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ABSTRACT

The luminescence characteristics and the relation between the distribution of impurities and stacking faults (SFs) in Mg-doped zincblende
gallium nitride (zb-GaN:Mg) have been investigated by cathodoluminescence (CL) and atom probe tomography (APT). Four peaks have
been identified in the CL emission spectrum, and the possible related recombination mechanisms have been proposed. The main peak at
3.23 eV is associated with excitonic transitions, while the other three, having lower energies at about 3.15, 3.02, and 2.92 eV, respectively, are
related to donor-to-acceptor (DAP) transitions involving different acceptor energy levels. These DAP peaks were significantly more intense
on or close to SFs compared to the surrounding defect-free material, indicating an enrichment of point defects near SFs. This finding was
supported by APT measurements, where Mg showed a tendency to segregate toward SFs in zb-GaN.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0274599

I. INTRODUCTION

Gallium nitride (GaN) and its alloys have been widely used
for lighting after the revolutionary development of high-efficiency
blue light-emitting diodes (LEDs).1,2 These blue LEDs are conven-
tionally based on wurtzite (wz) InGaN/GaN multiple-quantum
wells (MQWs) grown in the hexagonal phase on the polar c-plane.
However, such blue LEDs suffer from an efficiency droop with
increasing local current density, required in small LEDs with high
brightness for display applications.3 Furthermore, spontaneous and
piezoelectric polarization fields along the c-axis will reduce the
radiative recombination rates in QWs, which leads to reduced
internal quantum efficiency of green wz-InGaN-based LEDs in
comparison with blue LEDs.4 Currently, the efficiency of these
green LEDs is only half that of blue InGaN and red phosphide
based LEDs, a phenomenon known as the “green gap” problem.5

Zincblende GaN (zb-GaN) grown in the (001) orientation offers an

alternative route, as it is free from polarization fields due to its high
structural symmetry and, for which, a significantly smaller effi-
ciency droop is expected compared to wz-GaN-based LEDs.6

However, zb-GaN suffers from the high density of {111}-type stack-
ing faults (SFs), which are the dominant extended planar defects in
zb-GaN.7,8 SFs are detrimental to the optical properties of zb-GaN,
possibly because these inclined planar wz-like defects might be sus-
ceptible to the incorporation of point defects during growth,
similar to the SFs in semipolar wz-GaN.9 These point defects may
give rise to non-radiative recombination near SFs.9–11 Theoretical
work has shown the possibility of point defect segregation at SFs.
For example, Schmidt et al. suggested the segregation of Mg impu-
rities toward SFs in zb-GaN:Mg, where Mg impurities can achieve
the lowest equilibrium energy by substituting onto Ga-sites in the
plane of the SF.12 Meanwhile, spectroscopic studies have shown
that several peaks in the photoluminescence (PL) spectra of
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zb-GaN:Mg may relate to transitions into Mg acceptor states.13–15

These characteristic transitions provide an opportunity to investi-
gate the distribution and potential Mg accumulation at or near SFs
via the spatial variation in the Mg-related luminescence signatures.

Scanning electron microscopy (SEM) and cathodolumines-
cence (CL) are the ideal methods for such an investigation. In pre-
vious studies, SEM-CL has been used to map the distribution of
SFs across a zb-GaN epilayer and zb-InGaN single quantum well
and to investigate their optical properties. In the earlier stage, most
works focused on the luminescence peaks of SFs in the CL spectra
and their underlying recombination mechanisms and investigated
the role of other defects in the vicinity of SFs, such as point
defects.9,16 While the specific signatures in the CL spectra provide
evidence for the existence of certain defects, they do not provide
insight into the luminescence of specific SF-related features near
the surface. To overcome this issue, hyperspectral CL maps have
been used in the past, to correlate the light emission with specific
SF-related features seen in secondary electron (SE) images.9,17

Similarly, the distribution of impurities can be investigated by ana-
lyzing the defect-related luminescence features from CL maps and
correlating them with the SF-related features in the corresponding
SE images. Furthermore, Kumar et al.18,19 have performed atom
probe tomography (APT) to measure the Mg concentration near
the dislocations in Mg-implanted wz-GaN, and investigated the
influences of annealing temperature on Mg clustering near these
defects. Their research suggests Mg segregation toward the disloca-
tions in wz-GaN, and supports the idea that APT can be used to
map the impurity distribution at the defects in zb-GaN.

In this study, we focus on the correlation of the distributions
of Mg impurities and SFs in zb-GaN:Mg by CL and APT, address-
ing the potential segregation of Mg impurities toward SFs in the
material. CL was used to identify the luminescence features related
to impurities and to map the spatial distribution of these features.
This was supported by APT measurements, which were used to
investigate the distribution of elements at SF locations.

