2009), in 
this study it is a second component of the signal which is more im
portant. This second component is the diffuse background of the 
EBSPs which is the very same signal that is monitored in ECCI 
measurements when using a simple diode (Nolze et al., 2017). 
The background component of EBSPs is smooth on the angular 
scales of Kikuchi diffraction effects. This is because, in the back
ground signal, the diffraction features have been obliterated by 
combined, multiple elastic and inelastic scattering processes. 
These processes lead to mutually canceling diffraction contribu
tions which can be assumed to originate from a distribution of ef
fective electron sources at different energies, with reduced phase 
coherence, and located anywhere in the crystal unit cell 
(Winkelmann & Vos, 2013; Winkelmann, 2017; Winkelmann 
et al., 2017). Among the various self-canceling and averaging 
processes, the Kikuchi diffraction pattern component can be con
sidered as a particularly stable diffraction contribution which is 
emphasized by the localization of quasi-elastic backscattering ef
fects at the atomic cores on the lattice sites, in combination with a 
relatively narrow energy spectrum that peaks close to the primary 
beam energy (Winkelmann et al., 2019).

Despite the lack of direct crystallographic diffraction features in 
the diffuse background, the total yield and the large-scale angular 
distribution of the background electrons is, however, modulated 
by the diffraction effects of incident beam electrons, as explained 
previously. Figure 1 shows an as acquired EBSP (a) and the same 
EBSP with the diffuse background (c) removed so that only the 
Kikuchi bands are observed (b). A fuller explanation of the signal 
mechanisms involved in EBSPs is given in Schwartz et al. (2009).

A pixelated detector has much greater versatility than a di
ode for sample surface imaging. Firstly, the detector can be 

segmented via postacquisition image processing techniques, 
to produce diode-like images, from anywhere across the pixel 
array. Here, the scalar intensity change of the BSE yield is sim
ply monitored in specific, user-defined areas on the pixelated 
detector as the electron beam moves from point to point on 
the sample (Schwarzer & Sukkau, 2013; Nowell et al., 
2014; Rampton et al., 2014; Brodusch et al., 2015; Wright 
et al., 2015; Nolze et al., 2017; Brodusch et al., 2018a). This 
method is known by various names, including virtual FSD, hy
brid FSD, synthetic BSE, pattern region of interest analysis sys
tem (PRIAS) or EBSD dark field imaging mode using a virtual 
aperture; and we simply refer to this as virtual diode (VD) im
aging here. In doing this, we are effectively moving a diode 
around in the SEM chamber, which means we can produce im
ages of the same area with differing dominant contrast mech
anisms (Wells et al., 1982; Wright et al., 2015; Nolze et al., 
2017; Brodusch et al., 2018a; Tanaka et al., 2023). Another 
benefit of using a pixelated detector is that changes in the dis
tribution of the BSE yield can be monitored in these user- 
defined regions. This is done by treating the intensity distribution 
as a mass density and monitoring the changes in the x and y po
sitions of this mass density as the electron beam scans from point 
to point on the sample. This is known as center of mass (COM) 
imaging (Nolze et al., 2017; Winkelmann et al., 2017). VD im
aging, based on the angular distribution of backscattered elec
trons, can also be carried out in a differential mode, by 
observing the relative ratio of intensities in different virtual di
odes. Using three virtual diode intensity ratios, orientation color 
contrast can be produced from polycrystalline materials 
(Winkelmann et al., 2023). Moreover, for multiphase materials, 
where neighboring phases may have a high enough variation in 
electron scattering effects, large COM shifts may be measurable 
such that compositional changes are detectable. This could be 
particularly useful in geological applications of EBSD.

In this article, we present results from performing VD imaging 
on an N-polar GaN thin film by using a pixelated detector with 
the sample placed in a diffraction condition. For the same sample 
and diffraction condition, we then combine the VD-like detector 
segmentation with COM imaging, exploring the combined im
aging technique of VDCOM. For both VD and VDCOM im
aging, we produce separate images from the same sample area 
showing either threading dislocations or threading dislocations 
and surface steps. The underlying physics behind the signal pro
duced in these images is discussed. The ability to controllably 
produce images showing both surface steps and threading dislo
cations allows us to identify whether threading dislocations ter
minate a step and therefore have a screw component or 
alternatively do not terminate a step and are therefore edge dis
locations (Hull & Bacon, 2011). We also compare the suitability 
of both techniques for imaging dislocations and surface steps, 
where we illustrate VDCOM produces consistent signal-to-noise 
across both dislocation and surface step and dislocation images, 
whereas VD imaging does not due to signal-to-noise issues inher
ent in the sample-detector geometry of the experimental setup. 
The applicability of VDCOM imaging is then demonstrated 
across a range of other nitride thin films, each exhibiting different 
dislocation and step densities.

