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ABSTRACT

Advances in obtaining untwinned (1013)-oriented semi-polar GaN enable a new crystal orientation for the growth of green and red LED
structures. We present a scanning electron microscopy study that combines the structural characterization of electron channeling contrast
imaging with the optical characterization of cathodoluminescence hyperspectral imaging on a (1013) GaN layer. An extensive defect analysis
revealed that the dominant defects consist of basal plane stacking faults (BSFs), prismatic stacking faults, partial dislocations, and threading
dislocations. With a defect density of about an order of magnitude lower than in comparable. The optical properties of the defects have
been characterized from 10 to 320 K, showing BSF luminescence at room temperature indicating a reduced density of non-radiative recom-
bination centers in the as-grown samples compared to established semi- and non-polar orientations. Our findings suggest that growth along
(1013) has the potential for higher radiative efficiency than established semi-polar orientations.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0077084

1. INTRODUCTION

II-nitride-based devices have already revolutionized ambient
lighting, utilizing high efficiency In,Ga,;_,N-based blue light-emitting
diodes grown along the polar c-direction (with external quantum effi-
ciencies approaching 85%'). However, this triumph has not been
easily replicable in the green and red spectral regions, despite the
nitride material system theoretically allowing for the bandgap to be
tuned between 0.7 (InN) and 3.42 eV (GaN). One of the main limiting
factors in achieving high efficiency devices in these regions lies in the
strong inherent piezoelectric and spontaneous polarization fields,
which cause the quantum confined Stark effect. This effect reduces the
electron hole wave function overlap within the quantum wells (QWs),
which, in turn, lowers the internal quantum efficiency.”* The effect of
these fields can be strongly reduced when the growth is performed on
semi-polar planes and completely eliminated when the sample is
grown on non-polar planes.’

One of the main challenges for the growth of semi-polar
samples is the availability of suitable substrates. This is one of the
main reasons as to why most published research on semi-polar GaN

focuses on the (1122) crystal orientation, which can be obtained
easily and is phase-pure on m-plane sapphire.”” Other GaN crystal
orientations can be obtained as well on (1100) (m-plane) sapphire,
ie, (1010) or (1013).>” Of these, the (1013) GaN orientation is the
most dominant for the growth by hydride vapor phase epitaxy
(HVPE), and the first semi-polar blue and green LEDs were demon-
strated on sit.'”'" There was little follow up studying the growth
along (1013), despite the initial success, due to the majority of
(1013) GaN growth on m-plane sapphire resulting in twinning as a
result of the inherent bond symmetry. This, in turn, led to poor
surface morphologies dominated by twin boundaries and high defect
densities.''~'* However, recently untwinned (1013) GaN layers have
been achieved by patterned MOVPE'* and HVPE growth,'>' as
well as by directional sputtering on both (001) Si'”'* and m-plane
sapphire.”'? Using directional sputtering, (1013) oriented Al(Ga)N
has been grown on m-plane sapphire as well.”’

In an (0001) oriented LED, the polarization induced field
across the QWs has the inverse sign compared to the electrical field
from the pn-junction, whereas for semi-polar orientation with an
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angle of = 50° or higher [like (1122) or (2021)], the polarization
induced field has the same sign as the one from pn-junction.”’ The
field of the pn-junction still persists in forward biased operation
because the running voltage is below the GaN bandgap (e.g., 2.8V
for green LEDs). Therefore, the QWs from semi-polar orientations
with more than =~ 40° tilt from (0001) have the QWs tilted toward
the p-GaN. Since the band offset is much lower for holes, the
barrier becomes very thin. Hence, the hole states can extend far
away from the QW, reducing overlap and increasing probability for
non-radiative recombination. Therefore, one would like to have a
small negative polarization field, with the (1013) orientation being the
closest achievable one”' (see Fig. 1 in the supplementary material for
calculation of the hole states in different hexagonal GaN crystal
orientations).