II. EXPERIMENTAL METHODS

The as-grown zb-GaN:Mg sample investigated in this study
was grown on a 3C-SiC/Si (001) pseudo-substrate by metal organic
vapor-phase epitaxy (MOVPE) in a 6 × 200 Aixtron close-coupled
showerhead reactor. A 4° miscut along [1 −1 0] was present in the
substrate to avoid the formation of antiphase domains.20 After the
initial growth of an approximately 45 nm-thick nucleation layer at
standard growth conditions, a 2300 nm-thick zb-GaN:Mg epilayer
was grown at 100 Torr, 890 °C, and a V/III ratio of 76, following
the previous optimization studies.21 After growth, the sample was
cooled down to room temperature without additional in situ
annealing or postgrowth activation of Mg. A control experiment at
room temperature has also shown little or no Mg activation under
the irradiation of the electron beam during CL measurements.
Secondary-ion mass spectrometry analysis of a similarly grown
sample shows a concentration of 3 × 1019 cm−3 magnesium,
4 × 1017 cm−3 oxygen, 9 × 1018 cm−3 hydrogen, and 4 × 1019 cm−3

carbon.
In this work, the CL maps and SE images were acquired using

an Attolight Allalin 4027 Chronos SEM-CL system, equipped with

a cryostat. All measurements were performed at 80 K, with 5 keV
beam energy, resulting in an interaction volume of about 90 nm,
1.25 nA probe current, 50 μm aperture size, and a 150 l/mm grating
blazed at 500 nm. The pixel dwell time was 100 ms, and the size of
the CL maps and SE images is 4.26 × 4.26 μm2. All data were ana-
lyzed using the python-based LumiSpy package.22 The samples for
APT were prepared in a Zeiss Crossbeam 540 Analytical FIB-SEM
system. Prior to preparation, a protective chromium layer was depos-
ited on the sample via Leica EM ACE600 to safeguard the surface
during processing. APT samples were extracted using the standard
lift-out approach.23 To minimize the milling damage, the final stage
of polishing to reach the near-surface layer of interest was carried
out at 2 kV and 10 pA. APT measurements were conducted at 50 K
in CAMECA LEAP5000-XS in the laser mode with a laser energy of
10 pJ per pulse. The APT datasets were analyzed using the commer-
cial software packages IVAS 6.3 and AP Suite 6.1.

III. RESULTS AND DISCUSSION

The SE image in Fig. 1(a) shows the typical surface morphol-
ogy of the zb-GaN:Mg sample and Fig. 1(b) shows the correspond-
ing panchromatic CL map of the same area. Three different surface
features can be identified from the SE image: flat rectangular areas,
elongated surface features, and pale stripes, which are marked by a
red dashed rectangle, a white arrow, and a yellow arrow, respec-
tively. The flat rectangular features are free from pale stripes and
correspond to the high-intensity bright patches in the panchro-
matic CL map (as indicated by the red dashed rectangle in the CL
map). The elongated surface features align parallel to and perpen-
dicular to the sample miscut and correspond to the lines of low
emission intensity in the CL image. For example, in the CL map, a
white arrow points to a dark line with low emission intensity which
corresponds to a surface feature perpendicular to the miscut, as
indicated by the white arrow on the SEM image. An example of a
pale stripe in the SEM and a corresponding dark line in the CL
map running parallel to the miscut are highlighted by yellow
arrows. In a previous study,9 the elongated surface features and
pale stripes have been identified as individual {111} SFs or SF
bunches intersecting the (001) surface along the ⟨110⟩ directions.
The reduced CL intensity at these defects has been associated with
non-radiative recombination centers, and one suggestion for the
mechanism of non-radiative recombination relates to an enrich-
ment of point defects in the vicinity of SFs.

The mean spectrum across the CL map shown in Fig. 1(b) is
given in Fig. 1(c), which was generated by averaging the point
spectra across all pixels in the hyperspectral CL maps. At least four
different peaks can be identified, which are marked by arrows, indi-
cating peak 1 to peak 4 from high to low energy. The peak energies
were determined by a multiple-Gaussian fit of the mean spectrum,
and are about 3.23, 3.15, 3.02, and 2.92 eV, from peak 1 to peak 4,
respectively. (The CL mean spectra of a Mg-doped sample and a
non-intentionally doped zb-GaN sample are compared in Fig. S1
in the supplementary material.) To identify the possible recombina-
tion mechanisms leading to those peaks, we have correlated our
measurement results with literature on the luminescence properties
of zb-GaN:Mg. Powell et al. and Xu et al. have both identified char-
acteristic peaks in the photoluminescence (PL) spectra of zb-GaN:
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Mg thin films and discussed the possible recombination mecha-
nisms of those peaks.13,24 Based on their studies, we attribute peak
1 in the CL mean spectrum [Fig. 1(c)] to be an excitonic transition,
while peak 2 might be the near band edge donor-to-acceptor tran-
sition (NBE-DAP) at about 3.15 eV, which involves very shallow
Mg acceptors.13,24 Peak 3 may be related to another DAP transition

