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ABSTRACT

Owing to its unique properties, N-polar GaN offers several advantages over Ga-polar GaN, particularly for applications in high power elec-
tronics. However, the growth of high-quality N-polar material is challenging. One dominant issue is the increased surface roughness, due to
the occurrence of hexagonal-shaped hillocks, referred to as hexagons, on the material’s surface. Although there are different methods to
reduce the density of these hillocks, such as the use of vicinal substrates or optimum growth conditions, the properties of such hillocks are
not extensively studied. Here, we investigate the crystallographic and luminescence properties of these hexagonal features using the tech-
niques of electron backscatter diffraction (EBSD) and cathodoluminescence (CL) hyperspectral imaging in the scanning electron microscope
combined with micro-Raman mapping. CL revealed increased light emission from the top of the hexagons compared with the surrounding
material. Additionally, dark spots in intensity images, associated with non-radiative recombination at threading dislocations, could be
resolved on top of the hexagons, but not in the surrounding area, implying improved material quality of the hexagons. Extensive strain anal-
ysis using EBSD revealed that the hexagons are composed of equivalent triangular segments with tensile strain along symmetrically equiva-
lent 11�20h i directions. As the hexagons become larger, this strain increases with the distance from the center. This was confirmed by
mapping the Raman E2 (high) mode. Overall, this provides crucial insight into the strain state of these hexagonal features.

© 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/10.1063/5.0259840

I. INTRODUCTION

III-nitride semiconductors, such as GaN, AlN, and their
alloys, are hugely successful in optoelectronic devices, such as light-
emitting diodes (LEDs) and laser diodes, and high power and high
frequency electronics, such as high electron mobility transistors
(HEMTs), due to their versatile properties. Nitrides exhibit a crystal
polarity along the c-axis due to a lack of inversion symmetry of the
hexagonal wurtzite crystal structure (space group: P63mc or 186;
point group: 6mm) in this direction. This leads to spontaneous
polarization fields along the c-axis. GaN grown along the
þc-direction (or (0001), Ga-polar) and �c-direction (or (000�1),
N-polar) exhibits different surface, structural, optical, and electrical

properties.1–3 Polarity affects devices differently depending on their
type. For light emitters, such as LEDs, polarity is generally detri-
mental to the device performance. In contrast, for HEMTs, polarity
is exploited to create a two-dimensional electron gas (2DEG).
Specifically, N-polar HEMTs are desirable as they offer enhanced
electron confinement, promise improved performance, and
improve device scalability compared to Ga-polar devices.4,5

Commonly, GaN is grown along the þc-direction. The growth
along the �c-direction presents challenges as described in the fol-
lowing. N-polar GaN generally exhibits poor crystal quality, such as
increased surface roughness, increased dislocation density, and the
occurrence of hexagonal hillocks, here referred to as hexagons.6–10
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These hexagons occur regardless of the substrate used and have
been observed for growth on native bulk GaN and foreign sub-
strates, such as sapphire and SiC.9,11,12 The observed increased
surface roughness is associated with the presence of these hillocks.
There are several routes that allow the suppression of hillocks.
These include the use of vicinal substrates, i.e., substrates with a
slight off-cut up to 4�, which increases step flow growth.11,13

Additionally, N-polar GaN layers with decreased surface roughness
can be achieved through the control of the growth temperature,
V/III ratio, and the use of indium surfactants during the
growth.10,12,14–16

The growth of N-polar orientated GaN can be induced by dif-
ferent methods, for example, pre-treatment (nitridation) of the sap-
phire substrate at high temperature before growth, use of suitable
polarity of the substrate (e.g., carbon-face of SiC), or selecting the
appropriate growth conditions of the nucleation layer.2,3,13,17,18

Different growth conditions have been explored to further
improve the material quality and reduce impurity incorporation
and decrease threading dislocation density, such as changes in the
V/III ratio, use of hydrogen during the growth, or lateral over-
growth.12,14,16,19,20 However, additional challenges still remain for
N-polar GaN, such as the increased incorporation of impurities,
predominantly carbon and oxygen, and the occurrence of polarity
inversion domains.8,21

In this paper, we investigate hexagonal hillocks in N-polar
GaN using the techniques of cathodoluminescence (CL) imaging,
micro-Raman imaging, and electron backscatter diffraction (EBSD)
to correlate their light emission and strain properties.