To get a benefit from the highly confined holes with high
overlap in the (1013) orientation, the non-radiative recombination
lifetime must be comparable to (0001). The non-radiative recombi-
nation lifetime is strongly dependent on the density and type of
defects. Starting with point defects, which are not only controlling
the conductivity (i.e, Si and Mg) but are also acting as carrier
sinks, by offering alternative recombination pathways,” line defects
[like perfect threading dislocations and partial dislocations (PDs)]
can also act as non-radiative recombination centers,”” lead to a spa-
tially enhanced point defect incorporation,”* or act as shunts, short
circuiting entire devices.” Stacking faults [like basal plane stacking
faults (BSFs) and prismatic stacking faults (PSFs)], on the other
hand, were found to act as quantum wells in the III-nitrides, due to
the introduction of the smaller bandgap cubic phase, locally chang-
ing the emission dynamics and providing localization sites for
carriers.”® ™"

This work presents a study on the defect structure and prop-
erties of a single oriented semi-polar (10-13) GaN layer grown on
an AIN/m-plane sapphire template. The GaN layer was intention-
ally Si-doped in order to prevent charging effects during the scan-
ning electron microscopy based sample characterization. The
defect structure and properties in the as-grown sample were ana-
lyzed using both electron channeling contrast imaging (ECCI)
and temperature-dependent cathodoluminescence hyperspectral
imaging (CL). ECCI is now an established alternative to transmis-
sion electron microscopy for analysis of the type and spatial dis-
tribution of crystal defects by electron diffraction. In ECCI, a
semiconductor is imaged in an SEM at or close to a Bragg condi-
tion, with the disruption of the perfect crystals introduced by
crystal defects producing a change in electron contrast.’>”
Orienting the sample at a Bragg angle with respect to the electron
beam is usually achieved by taking an electron channeling pattern
(ECP) and then rotating and tilting the sample to bring a specific
Kikuchi band, or channeling condition, into the center of the
screen.””* A different approach has been used by Zaeferrer and
Elhami,” who coupled ECC image acquisition with electron
backscatter diffraction (EBSD) imaging. By determining the
crystal orientation with EBSD measurements, Zaefferer and
Elhami showed that they can calculate the position of the sample,
within the instrument coordinate system, to obtain any desired
diffraction condition for ECCI. When the diffraction condition
and thus the g vector is known, one is even able to distinguish
between the three different types of threading dislocations (edge,
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mixed, screw), making the technique as powerful as transmission
electron microscopy for defect identification, with the additional
advantage that one can easily image large areas of the sample,
building up significant statistics about their distribution.”® The
technique has previously been successfully used to investigate the
defect structure in solar cells, metals, and (0001) (c-plane)
GaN.”*""*" The first research on semi-polar GaN, investigating
the widely used (1122) orientation, was published by
Naresh-Kumar et al.*' They demonstrated the ability of ECCI on
semi-polar samples to locate threading dislocation clustering as
well as identify the presence of BSFs.

Complementary techniques to diffraction-based techniques
like ECCI and TEM imaging for the identification of defects are
luminescence-based techniques, in particular, CL, which offers the
high spatial resolution necessary to map threading dislocations and
stacking faults in semiconductor materials. The first work utilizing
CL imaging for obtaining defect densities had already been per-
formed in the early 1980s,">*’ and studies investigating the lumi-
nescence behavior of threading dislocations go back just as far."**’
Stacking faults in the nitrides have been characterized by CL
before, with particular research focus on the I,-type stacking
faults.”” CL is furthermore also capable of detecting optically active
point defects utilizing their spectral signature.

The combination of both ECCI and CL is thus particularly
suited for defect analysis, providing fast, non-destructive analysis of
type, density, and impact on the carrier dynamics on a nanometer
scale.

Il. EXPERIMENTAL

The semi-polar (1013) GaN layer for this study was grown on
a template based on directional sputtered AIN on m-plane sap-
phire.”” The sputtered AIN was first overgrown with AIN in
MOVPE and then with GaN in a two step process.” It was then
stored for some time before the final Si-doped GaN layer was
grown. The dopant was tetramethyl-silane, with a Si concentration
of the top layer of ~ 5 x 10 cm™ in order to prevent charging
effects during the scanning electron microscopy-based sample
characterization. However, due to the low V/III ratio of 15, used to
avoid roughening during the growth, the carrier concentration was
in the upper 107 cm™3. The total sample thickness is 12 zm with a
9 um thick template and 3 um GaN overgrowth.

Electron channeling contrast imaging (ECCI) was performed
in a Hitachi SU-9000 scanning electron microscope (SEM). All
ECC images were recorded with an acceleration voltage of 25kV in
backscatter geometry using a YAG backscatter electron detector.