involving shallow Mg acceptors, of which the energy level is deeper
from that for the NBE-DAP transition of peak 2.13,14 Peak 4 has
been previously identified as blue band luminescence (BL).24,25 The
cause of BL is not well understood though some attribute it to the
DAP transition from a deep donor to a shallow Mg acceptor, where
the donor may be a nitrogen vacancy/Mg acceptor complex.13,26 As

FIG. 1. (a) SE image, (b) the corresponding panchromatic CL map, and (c) the mean spectrum of the CL map for the zb-GaN:Mg sample. The red dashed rectangle,
white arrow, and yellow arrow indicate a rectangular feature, a surface feature, and a pale stripe in the SE image, and their corresponding optical behaviors in the CL map.
The four arrows in the mean spectrum in (c) indicate peak 1 to peak 4 from high to low energy.
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peak 2, peak 3, and peak 4 are all suggested to relate to Mg, the
spatial distributions of their emissions should provide direct infor-
mation on the location of Mg dopants in the sample.

To investigate the spatial distribution of CL emission from the
characteristic peaks in the mean spectrum, bandpass filters have
been applied, which show the CL emission intensity that lies within
a selected energy range. These energy ranges were determined by

the full-width-half-maximum (FWHM) of each individual peak,
after fitting the mean spectrum with multiple Gaussians.

The bandpass filtered CL intensity maps in Figs. 2(a)–2(d)
show the spatial distribution of peak 1–4, respectively. The high-
intensity areas for peak 1 in Fig. 2(a) are mainly located on the flat
rectangular features previously observed in the SE image [see
Fig. 1(a)]. Meanwhile, the dark stripes with low emission intensity

FIG. 2. Bandpass filtered CL intensity maps of zb-GaN:Mg illustrating the distributions of (a) peak 1 at ≈3.23 eV, (b) peak 2 at ≈3.15 eV, (c) peak 3 at ≈3.02 eV, and (d)
peak 4 at ≈2.92 eV. The intensity for each map is in the log-scale. The black arrows show one example area that is dark in 2(a) but bright in 2(b)–2(d).
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for peak 1 are associated with the surface features or the pale
stripes, which are both SF-related. This is consistent with the sug-
gestion above that non-radiative recombination occurs at or near
the SFs in zb-GaN.

The spatial distribution of peak 2 in Fig. 2(b) is different from
that of peak 1. Most of the peak 2 intensity comes not only from
areas with rectangular features but also from some of the regions
that are on or close to SFs. Though some of the dark lines in
Fig. 2(a) match the dark lines in the other three maps, some
narrow dark lines in Fig. 2(a) correspond to the high-intensity lines
in other maps. An example is marked by the black arrows in Fig. 2:
the two intersecting dark lines in Fig. 2(a) correspond to the
bright, high-intensity crossing in Fig. 2(b). Fainter and less sharp
but still discernible bright features can also be seen in Figs. 2(c)
and 2(d). These local differences may imply different recombina-
tion mechanisms for peak 1 from all other peaks (2, 3, and 4), con-
sistent with our interpretation of the peak origins.

To compare the relative intensities of peaks 2 to 4 to that of
peak 1 at the SF locations, ratios were determined from the band-
pass filtered intensity maps for peaks 2, 3, and 4 to the peak 1
map, respectively. The ratio map from peak 2 to peak 1 is shown in
Fig. 3(a). A ratio greater than 1 means that peak 2 has a higher
intensity than peak 1 at the same position. The figure shows that
the areas with ratio <1 are mainly on the rectangular features, while
the areas with ratio >1 are on or near the SF-related features, which
are at the edge of the rectangular features. This result shows that
peak 2 is stronger compared to peak 1 at SF locations, and the ratio
map depicts this in a clearer way, which matches the distribution of
features related to SFs in the SE image [see Fig. 1(a)]. The observa-
tion may suggest that the Mg acceptors involved in peak 2 DAP
transition tend to segregate toward SFs. Similar results were found
in the ratio maps for peaks 3 and 4, as shown in Figs. 3(b)
and 3(c). In the ratio maps for peaks 3 and 4, the ratio >1 areas are
mainly on or close to SFs. The ratio map for peak 3 is darker than
the peak 4 map, consistent with the fact that peak 3 is weaker than
peak 4 in the mean spectrum [Fig. 1(c)]. This might indicate that
different numbers of the acceptors or donors are involved in the
recombination process for peaks 3 and 4, or that the lifetime differ-
ences between the different transitions and transfer of carriers
between them impact their intensities. The analysis for peaks 3 and
4 may also suggest the segregation of Mg acceptors toward SFs,
though peak 2, peak 3, and 4 may involve Mg acceptors with differ-
ent energy levels.