II. MATERIALS AND METHODS

The N-polar GaN epilayers were grown by metal-organic
vapor-phase epitaxy (MOVPE) on c-plane sapphire substrates.
First, the N-polar GaN was induced by high temperature nitrida-
tion at 1150 �C in an environment of ammonia and H2, this was
followed by the growth of a low temperature GaN nucleation layer
at 525 �C of about 25 nm thickness. Finally, a 900 nm thick
N-polar layer was grown at 1150 �C.

EBSD was performed with a field emission gun scanning elec-
tron microscope (SEM) using either an Oxford Instruments
Nordlys EBSD system (on a FEI Quanta 250) or a Symmetry S2
EBSD detector (on a FEI Versa 3D DualBeam). Initial indexing
was performed using Oxford Instruments’ Hough transform-based
Refined Accuracy method. Further orientation refinement was
carried out by pattern matching where each experimental electron
backscatter pattern (EBSP) is compared with a dynamically simu-
lated EBSP.22,23 Afterward, the EBSD data were analyzed using
MTEX, a MATLAB-based toolbox.24 Elastic strain analysis was per-
formed using the cross-correlation-based method of high angular
resolution EBSD (HR-EBSD) using CrossCourt 4.25,26 All EBSD
measurements were performed at a sample tilt of 70� and an elec-
tron beam voltage of 20 kV; the pattern sizes were 1344� 1024 px2

(Nordlys EBSD data) or 1244� 1024 px2 (Symmetry S2 data).
CL hyperspectral imaging was performed on the FEI Quanta

SEM using a custom-built system with the sample tilted at 45�.27,28

The light is collected using a Schwarzschild reflecting objective
with its optical axis 90� to the incident electron beam, dispersed

using a 1/8 m focal length spectrometer (Oriel MS125), and
detected with an 1600-channel electron multiplying charged-
coupled device (Andor Newton EMCCD). All CL data were col-
lected at an acceleration voltage of 5 kV and at room temperature.
The hyperspectral data were recorded and analyzed using bespoke
software and the images were generated by either plotting intensity
images of a selected wavelength range or plotting peak parameters
from least-square peak fitting, such as peak position (energy) or
peak height (intensity).

Raman spectroscopy measurements were performed at room
temperature using a Renishaw Invia spectrometer and a 488 nm
solid-state laser. The laser beam was focused on the sample surface
using a 100� microscope lens (NA ¼ 0:9) to a spot of �0:5 μm in
diameter. The unpolarized signal was collected in a confocal mode
in the quasi-backscattering geometry. The sample probing depth is
around �2 μm and is comparable with the total thickness of the
GaN layer/hexagons, so the Raman information represents a
depth average of the total film thickness. The sample was mounted
on an automated XYZ microscope stage allowing scanning with
�0:05 μm step resolution in the XY-plane. Raman images were
obtained from peak fitting of the E2 (high) phonon mode in GaN
at each measured location to extract peak position, total peak area,
and peak full width at half maximum (FWHM). The A1 (LO)
phonon mode was also visible for this orientation in GaN, but the
signal was very weak and broad.

III. RESULTS AND DISCUSSION

The luminescence properties of the N-polar GaN epilayer and
the hexagonal hillocks present on the sample surface were investi-
gated using CL imaging over varying length scales. Figure 1(a) dis-
plays a secondary electron (SE) image of an entire hexagon and its
planar surrounding area. Two smaller areas of the same size are
marked, one on top of the hexagon near its center and another
region in the adjacent area next to the hexagonal feature with the
respective SE images shown in Figs. 1(b) and 1(c). CL imaging was
carried out in all three areas with varying step sizes in order to
investigate the emission across an entire hexagon and its surround-
ing area as well as to resolve the emission on smaller length scales
on top of and next to the hexagon.