Cathodoluminescence spectroscopy was performed in an
Attolight Allalin 4027 Chronos dedicated CL scanning electron
microscope. CL spectra and images were recorded with an iHR320
spectrometer with a focal length of 320mm. Measurements
were performed with a 6001/mm grating blazed at 350 nm, or a
1200/mm grating blazed at 250nm, and an Andor 1024 px
charged coupled device. Grating and slit width were adjusted to
provide the best compromise between resolution and intensity for
each of the measurements. While most of the measurements were
performed at 10 K with the above settings, a temperature-dependent
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CL series from 10 to 320 K was measured with a 700 um slit width
and the 1200 I/mm grating.
Both techniques were performed in top view geometry.

I1l. RESULTS AND DISCUSSION
A. ECCI

ECCI measurements were performed in backscatter geometry.
The rich sample morphology with characteristic surface undula-
tions and the small final aperture of the utilized electron micro-
scope (limiting the available angular range of the electron beam)
made acquiring and indexing an electron channeling pattern (ECP)
extremely challenging. Instead of selecting a channeling condition
on the basis of an ECP, we tilted the sample in 0.1° steps and
acquired a high resolution image at each step. In this way, we iden-
tified three different conditions, in the range from —7° to +7°
sample tilt, in which contrast for the different defects was maxi-
mized. Changing the rotational axis of the sample was not possible
with our setup due to limitations in the microscope geometry and
the design of the used sample holder. While this way of conducting
“blind” ECCI is significantly more time consuming than conven-
tional ECCI using an ECP*>** or qualitative ECCL™ it does still
carry all the advantages of the technique, namely, being a statisti-
cally significant, non-destructive, high resolution, correlative analy-
sis of crystal defects and can be used independently of the
microscope setup.

Three ECC images taken at the three diffraction conditions
with highest contrast and recorded on the same area are shown in
Fig. 1. We identified four main defect types within the sample,
threading dislocations (TDs) [red circles in Fig. 1(c)], basal plane
stacking faults (BSFs) [marked by green arrows in Fig. 1(a)], pris-
matic stacking faults (PSFs) [marked by blue arrows in Fig. 1(b)],
and partial dislocations (PDs) [clearly visible with comet-like tails
in Fig. 1(c), marked by orange arrows], terminating the line feature
identified as a BSF. We identified these defects by means of com-
paring our acquired contrast with results published in the litera-
ture’>*"** as well as simple crystallographic considerations [i.e., a
planar defect perpendicular to a BSF in (1013) must be a PSF]. The
alignment of the crystallographic relevant planes in the (1013) ori-
entation is shown in Fig. 3(a) in the supplementary material.

Analyzing Fig. 1(a), we can, apart from PDs, clearly identify
all the different defects. Although the contrast of threading disloca-
tions is quite weak in Fig. 1(a), they can nonetheless be identified
and the direction of their black-white contrast analyzed. BSFs
[marked by green arrows in Fig. 1(a)] run along the diagonal
length of the image, with strong black-white or white-black con-
trast perpendicular to their length. Three PSFs can be identified,
two of which connect different BSFs in a stair-like arrangement in
the bottom half of the image, while the other one appears to termi-
nate a BSF.

The contrast due to scattering at the BSFs for the diffraction
condition at 3.9° tilt [Fig. 1(b)] is opposite to the contrast observed
for the diffraction condition at 6.9° tilt [Fig. 1(a)], with BSFs that
showed a white-black contrast flipping to a black-white contrast
and vice versa indicating a change in the sign of the diffraction
vector. The threading dislocation contrast is quite faint at this dif-
fraction condition, but a weak black-white contrast can still be
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observed. However, no significant contrast change can be observed
for PDs and PSFs when compared to Fig. 1(a).

The ECC image recorded at the diffraction condition at a tilt
of —1.8° [in Fig. 1(c)] reveals a fundamental change in the observ-
able contrast. While the threading dislocation contrast is maximal,
compared to the previously recorded images in (a) and (b), the SF
contrast vanishes, with the SFs only visible as thin black lines,
similar to the SE image in Fig. 1(d). Additionally, we can observe
clear, bright lines, like comet tails, originating from some of the
end points of the BSFs, indicating their origin to be from PDs.