The point spectra on and away from SF locations also provide
an opportunity to compare the intensities of different peaks.
Figure 4(a) is the bandpass-filter image for peak 1 marked with
locations from which point spectra have been taken. Point spectra
A and B were extracted from the center of bright rectangular
regions away from SFs as marked in Fig. 4(a). In these point
spectra, the excitonic peak has a higher intensity and is more domi-
nant than the others, while peak 2 has a very low intensity, slightly
above the background level. In the point spectra C and D taken at
SF locations, the intensity of peak 1 is greatly reduced while that of
peak 2 is increased. This may suggest more Mg acceptors being
present in the vicinity of SFs than in the defect-free rectangular
areas, which also supports our suggestion of Mg segregation at or
near SFs.

FIG. 3. CL distribution maps of zb-GaN:Mg showing the intensity ratio of (a)
peak 2, (b) peak 3, and (c) peak 4 to the intensity of peak 1. The ratios are all
in the log-scale.
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FIG. 4. CL point spectra at and away from the SF locations in zb-GaN:Mg. (a) is the bandpass-filter map at 3.23 eV, to show SF locations. Four points were chosen:
points A and B are away from SFs and point C and D are at the SF locations. Point spectra A, B, C, and D were extracted from points A, B, C, and D, respectively. Peaks
1–4 are marked by black arrows.
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To seek for further evidence of Mg segregation toward SFs, we
performed APT on a similar zb-GaN:Mg sample. Figure 5(a) shows
an APT reconstruction in which Ga and Mg iso-concentration sur-
faces highlight planar features inclined at an approximately 60°
angle to the horizontal. For this sample, due to the 4° miscut of the
pseudo-substrate, stacking faults running parallel to the miscut
direction are inclined at 55° to the GaN/SiC interface, whilsestack-
ing faults running perpendicular to the miscut direction are
inclined at 51° or 59° to the GaN/SiC interface in order to accom-
modate the miscut.7 Hence, the approximate angle of the features
observed in APT is consistent with the expected angle of some of
the SFs. Furthermore, recent APT studies of zb-GaN have provided
evidence for biased evaporation at SFs. Structural changes at the SF
lead to a locally higher field, which enhances the N detection rate,
leading to the appearance of Ga depletion at or near the SF.27 1D
concentration profiles were taken along the direction indicated by
the black arrow in Fig. 5(a). The profiles are shown in Fig. 5(b),
with the black dashed boxes indicating the positions of the inclined
features shown in Fig. 5(a). This shows that the yellow Ga isosurfa-
ces in Fig. 5(a) correspond to regions of reduced Ga content, as has
previously been attributed to the presence of SFs. The Mg concen-
tration was found to increase in some of these regions identified to
be associated with SFs. This enrichment of Mg suggests that some
amount of Mg segregate toward or onto the SFs. Taken together,
the CL results and the APT results support the suggestion that Mg
acceptors are involved in the mechanisms of the emission of light
from these samples at 3.15, 3.02, and 2.92 eV (peaks 2, 3, and 4)
and that these Mg acceptors segregate to SFs.

IV. SUMMARY

In summary, the relationship between Mg distribution and
SFs in zb-GaN:Mg was investigated by CL and APT. Four emission

peaks were identified, with the highest energy peak attributed to
excitonic transitions while the remaining peaks are consistent with
Mg-related DAP transitions. SFs can be identified by a drop in the
emission associated with the excitonic transition, but at the SF loca-
tions, the Mg-related DAP transitions can sometimes be brighter
than in the SF-free regions. Even where CL maps of the DAP tran-
sitions show reduced intensity at the SF locations, the drop in
intensity is not as large as the drop in intensity of the excitonic
emission (i.e., the Mg-related DAP emissions are always relatively
high at the SF). This led to the suggestion that Mg may segregate
toward SFs, which is supported by APT measurements that indicate
Mg rich planes through zb-GaN:Mg at an angle consistent with the
SF orientation and adjacent to regions of apparent Ga depletion,
which have previously been associated with SFs.

SUPPLEMENTARY MATERIAL

The supplementary material shows two cathodoluminescence
spectra of a zb-GaN:Mg sample and a NID zb-GaN sample to illus-
trate the Mg-related optical transitions.
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