From the SE image in Fig. 1(a), it can be observed that the
hexagon is raised compared with its surrounding region and has
sloping sidewalls along the m-direction. The shape of the hexagons
was confirmed using atomic force microscopy (AFM), as shown in
Fig. S1 in the supplementary material. Overall, the light emission
from the hexagon is much stronger compared with its surrounding
area. Two emission peaks were observed, namely, the GaN near
band edge (NBE) emission around 365 nm and the defect-related
yellow band (YB) emission around 560 nm and their CL integrated
intensity maps are shown in Figs. 1(d) and 1(g), respectively. Both
the GaN NBE emission as well as the yellow band emission are
about one order of magnitude larger on top of the hexagon than
the area surrounding it. It can also be observed in both CL inte-
grated intensity images that there is increased emission along lines
in the a-direction, visible as brighter lines separating the six trian-
gular segments of the hexagonal feature.
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A higher resolution CL dataset was recorded from the region
near the center of the hexagon, as seen in the SE image in Fig. 1(b).
The GaN NBE peak was fitted using a Voigt function and the
GaN peak area, and peak energy images are displayed in Figs. 1(e)

and 1(h), respectively. The peak area or intensity image [Fig. 1(e)]
shows the usual dark spots that are commonly observed in GaN
epilayers and associated with non-radiative recombination at dislo-
cations threading to the sample surface.29,30 Some dislocations can

FIG. 1. CL hyperspectral imaging: (a) SE image, (d) and (g) CL integrated intensity image of the GaN NBE emission (350–380 nm) and of the yellow band emission
(500–650 nm) of an entire hexagon and its surrounding area, respectively. (b) SE image, (e) CL peak area, and (h) CL peak energy image taken from the top of the
hexagon. (c) SE image, (f ) CL peak area, and (i) CL peak energy image taken from the surrounding area adjacent to the hexagon. The smaller areas on top and next to
the hexagon are marked by the red boxes in the SE image in (a). They appear darker because the small regions were imaged before the large area measurement. All
images in a column have the same spatial scale bar as shown at the bottom.
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be individually resolved, whereas others in different regions are
closer together. Variations in the NBE peak energy, observed
around the dislocations as seen in Fig. 1(h), are of the order of
10 meV. They are either caused by local strain gradients31–33 or by
a change in impurity incorporation around dislocations leading to
a varying bandgap.34,35 Overall, the CL images show typical optical
behavior for a GaN thin film.

The area surrounding the hexagonal features on the other
hand is different. The CL intensity image in Fig. 1(f ) shows a very
high density of small dark spots, which are not clearly resolved.
This implies that a very high density of defects is present in this
region. This is supported by the strongly reduced emission intensity
compared with the intensity at the top of the hexagon as seen in
Fig. 1(d). No discernible impact or features can be observed in the
CL map of the peak energy [Fig. 1(i)]. Similar observations from
hexagons and their surrounding areas have been reported previ-
ously in Ref. 36. It is proposed that during the growth of the hexag-
onal features dislocations inside may bend toward the edges of the
hexagons or annihilate, leading to a reduced dislocation density on
top of the hexagons.

The crystallographic properties of the hexagons were investi-
gated using EBSD. First, the crystal polarity was determined from
EBSD maps recorded from a region on top of the hexagon and one
from the surrounding area. Here, the experimental EBSPs were
compared with dynamically simulated patterns of N-polar and
Ga-polar orientation following the methodology in Refs. 37 and 38.
In summary, although the symmetry of the material does not
change, an inversion around the polar c-axis leads to subtle inten-
sity changes of the Kikuchi band edges, which can be detected via a
cross-correlation against simulations. From this analysis, it could be
confirmed that the hexagonal features and the surrounding planar
regions were of N-polar orientation as seen in the inverse pole
figures along the Z direction (sample normal direction) as shown
in Fig. S2 in the supplementary material.