Comparing the SE image shown in Fig. 1(d), we can clearly
see that the contrast observed at dislocations and stacking faults in
the BSE images is due to diffraction effects instead of surface mor-
phology. While we are able to see features in the SE image at posi-
tions that we associate with dislocations and stacking faults, the
contrast does not match the contrast observed in the BSE images.
Additionally even with asymmetric surface pitting, we do not
expect the contrast to flip when changing the tilt angle from 6.9° to
3.9°. Nonetheless, clear black lines and dots can be observed where
BSFs, PSFs, TDs, and PDs are located. This is likely due to a local
change in the surface morphology associated with defects, notice-
able as a trough for SFs, and a pit for TDs and PDs. This morphol-
ogy then produces a contrast visible in the SE image. Pits on top of
dislocations are commonly found in AFM."”**

By counting the defects and measuring the SF line length per
area in the ECC images, we obtain a line defect density of
(7 4+ 2) x 105cm™? (threading dislocations and partial disloca-
tions) and a planar defect density of (3.5 + 1) x 10*cm™! (basal
plane and prismatic stacking faults).

Various studies reported in the literature have shown that
ECCI analysis can also provide information on the threading dislo-
cation type present in c-plane GaN.*"*>** This does usually involve
knowledge of the exact diffraction condition, in order to analyze
the change of the contrast in relation to the diffraction vector g.
But even without knowing the exact diffraction condition, a differ-
entiation between pure edge and mixed/pure screw-type disloca-
tions can be made by utilizing the change in ECCI contrast on the
dislocations. This is due to the fact that the contrast of pure edge
dislocations is independent of the diffraction vector g and only
depends on their Burgers vector b.”*" The black-white contrast of
edge dislocations originates from the tensile-compressive strain
profile across the edge dislocation, and, thus, any change in the dif-
fraction contrast that is different from a 0° or 180° flip indicates
that the dislocation has a screw component.” This methodology
has been tested thoroughly for c-plane GaN but has, to the best of
our knowledge, not been studied theoretically or experimentally on
semi-polar GaN. The main difference in comparison to c-plane
GaN is the inclination angle of the threading dislocations when
they intersect the surface. In semi-polar III-nitrides, threading dis-
locations are inclined to the sample surface, while for polar ¢-plane
samples, threading dislocations are commonly found to intersect
the c-plane surface at a 90° angle. However, other dislocation incli-
nation angles have been found for c-plane AlGaN"""” and struc-
tures grown on epitaxial lateral overgrown (ELO) structures.” A
change in the contrast flipping behavior of edge dislocations has
not been reported for either sample structure’ strongly indicating
that the methodology works independent of the inclination angle
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FIG. 1. Top view ECC images (a)—(c) taken at the same sample location for three different tilts. Images (a) and (b) clearly show black and white lines running diagonally
through the image, which have been identified as BSFs (green arrows) and perpendicular to them PSFs (blue arrows). It is notable that from image (a) to (b), the contrast
of the BSFs flips, while it nearly vanishes for the diffraction condition in (c). Contrast arising from threading dislocations (TDs) can be clearly seen in all three images
[marked with red circles in (c)] and is highest in image (c). The SE image of the area is shown in (d). The scale bar in (a) applies to all images; the utilized tilt angle and
signal type are written at the top. Crystallographic directions are marked in each image by black arrows, with the tilt direction marked by a purple arrow.

of the dislocation and hence can be used for semi-polar samples as
well. Applying the same methodology to our semi-polar (1013) ori-
ented sample, we found that the main threading dislocation type
present has a screw component and is therefore of screw/mixed
nature. This is in contrast to c-plane GaN for which the main
threading dislocation type was found to be edge-type dislocations,
followed by mixed and screw types.’® We would like to state that to
improve the defect analysis and enhance its accuracy, a full g vector
analysis should be performed, which will be subject to a future
study.