Materials
The N-polar GaN sample was a 900 nm thick N-polar GaN 
thin film grown by metal-organic vapor-phase epitaxy 
(MOVPE) on a sapphire substrate. The N-polar GaN was 

1880                                                                                                                                    Microscopy and Microanalysis, 2023, Vol. 29, No. 6



induced by high temperature (1150◦C) nitridation in an envir
onment of ammonia and H2, followed by an estimated 25 nm 
thick low temperature (525◦C) GaN nucleation layer and a 
900 nm thick high temperature (1150◦C) N-polar GaN layer.

There were two Ga-polar GaN samples used in this re
search. The first was a 1600 nm thick GaN thin film grown 
on a c-plane sapphire substrate via MOVPE. A 30 nm GaN 
nucleation layer was grown at 525◦C. This layer was annealed 
briefly at a temperature of 1023◦C prior to the epitaxial 
growth of the sample. More information on the growth pro
cess is available in Lafford et al. (2002). The second 
Ga-polar sample was a 2150 nm thick GaN thin film grown 
by MOVPE on a commercial AlN template from Kyma 
Technologies. The template consisted of a 50 nm thick nano
columnar crystalline AlN nucleation layer grown epitaxially 
by plasma vapor deposition onto a sapphire substrate. The 
growth temperature for the GaN layer was 1060◦C with H2 

as the carrier gas. TMIn was used as a surfactant.
The AlN sample was a 6.6 μm thick thin film overgrown on 

a nanopatterned sapphire substrate (nPSS) with a miscut of 
0.1◦ towards the sapphire m-plane. The overgrowth was per
formed in a planetary MOVPE reactor with a constant reactor 
pressure of 50 mbar and H2 serving as a carrier gas. More de
tails on the nPSS fabrication and the AlN overgrowth process 
can be found in Walde et al. (2020).

Methods
Acquisition
All EBSD datasets were acquired using a variable pressure field 
emission gun SEM (FEI Quanta 250) equipped with an 
Oxford Instruments Nordlys EBSD system with a sample tilt 
of 70◦. The beam voltage for the N-polar GaN sample and 
AlN sample was 20 kV with a map step size of 30 and 55 nm, 
respectively. The beam voltage used on the other two GaN 
samples was 30 kV with a map step size of 25 nm. The image 
processing for center of mass imaging and virtual diode im
aging was performed using Python. All image processing 
was performed on raw, as-acquired EBSPs, i.e. no diffuse 
background removal was used for any of the image processing 
techniques.

Virtual Diode Imaging
The virtual diode technique is a postacquisition image process
ing technique that effectively segments a pixelated detector, 
such as an EBSD detector, into smaller “virtual” diodes. In 
this case, it was performed and developed using image process
ing code written in Python. After collecting a full dataset of 

EBSPs spanning an area of the sample, the user can define 
the same small region on each EBSP where the change in inten
sity can be monitored, going from one EBSP to the next (i.e. 
effectively moving across the sample). A simple example of 
this is as follows. A dataset contains M × N EBSPs, spanning 
an area on the sample surface. The EBSPs were binned down 
into 7 × 7 arrays from their original resolution of 256 × 336. 
After doing this, a particular row was selected and the inten
sity within that row was summed to a single scalar value. 
This was performed for all EBSPs in the dataset. By then plot
ting each scalar value for each EBSP in the dataset in an array, 
a virtual diode image was obtained. The steps for this are illus
trated in Figure 2. This process can be repeated for the other 
six rows, obtaining seven virtual diodes in total.

The value of using this virtual diode method is that we ef
fectively move a diode up and down in the chamber and image 
from different locations. By doing this, we can take several im
ages with one dataset where each image may have different 
features, such as crystallographic or topograhical features, 
dominating the overall contrast. This happens because as we 
explore the BSE yield in different areas in the BSE distribution, 
we are collecting signal from different depths within the sam
ple. The effect of how sample depth information is related to 
detector position is explored in Wells et al. (1982). The con
trast recorded with different virtual diodes is heavily depend
ent on sample topography, detector-sample geometry, and 
electron beam voltage (Winkelmann et al., 2017).