Next, the elastic strain on the sample surface was determined
from the EBSD measurements across a hexagon, displayed in the
SE image in Fig. 2(g). The normal strain components εxx, εyy and
εzz are shown in Figs. 2(a), 2(e), and 2(i), respectively, and the
shear strain components εxy, εxz, and εyz in Figs. 2(b), 2(c), and
2(f ), respectively. All strain components are displayed on the same
scale [Fig. 2(h)] for better comparison. Each strain map is normal-
ized to the mean of the map, meaning the mean was subtracted so
that the strain distribution is centered around zero. The strain com-
ponents are expressed with respect to the sample reference frame
directions X, Y, and Z. Here, the reference directions are chosen to
align with the 11�20h i, 1�100h i and 000�1½ � directions (a-, m-, and �c
directions) of the hexagonal wurtzite lattice as shown in Fig. 2(d).

It can immediately be seen that the hexagon is split into trian-
gular segments with opposite segments showing the same behavior
(giving a bow-tie shape), except the εzz component [Fig. 2(i)],
which changes radially from the center to the edges. The εxx com-
ponent in Fig. 2(a) shows two segments, one at the top and one at
the bottom, under dominant tensile strain (red). For these two seg-
ments the sidewall of the 1�100f g-plane is aligned with the X
sample reference frame direction. It can also be seen that this
tensile strain component increases radially from the center to the
edge of the hexagon (change from lighter to darker red). The εyy

component for these two segments on the other hand shows com-
pression (blue). It can be interpreted that these two segments are
elongated in the X direction and compressed in the Y with increas-
ing distance from the center of the hexagonal feature. The εyy com-
ponent in Fig. 2(e) shows four segments being under dominant
tensile strain, two on the left side and two on the right. For these
segments the side walls do not exactly line up with the Y sample
reference frame direction, but are at 30� to it. Nonetheless, these
segments exhibit elongation along the Y direction, but the magni-
tude is slightly less than that observed for the top and bottom
segment in the X direction. Again, the tensile strain increases from
the center to the edges. The εxx component for those four segments
shows much less tension; toward the center, there is even compres-
sion. Overall, this suggests that the hexagons are under tensile
strain, which is predominantly parallel to the six sides of the
hexagon. Additionally, this tensile strain increases with increasing
distance from the center of the hexagon.

To further investigate the impact of the sample frame refer-
ence system on the results of the strain analysis, EBSD was per-
formed on the same hexagon where the sample was rotated by 30�

and 90� with respect to the initial measurement as shown in the SE
images in Fig. S3 in the supplementary material. All strain results
of this rotation series are shown in Fig. S4 in the supplementary
material. The initial measurement geometry in Figs. S3 and S4 in
the supplementary material is the same as shown above in Fig. 2
such that the X and Y directions align with the 11�20h i and 1�100h i
directions of the wurtzite lattice, respectively. For the measurements
after a rotation of 30� and 90� these orientations swap around and
the X and Y directions align with the 1�100h i and 11�20h i directions,
respectively. In the first case, we can see the impact of a different
crystallographic alignments with respect to the sample reference
frame system (initial measurement vs 30� rotation). The second
case allows us to investigate the symmetry of the hexagon whereby
we measure under the same crystallographic alignment but with a
relative rotation of 60� of the hexagon so that another direction of
the same family aligns with the sample reference frame system (30�

and 90� rotation).
First, we look at the case where the hexagon is rotated by 30�

compared with the initial alignment. In this case, the 1�100h i and
11�20h i directions swap around with respect to the fixed X and Y
sample reference frame directions. The initial strain results are
shown in Figs. S3(a)–S3(f) in the supplementary material and after
30� rotation in Figs. S3(g)–S3(l) in the supplementary material.
The interesting strain components are εxx and εyy, which have to
be interrogated together. In the initial orientation, only two trian-
gular segments with 1�100h i sides or edges are parallel with the X
direction, that is, the top and bottom. These two segments show
tensile strain (red) in the εxx [Fig. S4(a) in the supplementary
material] component as observed previously in Fig. 2(a). After 30�

rotation, the two segments that are now parallel to one of the
sample reference frame directions are the segments on the left and
right with the 1�100h i sides parallel to the Y direction. In this case,
the tensile strain occurs in the εyy component in Fig. S4(h) in the
supplementary material. A similar swapping behavior is observed
for the strain shown in Figs. S4(b) and S4(g) in the supplementary
material. The normal strain components εzz remain the same after
rotating 30� [Figs. S3(c) and S3(i) in the supplementary material].
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Next, the sample is rotated a further 60� after the 30� rotation,
and we compare the two the strain results after both rotations,
which are shown in Figs. S3(g)–S3(l) and Figs. S3(m)–S3(r) in the
supplementary material. In both cases, the crystallographic

alignment of the hexagon with respect to the sample reference
frame is the same, except that the hexagon and each triangular
segment is rotated by 60�. It can immediately be seen that the
strain maps for each strain component show the same behavior

FIG. 2. EBSD: Normal strain components (a) εxx, (e) εyy, and (i) εzz and shear strain components (b) εxy, (c) εxz, and (f ) εyz from the hexagon shown in the (g) SE
image. (h) The color scale is normalized to the mean of each image for better comparison of each map. All strain components are plotted on the same scale. (d)
Crystallographic directions and their relationship with the sample reference frame directions X, Y, and Z. The 2D unit cell is shown in dashed lines. All images are shown
on the same spatial scale.
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after 60� rotation. It is important to note that the strain distribu-
tion, i.e., the colors in the image, does not rotate.

From the results of the rotation series, it can be inferred that
the strain state of each of the triangular segments is the same. In
summary, the hexagons are composed of equivalent triangular seg-
ments with tensile strain along symmetrically equivalent 11�20h i
directions, parallel to the sides of the hexagons. This tensile strain
also radially increases with distance from the center of the hexagon.
This implies that the strain properties also possesses a hexagonal
symmetry and the pattern shown in each of the strain maps is an
artifact of the Cartesian coordinate system used for the strain

tensor. Therefore, careful analysis is required for materials with
hexagonal symmetry.

Finally, we investigate a series of hexagons, Fig. S5 in the
supplementary material, in the same crystallographic orientation
with respect to the sample reference frame to understand if all hex-
agonal features behave similarly. All EBSD strain maps from four
different hexagons are displayed in Fig. S6 in the supplementary
material. The measured hexagons are also differing in size from
about 50 to 100 μm. Overall, all measured hexagons show a similar
strain behavior. There are some differences, but the relative strain
behavior is similar. The differences are attributed to the general

FIG. 3. Raman imaging: (a) Optical image of the measured hexagon. (b) Example Raman spectra from selected spots as marked by white arrows in the peak position
map in (d). Raman maps of the (c) peak area, (d) peak position, and (e) peak width (FWHM) of the E2 (high) Raman mode. All images are shown on the same spatial
scale.
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appearance of the hexagons. The first hexagon in Fig. S5(a) in the
supplementary material shows additional hexagonal terraces,
whereas hexagons 2 and 3 [Figs. S5(b) and S5(c) in the
supplementary material] have fairly long sloping down sidewalls
from the edges and hexagon 4 [Fig. S5(d) in the supplementary
material] possesses relatively short sidewalls. It also becomes more
obvious in the strain maps that there is an additional, possibly
buried, hexagon near hexagon 1 and hexagon 3. The strain field of
the additional hexagons is superimposed on the main hexagonal
feature.

Another approach to infer information on stress and strain is
Raman spectroscopy. In GaN, the Raman E2 (high) phonon mode
is influenced by variations in stress and strain.39 Here, we use
micro-Raman mapping to investigate changes in the E2 (high)
mode across a hexagon as shown in the optical image in Fig. 3(a).
The peak area, peak position (Raman shift), and FWHM of the E2
(high) mode are shown in Figs. 3(c)–3(e), respectively.