The literature is sparse when analyzing stacking faults in GaN
by ECCI, and no methodology to identify the stacking fault type by
ECCI in GaN has been published yet. Despite these challenges, we
are able to tentatively identify the stacking faults present in this
sample. Wurtzite GaN can have four different types of stacking
faults of the basal plane, three intrinsic (I}, I, and I3) and one
extrinsic (E). The basal plane stacking faults can be differentiated
by the number of breaches of the wurtzite stacking sequence
..AaBbAaBbAaBb... (with capital and non-capital for anion and
cation respectively) or ..ABABABABABAB... (as a pair of cation
and anion always share the same in-plane direction). The I; BSF

corresponds to a single breach (..ABABCBCBCB..), the I,
(..ABABCACAC...) and the I3 BSFs (..ABABCBABA...) have two
breaches, and the extrinsic (E) BSF has three breaches
(..ABABCABAB...). Calculations by Wright™ as well as Stampfl
and Van de Walle’® have shown that the I; BSF has the lowest for-
mation energy followed by the I, BSF and then the E BSF. Based
on these calculations, we tentatively ascribe all BSF contrast to
I,-type BSFs. The BSFs are marked by the earlier mentioned black-
white or white-black contrast perpendicular to the length of the
planar defect. This is analogous to the well documented fringe con-
trast observable in TEM”’ ™’ and matches the contrast reported for
stacking faults in metals.”® This contrast behavior is caused by the
change of the phase shift (2 x 7 x g x u, with the diffraction
vector g and the displacement vector u) along the inclined basal
plane stacking fault”” and depends on the inclination angle
(~32.1°) and extinction distance in the material. It is notable, that
some BSF lines show contrast inversion along the intersection line
with the surface within the same diffraction condition, similar to
observations made by Zakharov et al.”” We attribute this behavior
to imaging two different I; BSFs with the opposite displacement
vector u.
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Most imaged BSFs are bounded by partial dislocations; these
are particularly visible in Fig. 1(c), where they are marked by a
“comet-like” tail (highlighted by orange arrows). These tails were
previously observed by Picard et al.*® who attributed them to the
contrast from inclined dislocations. This is in agreement with our
observations, as PDs terminating a BSF are parallel to the hexago-
nal c-plane and hence are tilted with respect to the surface in semi-
polar samples. Partial dislocations are of particular interest, as they
form the majority of line defects within this sample. They are,
however, not the only way in which BSFs can be terminated. In the
case where a BSF intersects a PSF, their partial dislocations react
and form a stair-rod dislocation along their intersection line, with
the Burgers vector being the sum of that of both partial disloca-
tions. In wurtzite GaN, prismatic stacking faults can lie in either
the (1120) or the (1100) prism planes, and we can clearly observe
these types of defects in our sample [marked as blue arrows in
Fig. 1(b)], either terminating a BSF or linking two BSFs, with a
stair-rod dislocation at each intersection.”’”°"°* The type of PSF
can be identified from the angle between the lines from the PSFs
and the lines from BSFs at the (1013) surface. In our sample, these
contrast lines run 90° to each other, which is [in case of the (1013)
orientation] characteristic for (1120)-type PSFs, while the lines
from (1010) PSFs would form an angle of about 64° with the BSF
lines at the surface (as pole figure simulations reveal). An example
for such an arrange of a (1120) PSF and (0001) BSF with a stair-
rod dislocation at the intersection line is illustrated in Fig. 3(b) in
the supplementary material. This observation is in agreement with
theoretical calculations by Ruvimov, which predict that the (1120)
PSF type in wurtzite GaN is energetically favorable having a lower
formation energy.”’

B. Cathodoluminescence

In addition to ECC imaging, we also measured the optical
properties of the sample using CL hyperspectral imaging. We
acquired maps at various temperatures, ranging from 10 to 320 K.
The results of the 10 K CL mapping are shown in Fig. 2.

Figure 2(a) shows the SE image acquired simultaneously with
the hyperspectral CL image. We observe a large line feature in the
center of the image and multiple thinner lines running across the
length of the image, perpendicular to the larger feature (one of
which is marked by a dashed red line). In addition to these line fea-
tures, a number of pit-like features are apparent on the sample
surface, some of which coincide with the end of one of the thin
line features (one of which is marked by an orange circle). The
general trend is similar to the observations made in the ECC
images (Fig. 1), with the thin lines corresponding to BSFs, the large
perpendicular line corresponding to a PSF, and the pits corre-
sponding to partial and threading dislocations.