It is important to note that VD images can be formed from 
an area of any size or shape, or even single pixels, in the 
as-acquired EBSPs. However, as the area of the EBSP sampled 
becomes smaller, the signal-to-noise ratio (SNR) reduces, af
fecting the clarity of the resulting VD images.

Center of Mass Imaging
While VD imaging monitors the changes in the intensity of the 
backscattered electrons incident on regions of interest on the de
tector, other characteristic properties of the angular distribution 
of the electrons on the pixelated detector can also be monitored 
(Chapman et al., 2016; Nolze et al., 2017; Winkelmann et al., 
2017). For example, the position of the center of mass of the 
BSE intensity distribution (rCOM) is found for each EBSP using:

rCOM =
1

ΣPI(xp, yp)
ΣNxN · I(xN, yN)
ΣMyM · I(xM, yM).

􏼒 􏼓

(1) 

Where I(xp, yp) is the intensity measured at pixel P. The x and y 
coordinates of each pattern’s COM are stored in two separate ar
rays, one for x values and one for y values. These arrays are 

Fig. 1. (a) Raw electron backscatter pattern of a GaN thin film, acquired at 20 kV. (b) The same pattern as (a) with the diffuse background removed via a 
high-pass filter based on the fast Fourier Transform (FFT). (c) The diffuse background without diffraction features.
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normalized by simply subtracting their mean value from each 
element contained in them. For a dataset with M × N EBSPs, 
there is then 2 × M × N values. The two separate arrays are 
then plotted, producing COMx and COMy images, respectively 
(Fig. 3).

As with VD imaging, we demonstrate here that the EBSPs 
can also be segmented for COM imaging (VDCOM), provid
ing images with different dominant contrast mechanisms from 
one EBSD dataset. For example, COM analysis can be per
formed for the upper half and the lower half of each EBSP re
sulting in four VDCOM images. However, unlike traditional 
VD imaging, where binning can be high, it is important to 
understand that for higher binning for VDCOM imaging, 
smaller changes in the COM position are much less detectable. 
This can mean that shifts in COM images smaller than the 
resolution of the highly binned diodes are not detected and 
the resulting VDCOM images, therefore, show less contrast 
where a dislocation/crystal distortion is present. It is also 
important to note that as with VD imaging, the contrast ob
tained by VDCOM imaging when using a particular section 
of the EBSPs is strongly dependent on sample-detector 
geometry, surface topography, and beam energy (Nolze et 
al., 2017). This is outlined in the Results section where an 
explanation for the observed VDCOM images is given for 
the particular detector geometry, sample, and beam energy 
used in acquiring the N-polar GaN thin film dataset used in 
the present study.

Results
Virtual Diode Imaging
The virtual diode method was performed on the N-polar GaN 
sample by segmenting the screen into 20 rows and summing 
the signal in each row for each EBSP. Twenty rows were chos
en in this case as they maximized the variation in contrast ob
served. Shown in Figure 4 are the VD images acquired from 
the top row (a) and the bottom row (b) of the N-polar GaN 
sample. The top and bottom rows demonstrate best the vari
ation between VD images in terms of dominant contrast.

The virtual diode images initially showed dark horizontal 
lines, unrelated to crystallographic changes in the sample. 
This was potentially caused by either sample charging or fluc
tuation in the beam current. This was corrected by taking the 
median value of pixels across the dataset and subtracting the 
features common to all rows (horizontal lines). The corrected 
images are those shown in Figure 4, however, the “raw” vir
tual diode images can be seen in the Supplementary 
Material, along with a more detailed description of the median 
correction.

Inspecting the VD image produced from the intensity distri
bution in the top row (Fig. 4a) shows that mainly dislocation 
contrast is observed, dots with black-white contrast on the 
sample surface. This is due to the same effect as discussed 
for ECCI previously, where changes in crystallographic orien
tation result in a change in the proximity of the incident beam 

Fig. 2. Work flow of virtual diode processing method. Each EBSP in a dataset is binned into a smaller array (here 7 × 7). The bottom row is then chosen and 
the intensity is summed across the same row for all EBSPs, generating as many scalar intensity values as there are EBSPs. These values are then plotted 
giving a resulting image of the sample surface.
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to the Bragg angle; meaning fewer or greater number of elec
trons are diffracted through the sample.