In the case of hexagonal features in GaN samples studied here,
EBSD showed a presence of pronounced patterns in the planar
strain distributions as shown in Fig. 2. These strain variations of
the order of 2� 10�3 (or 2 mm/m), particularly in the εxx, εyy, and
εxy components, should also influence the Raman spectra sensitive
to strain. The peak position map of the Raman mode in Fig. 3(d)
shows a radially symmetrical strain profile of the GaN hexagon.
The measured peak position in the surrounding area is about
568:1 cm�1, while on the majority of the top of the hexagons, it
reduces to around 566:4 cm�1; examples of Raman spectra are
shown in Fig. 3(b). Note that these values fluctuated from hexagon
to hexagon, and this is just a representative value. The phonon fre-
quencies in unstrained GaN material can vary with layer thickness,
orientation, growth method etc., making precise determination of
absolute strain from only Raman measurements uncertain.40–43 For
stress-free GaN on sapphire, the values for the E2 (high) phonon
mode are around 566:8 cm�1. The observed shift of the Raman
peak of 1:7 cm�1 from the top (or the main body) of the hexagon
to the surrounding area means that the area around the thicker
hexagons is compressively strained with respect to the near strain-
free hexagon after the growth. This increase in strain can also be
correlated to the higher threading dislocation density away from
the hexagons observed in CL in Fig. 1.44,45 Additionally, the Raman
peak at the center of the hexagon is shifted to a higher frequency
with respect to the main body of the hexagon, meaning that the
center is compressively strained. The Raman map in Fig. 3(d)
shows that the strain reduces from the center of the hexagon to its
edge. This agrees very well with the findings from EBSD above,
where it was found that the hexagons have greater tensile strain
toward the sides relative to the center, which is equivalent to a
reduction in compressive strain as seen in Raman. Similar strain
observations have been reported previously in Ref. 36.

Reduced intensity and increased peak width are indicators for
areas of reduced material quality with higher threading dislocation
density. This can be observed in Figs. 3(c) and 3(e) where the
intensity drops off and the width increases from 2:8 cm�1 on top of
the hexagon to 4:1 cm�1 in the surrounding region. This agrees
well with the findings from CL imaging [Figs. 1(d), 1(e), and 1(f )]
with decreased CL intensity in the surrounding area with increased
defect densities. This confirms that the crystalline quality of the

hexagonal feature is greatly improved compared with its surround-
ing matrix.

Overall, CL imaging showed a reduction of dislocation density
on top of the hillocks compared with the highly defected surround-
ing region. EBSD and Raman imaging showed that the hexagon is
overall more relaxed compared with the compressively strained sur-
rounding material. Furthermore, it was found that the hexagon
exhibits more tensile strain toward the sides or edges compared to
the center. As mentioned previously, it has been proposed that
during the growth of the hexagon, dislocations may bend toward
the sides of the hexagon and annihilate leading to the observed
reduced dislocation density on top of the hexagons.36 It is also
known that dislocation annihilation in compressively strained GaN
causes a reduction in compressive strain and even a transition to
tensile strain.46–48 The AFM data in Figure S1 shows that the hex-
agonal hillocks are not flat on top, but the height is linearly increas-
ing from the side to the center. This increase in height toward the
center may also contribute to the observed tensile strain relaxation
toward the center.

IV. CONCLUSION

In summary, we investigated the crystallographic and light
emission properties of hexagonal hillocks in N-polar GaN using
EBSD, CL imaging, and Raman mapping. Although these hexagons
are not desired and increase the surface roughness, CL imaging
revealed that they exhibit improved optical characteristics compared
with their surrounding material. Not only is the emission intensity
increased on top of the hexagons, but also threading dislocations
can clearly be resolved as dark spots in CL intensity images. In the
planar surrounding material, there is a great density of dark spots,
which is attributed to a very high density of defects in that area.
Extensive strain analysis using EBSD revealed that the hexagons are
composed of equivalent triangular segments with tensile strain
along symmetrically equivalent 11�20h i directions, which is parallel
to the sides of the hexagons. The tensile strain also radially
increases with distance from the center of the hexagon. The obser-
vations from CL and EBSD were supported by Raman mapping of
the E2 (high) mode. This offers valuable insights into the strain
and luminescence state of these hexagonal features, aiding in the
enhancement of material quality and devices.

SUPPLEMENTARY MATERIAL

See the supplementary material for measurement of hexagon
topography (S1), the determination of crystal polarity (S2), rotation
series of a single hexagon (S3), and strain determination of four
hexagons in the same alignment (S4).
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