The mean CL spectrum shown in Fig. 2(b) shows two main
peaks at 3.49 and 3.45eV, with the 3.45¢eV peak showing higher
peak intensity, and one broad feature, likely consisting of multiple
peaks at ~3.365eV. We identified these peaks as the NBE
(3.49 eV), the emission from I; BSFs (3.45eV), and a likely combi-
nation of luminescence from a PSF (3.38 eV) and possibly partial
dislocations (3.36eV).”* The NBE signal is likely dominated by
donor bound excitons at low temperature, but no exact
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determination of the luminescence close to the bandgap has been
done and we will be referring to it as NBE in the rest of the manu-
script. While other planar defects like I, BSFs and E BSFs are possi-
ble to form too, the emission energy related to these defects is
considerably lower (3.35 and 3.29 eV respectively),”” and they are
thus not further considered. The measured I; luminescence is on
the high energy side of the reported values in the literature, with
typical values ranging from 3.4 to 3.42eV and energies up to
3.455eV for Si-doped GaN.”’~*>’"*“%" The investigated sample
was highly Si-doped, which, together with compressive thermal
strain due to the growth on sapphire, explains why our observation
lies on the high side of the range of values in literature. The energy
differences between the I, peak and the PSF and PD peaks were
reported to be 70 and 88 meV, respectively, underpinning our
assignment of the broad peak in the mean spectrum being a convo-
lution of a PSF peak at 3.38 eV and a peak potentially associated
with PDs at 3.36 meV."*

Analyzing the spatial distribution of the luminescence intensity
in the panchromatic CL image in Fig. 2(c), we find that the majority
of pits (one marked by an orange circle) observed in the SE image act
as non-radiative recombination centers, strongly reducing the local
emission intensity. This is consistent with these pits originating from
partial and perfect threading dislocations, which are known centers of
non-radiative recombination in GaN.""*’ We find that the large line
feature visible in the SE image shows high luminescence intensity
while the thinner line features (one marked with a dashed red line),
perpendicular to the larger feature, are correlated with a drop in the
intensity on one of their sides. In order to explore both the origin of
the bright feature as well as the nature of the observed intensity drop
close to the thin lines, we extract monochromatic slices from the
hyperspectral data set at 3.49, 3.45, and 3.38 eV (the NBE, I; BSF, and
PSF luminescence peaks, respectively).

Analyzing the NBE and I; BSF monochromatic emission inten-
sity maps [Figs. 2(d) and 2(e), respectively], several observations can
be made. First, both intensity maps are strongly anti-correlated, with
the NBE generally showing high intensity in areas where the I; BSF
emits weakly and vice versa (for example, at the location of the dashed
red line, additionally see Fig. 2 in the supplementary material. Second,
the exception to the anti-correlation is in areas related to the pits
observed in the SE image and dark spots in the panchromatic CL,
again underpinning their role as non-radiative defect centers. An addi-
tional exception is the large bright feature visible in the panchromatic
CL image, which appears dark in both the NBE and I; BSF intensity
maps, indicating that its origin lies in neither of these recombination
paths. Third, it can be seen that both the NBE and the I; BSF lumi-
nescence intensity show a ramp-like behavior, with opposite signs,
slowly increasing from their lowest intensity until reaching their
respective maximum and then dropping, to increase again afterward
(see Fig. 2 in the supplementary material). Finally, it can be seen that
when comparing both of these monochromatic slices with the pan-
chromatic CL, the recombination at I; BSFs is the dominant mecha-
nism in this sample at 10K, as the panchromatic CL intensity more
strongly follows the I; BSF intensity than the NBE intensity. The
direct competition between these two channels is likely also the cause
for the ramp-like intensity increase of the I; BSF emission peak. As
established, I; BSFs are at an angle of ~ 32.1° to the surface, which
means that the overlap between the excitation volume changes
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FIG. 2. SE image (a), mean CL spectrum (b), and panchromatic CL intensity (c) from the same area recorded at 10 K. Monochromatic images extracted from the hyper-
spectral data set showing the emission intensity at 3.49 (d), 3.45 (e), and 3.38 eV (f) for the NBE, the |y BSF, and the PSF, respectively. The emission energies of the
NBE (3.49eV), the |1 BSF (3.45€V), and the PSF (3.38 eV) are marked in the mean spectrum. The orange circle marks the location of a surface pit and the dashed line
the position of an |; BSF. Both the SE image as well as the CL images were taken in top view geometry.
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differently depending upon the direction in which one moves away
from the I; BSF intersection with the surface. In one direction, the
interaction volume follows the I; BSF fault into the crystal, slowly
reducing the overlap between interaction volume and I; BSF, produc-
ing the observed slow increase in intensity, while in the other direction,
a stronger drop in the overlap generates a faster drop in intensity. The
resulting inhomogeneous intensity profile across a I; BSF can be seen
in Fig. 2 in the supplementary material, with the measured profile
being broadened compared to an ideal behavior due to the size of the
interaction volume. The intensity behavior is analogous to the ECCI
contrast, which shows an abrupt contrast change in one direction and
a much slower change in contrast in the other.