Figure 4b shows contrast which is dominated more by the 
surface steps on the sample. The dislocations which terminate 
these steps also show strong contrast as they are at the interface 
between the steps and the rest of the sample, while dislocations 
that do not terminate steps are fainter than in Figure 4a. The sig
nal due to topography is now exceeding the signal due to 
changes in orientation of the crystal. To understand why this 
change in contrast occurs between the top and bottom row, 
we must consider the detector-sample geometry of the setup 
(Fig. 5a). With the sample inclined at 70◦ to the horizontal, 
the electrons incident on the bottom of the screen are at a graz
ing angle to the sample, making them more surface sensitive. 
These electrons are shadowed by the atomic steps, resulting in 
changes in the BSE yield.

Additionally, it can be seen in Figure 4 that the 
signal-to-noise in row 1/20 is less than that in row 20/20. 
This is also as a result of the geometry. As the sample is in
clined, the volume of beam electrons within the sample 
(known as the interaction volume) is elongated in the sample 
y direction (Schwartz et al., 2009). As such, electrons will fa
vor the forward direction when exiting the sample (Nolze et 
al., 2017), leading to an asymmetry in the BSE yield going 
down the detector screen. This can be confirmed by plotting 
a graph of the intensity recorded in each pixel row of the de
tector (Fig. 5b). This effect could be reduced by lowering the 
screen to increase electron incidence at the top of the screen 
and improve the signal, however as can be inferred from the 
shape of the distribution, this may mean less signal elsewhere 
on the screen.

Center of Mass Imaging
The following subsections “VDCOMy” and “VDCOMx” de
scribe in detail the contrast exhibited from using VDCOM im
aging on the N-polar GaN thin film sample.

The explanation for the contrast revealed in each image is 
particular to the sample-detector geometry, sample topog
raphy, and beam energy used in this research. The explanation 
cannot be applied for every instance of VDCOM imaging 
where one or more of these variables changes. Both 
VDCOMy and VDCOMx did not exhibit the horizontal lines 
the VD method did. This is because unwanted changes in the 
incoming beam current should not affect the position of the 
COM of the outgoing BSE distribution, highlighting an im
portant advantage that COM imaging has over VD imaging.

VDCOMy
VDCOMy images were plotted by segmenting each EBSP into 
a top half and a bottom half. This gives two virtual diode re
gions per EBSP. The center of mass/intensity was then calcu
lated as described previously for the top half and bottom 
half of the EBSPs separately. The deviation in the y position 
of each center of mass value from the mean was then plotted 
for both subsets of data, giving two images: VDCOMy from 
the top half of all EBSPs and VDCOMy from the bottom 
half of all EBSPs (Fig. 6).

Inspecting both VDCOMy images (Figs. 6a, 6b), we see that 
the signal produced is very similar to that in the VD images 
(Fig. 4). Again where there are dislocations, the BSE yield 
will vary and so the shape of the outgoing distribution will 
change. The direction in which the outgoing electrons are 

Fig. 3. COM imaging. The center of the intensity distribution of each EBSP is found for COM analysis and is marked by the dot in the example EBSP (top 
image). The x and y coordinates of the COM for every EBSP are plotted in two separate arrays and normalized by the mean value. These arrays are plotted 
giving COMx and COMy images, respectively. Note here there is no detector segmentation, the COM images are produced from the COM of the entire 
EBSP. The images shown are from the 900 nm thick N-polar GaN sample.
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scattered and diffracted will also change as the orientation of 
the crystal changes near dislocations. Both result in change in 
COMy.

Furthermore, for the VDCOMy produced from the bottom 
half of EBSPs, the image is formed from those electrons scat
tered at a grazing angle, meaning the contrast is particularly 
surface sensitive. When the beam scans in close proximity to 
steps, the electrons leaving the sample with grazing incidence 
will travel through a slightly greater depth to escape the sam
ple. This results in a small shift in the y component of their 
backscattered direction, producing contrast in the resulting 
VDCOMy image. Additionally, any shadowing due to surface 
steps may cause a change in the BSE distribution shape, and 
correspondingly a change in the COMy position.

VDCOMx
As with the VDCOMy images, the VDCOMx (Figs. 6c, 6d) 
images resulted from segmenting each EBSP into a top half 
and a bottom half.

There was significantly less variation in the dominant con
trast mechanism for each VDCOMx image. In fact, surface 
steps were largely absent. Additionally, many of the disloca
tions were resolved as smaller dots, in contrast to the spots 
with clear black–white contrast in the VDCOMy images. 