Figure 2(f) shows the monochromatic intensity distribution at
an emission energy of 3.38 eV, which we associate with PSF lumi-
nescence. We can clearly observe a highly localized region of
intense emission, corresponding to the location of the large line
feature, visible in the SE image [Fig. 2(a)]. The relative brightness
of the PSF luminescence indicates that the PSF introduces, similar
to a BSF, a local quantum well-like alteration to the GaN bandgap,
increasing the electron-hole wave function overlap.

The 10 K measurements allowed us to clearly identify the differ-
ent optical signals present in our samples and link them to our find-
ings from the ECC images, confirming our previous analysis. While
the I; BSFs and the PSFs are acting as strong radiative carrier sinks at
low temperature, understanding their behavior at room temperature is
crucial for devices utilizing the semi-polar (1013) crystal orientation.
We performed temperature-dependent CL to track their luminescence
properties to room temperature, heating the sample from 10 to 320K,
acquiring hyperspectral CL maps at set temperatures. We then pro-
ceeded to extract the spectra shown in Fig. 3 from the defect-free
material, from an I; BSE, and from a PSF.

The spectra from the defect-free material show an isolated
GaN NBE peak [Fig. 3(a)], which redshifts by 70 meV from 3.49 to
3.42 eV, following the temperature-dependent bandgap variation, as
described by the Varshni formula. The spectra taken from the I;
BSF show a similar behavior for the emission energy, following the
same trend as the NBE luminescence. This is in stark contrast to
the majority of reports found in the literature, where an
S-shape-like behavior is reported for the temperature-dependent
emission energy of the I, BSF peak.””*° This S-shape behavior is
characterized by a blueshift of the emission energy with increasing
temperature, followed by a redshift. This trend is argued to be
indicative of carrier localization within the investigated layer, with
the blueshift being associated with a thermally activated redistribu-
tion process of carriers, changing the energetic carrier distribution
from deeply localized states on to more shallow ones. The localiza-
tion at an I; BSF in GaN is attributed to three main factors, the
lower bandgap of cubic GaN, the effect of the inherent piezoelectric
fields on the resulting QW-like structure, and finally the spacing
between different I; BSFs.”***®” Compared to values published by
Forsberg et al.”” (=200 A), the spacing between the different BSFs
is significantly larger in our sample, strongly reducing the hole con-
finement.”” In addition to the large spacing between the BSFs, we
also heavily Si-doped our sample, which was shown by Badcock
et al’' to strongly reduce the S-shape behavior, with no S-shape
being measurable by PL for a Si concentration at or above
5 x 10'® cm™3. This was attributed to the free electrons partially or
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fully screening the inbuilt piezoelectric fields, which, in turn, leads
to a reduction of the electron localization energy.”"*” The large
separation between BSFs in our experiment also means that we are
likely only exciting a single, isolated BSF at a time, limiting the
probed potential variations to a single BSF, while the experiments
in the literature were performed by PL, analyzing the emission
pattern when exciting large ensembles of BSFs. We thus attribute
the lack of an S-shape behavior in the emission energy of our I,
BSFs to a combination of the large separation between BSFs in our
sample as well as the high Si doping used.

We can furthermore observe that while the BSF luminescence
dominates the low temperature spectra, the NBE to BSF intensity
ratio increases with temperature, with the NBE emission becoming
the dominant peak between 100 and 120 K. At 320K the I; BSF
luminescence is only visible as a weak shoulder on the low energy
side of the NBE peak. The exact nature of the relative intensity
drop of the I; BSF luminescence, i.e., activation of phonon assisted
recombination channels localized at the BSF or electron
de-localization, will be the subject of further study.

The PSF luminescence dependence on temperature in Fig. 3(c)
reveals the same trend for the emission energy as for the other two
peaks, with no sign of an S-shape to be found. The NBE to PSF
luminescence intensity ratio notably shows the PSF as the dominant
recombination channel up to a much higher temperature, with the
NBE only dominating at a temperature above 240 K, where the PSF
remains visible and clearly identifiable albeit with much lower
intensity.