This made it easier to discern the number of dislocations pre
sent in the sample area, as some dislocations are very close to 
one another. The contrast is consistent with expectations, as 
COMx analysis is generally less sensitive to topography 
(Winkelmann et al., 2017). In the case of the surface steps ob
served in the sample and geometry used, the absence of surface 
steps in VDCOMx could possibly be explained by the fact that 
changes in the position of the BSE distribution in the x direc
tion occur only due to shadowing. This is not the case for 
VDCOMy where changes in the COMy position occur due 
to the fact that electrons with grazing incidence are backscat
tered in the y direction slightly more when exiting near a step.

VD and VDCOM Suitability for Dislocation Imaging
When inspecting the quality of images produced by VD and 
VDCOM methods, their suitability for imaging dislocation 
distributions in nitride thin films can be assessed. For the 
VD method, we are only able to produce images showing 
only dislocations by placing the virtual diode at the top of 
the screen for this particular experimental setup (Fig. 4a). 
Due to the sample detector geometry, this means that unfortu
nately, signal-to-noise is poor in these images, resulting in a 
fairly low-quality image of the dislocation distribution. 
While the detector screen could physically be moved inside 

Fig. 4. (a) VD image produced from monitoring intensity changes in the top 5% of rows in EBSPs for N-polar GaN sample. (b) VD image produced from the 
bottom 5% of rows in EBSPs for N-polar GaN sample. These images have been corrected for unwanted signal changes via the application of a median 
function to the VD dataset (see Supplementary Material).

Fig. 5. (a) Effect of sample tilt on interaction volume is shown. Due to 70◦ tilt the interaction volume is elongated in the y direction resulting in an 
asymmetrical backscattered electron intensity distribution on the phosphor screen of the detector. This distribution shows the forward direction is 
favored by electrons exiting the sample surface. (b) Distribution of BSE signal from the first pixel row to the last on the detector.
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the SEM chamber to improve the signal-to-noise at the top of 
the screen, the asymmetry of the BSE distribution would mean 
there would be less signal at the bottom of the screen, deteri
orating the surface step images. This however is not an issue 
with VDCOM imaging, as the insensitivity to surface steps 
that VDCOMx exhibits here means that we obtain images 
from the bottom of the screen with high signal and high dis
location contrast, while reducing the effect of topography 
(Fig. 6c). The dislocations also appear as small black dots, 
making them easily resolvable from one another, as opposed 
to the strong black-white contrast in the VD image showing 
just dislocations. While this shows a clear advantage of using 
VDCOM over VD, VD does have greater versatility in that VD 
images can be formed from small areas of the detector. This 
means there is greater flexibility in where we can place the vir
tual diode when we are just monitoring intensity changes, 
compared to monitoring the change in position of the distribu
tion, which requires a large enough area that these changes are 
detectable. However, for this particular case, VDCOM is 
clearly superior to VD imaging in the range and quality of im
ages it can produce.

VDCOM Applicability for Other Nitride Thin Films
Here, we show the applicability of VDCOM across three other 
nitride thin films, exhibiting a range of dislocation densities. 
Figures 7a–7c show VDCOMy images produced from the bot
tom half of EBSPs for two different Ga-polar GaN thin films 
and an AlN thin film, respectively. VDCOMy images 
were chosen as they exhibit contrast from both steps and 
dislocations in these samples. The dislocation densities are 
3 × 108 cm−2, 2 × 109 cm−2, and 1 × 109 cm−2 for (a), (b), 
and (c), respectively. For comparison, the dislocation density 

for the N-polar GaN sample discussed earlier is of the order 
of 1 × 108 cm−2.

Inspecting the images for the two GaN films (Figs. 7a, 7b), 
we can begin to understand the limitations on imaging GaN 
thin films with the VDCOM technique. Surface steps can eas
ily be identified in Figure 7a, although where they terminate is 
less clear than that in Figure 6b, meanwhile individual disloca
tions are completely resolved. However, as the dislocation and 
step densities increase again going to the Ga-polar GaN sam
ple shown in Figure 7b, it becomes much harder to resolve in
dividual steps, although it is still clear that they are present. 
Here, dislocations are still just as prominent as in Figures 7a
and 6b, and there is even strong subgrain contrast where sub
grains are decorated by the dislocation distribution. The 
strong dislocation and weak step contrast occurs in the higher 
density samples because as the step density increases, steps are 
more difficult to fully resolve and their effect on the intensity 
distribution is averaged out, allowing the dislocation contrast 
to stay dominant.

This effect is also apparent when moving to other materials 
such as AlN thin films (Fig. 7c). This sample exhibits a relative
ly high dislocation density (1 × 109 cm−2) and surface step 
density. The individual dislocations are still fully resolvable, 
while the surface step contrast is significantly decreased.