The results of the room temperature CL mapping are shown
in Fig. 4. The SE image in Fig. 4(a) again clearly reveals both the
1D and 2D defects, informing us on the presence of both BSFs and
PSFs as well as surface pits associated with line dislocations.
Extracting monochromatic intensity maps at 3.42 (b), 3.37 (c), and
3.28¢eV (d) for the NBE, the I; BSF and the PSF luminescence,
respectively, allows us to investigate the influence of each of the
surface features on the room temperature spectrum.

Similar to the low temperature measurements, areas in the CL
maps that spatially correlate with the presence of pits appear dark
in the monochromatic CL images, again showing the nature of the
threading dislocations associated with these pits as non-radiative
defect centers. The NBE CL emission intensity map additionally
shows reduced intensity in areas correlated with the BSF and PSF
defects indicating the presence of competing recombination path-
ways (either radiative or non-radiative). Extracting a monochro-
matic intensity map at 3.37 eV reveals an intensity profile that
correlates well with the thin lines in the SE image (identified as
BSFs). We can clearly observe the same kind of behavior as mea-
sured at low temperature, namely, an increased intensity along the
I, BSF line. The resolution is generally not as good as at low tem-
perature, partially due to both the NBE and the I, BSF peaks
merging with temperature as well as due to reduced carrier locali-
zation at the I; BSF itself. The clear presence of BSF luminescence
at room temperature is remarkable in itself. Most room temperature
CL maps show a strongly reduced intensity at the location of BSFs,
strongly indicating the presence of non-radiative recombination
pathways (i.e., via point defects) at or close to BSFs.””"" The lack
of such contrast in our study might tentatively be explained by a
lower incorporation rate of point defects in (1013). The
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FIG. 3. Temperature-dependent CL spectra, extracted from defect-free material (a), an |1 BSF (b), and a PSF (c).
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FIG. 4. SE image (a) and monochromatic images extracted from the hyperspectral data set recorded in the area shown in the SE. The monochromatic images are at 3.42
(b), 3.37 (c), and 3.28 eV (d) for the NBE, the |1 BSF, and the PSF, respectively. Both the SE image as well as the CL images were taken in top view geometry.
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monochromatic luminescence intensity map at 3.28 eV [Fig. 4(d)]
clearly shows the PSF luminescence, indicating that PSFs act as effi-
cient carrier sinks even at room temperature.

IV. CONCLUSION

We have analyzed the optical and structural properties of a
semi-polar (1013) GaN layer by a combination of cathodolumines-
cence spectroscopy and electron channeling contrast imaging. We
found that the dominant extended defects in the sample are partial
dislocations as well as I; basal plane stacking faults, with threading
dislocations and prismatic stacking faults also strongly influencing
the sample properties. The defect density was found to be
(7 4 2) x 108 cm™2 for line defects (threading and partial disloca-
tions) and (3.5 4+ 1) x 10*cm™! for planar defects. We addition-
ally found, by ECCI contrast analysis, that the majority of
threading dislocations are of mixed type. These defect densities are
about an order of magnitude lower than those in the more studied
(1122) and (1120) orientations, when grown directly on
ALO;.””"'" This demonstrates a high suitability for utilizing the
(1013) orientation as a platform for the growth of semiconducting
devices like green or red emitting LEDs. Our analysis of the optical
properties of the crystal defects indicates that one of the main chal-
lenges for light-emitting devices will be the presence of prismatic
stacking faults, which we have shown to be efficient carrier recom-
bination centers even at room temperature.

SUPPLEMENTARY MATERIAL

See the supplementary material for band diagrams around an
InGaN QW for different crystal orientations as calculated using
nextNano (Fig. 1); parameters used for the calculations shown in
Fig. 1 (Table 1); a figure highlighting both the anti-correlation of
the NBE CL intensity and the I; CL intensity and the different
intensity behavior depending on the direction with which one
moves over the I; BSF (Fig. 2); and sketch of the relative position
of the c-plane (green), m-plane (yellow), and a-plane (blue) with
respect to the (10-13) plane (white) (a) and position of the BSF
and a-type PSF within a (10-13) oriented GaN crystal (Fig. 3).
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