While it is unfortunate that individual steps and where they 
terminate cannot be fully resolved in the samples shown in 
Figure 7, it highlights an important limitation of the imaging 
technique. As the step density approaches the spatial reso
lution of EBSD, the ability to both resolve surface steps and de
termine where they terminate significantly decreases. 
Improving spatial resolution, and therefore further optimizing 
VDCOM imaging by going to lower beam voltages is the sub
ject of ongoing research.

Fig. 6. VDCOMy image produced from the (a) top half and (b) bottom half of EBSPs in the N-polar GaN dataset. VDCOMx image produced from the (c) top 
half and (d) bottom half of EBSPs in the N-polar GaN dataset.
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Ultimately, here, we demonstrate that VDCOMy imaging is 
still a useful method for imaging individual dislocations and 
dislocation distributions at relatively high dislocations dens
ities in nitride thin films, while surface steps become more dif
ficult to resolve for higher step densities.

Conclusion
The use of a pixelated detector for nitride thin film imaging 
allows greater flexibility than the hardware diodes that have 
traditionally been used in SEM based dislocation imaging. By 

using a pixelated detector the user can define multiple “vir
tual” diodes of different shapes and sizes which can be lo
cated in any position across the pixel array. By monitoring 
how the total intensity recorded in these virtual diodes 
changes as the beam moves across the sample, different im
ages of the same sample surface can be produced showing 
different dominant contrast mechanisms. In this particular 
study, we have shown how we can controllably produce sur
face images of an N-polar GaN thin film using the VD meth
od which show either dislocations or surface steps and 
dislocations.

Fig. 7. VDCOMy images produced from bottom half of EBSPs from a (a) 1600 nm thick Ga-polar GaN thin film with a dislocation density of 3 × 108 cm−2, 
(b) 2150 nm thick Ga-polar GaN thin film with a dislocation density of 2 × 109 cm−2, and (c) 6.6 μm thick AlN thin film with a dislocation density of 
1 × 109 cm−2.
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Another advantage of using a pixelated detector is that the 
change in position of the recorded BSE distribution can also 
be monitored as the electron beam is scanned across the sam
ple (known as center of mass imaging). Here, we have shown 
that by applying COM imaging within virtual diodes 
(VDCOM imaging), we can again control the type of contrast 
dominating the images produced by this technique; showing 
either dislocations or surface steps and dislocations. 
VDCOM has the advantage over regular (full EBSP) COM im
aging in that it has the potential to offer better refinement of 
the type of image contrast obtained (topography, dislocations, 
etc.). This can be particularly helpful when contrast from one 
type of feature is highly suppressed in the original COM im
age. Here, the placement of virtual diodes and resulting 
VDCOM analysis can improve this contrast by measuring 
the COM shift in parts of the EBSPs where the BSE contribu
tion from the other, more dominant effect, should be less.

We have demonstrated that VDCOM produces images of 
both dislocations and dislocations and surface steps with 
high signal-to-noise, by utilizing the fact we can monitor 
changes in the backscattered electron intensity distribution 
in both the x and y positions. Meanwhile, VD imaging can 
also produce images of dislocations or dislocations and sur
face steps, but due to the asymmetry of the intensity distribu
tion across the detector screen, one image will inevitably have 
a poorer signal-to-noise ratio. While this is advantageous for 
the VDCOM technique, VD imaging is more flexible in that 
the virtual diodes can be significantly smaller when measuring 
the change in the magnitude of the BSE yield than when meas
uring changes in the position of the BSE distribution. This is 
purely because as smaller virtual diodes are used for 
VDCOM, the area over which changes in the COM are detect
able is much smaller, reducing the signal-to-noise in the result
ing VDCOM images. VDCOM is, however, also unaffected by 
unwanted modulations in beam current or charging, as dem
onstrated with the N-polar GaN dataset used here, whereas 
VD imaging suffers from this.

Ultimately, from the data sampled here, it is suggested that 
for dislocation analysis, VDCOM imaging provides the best 
images in that different features can be emphasized and the re
sulting images have high signal-to-noise.

Finally, we have illustrated the applicability of VDCOM as an 
imaging technique across other thin film samples with varying 
surface step densities and dislocation densities. It is clear that 
at high surface step densities it no longer becomes possible to 
identify where surface steps terminate, although they are still vis
ible. Despite this, at higher dislocation densities, VDCOM is still 
able to resolve individual dislocations and images exhibit sub
grain contrast. This provides valuable information on dislocation 
distributions on the surface of nitride thin film samples.
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