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ABSTRACT

We present the application of electron backscatter diffraction (EBSD) as a technique for characterizing wurtzite (wz) and zincblende (zb)
polytypes of GaN grown upon micropatterned Si (001) substrates. The Si substrate is etched to create parallel V-shaped grooves with
opposing {111} facets before the deposition of GaN. EBSD revealed that wz-GaN growth fronts initially form on the {111} Si facets
before undergoing a transition from a wurtzite to zincblende structure as the two growth fronts meet. Orientation analysis of the GaN
structures revealed that the wz-GaN growth fronts had different growth orientations but shared the same crystallographic relationship
with the zb-GaN such that ?{30�38}wz k h110izb, h11�20iwz k h110izb, and ?{30�34}wz k h001izb. Furthermore, the crystallographic relation-
ship, {0001}wz�GaN k {111}zb�GaN k {111}Si, and alignment of the wz- and zb-GaN with respect to the Si substrate was investigated.
The two wz-GaN 0001h i growth directions were expected to coalesce at an angle of 109:5�; however, measurements revealed an angle
of 108�. The resultant misalignment of 1:5� induces misorientation in the zb-GaN crystal lattice. While the degree of misorientation
within the zb-GaN lattice is low, , 1�, the zb-GaN lattice is deformed and bends toward the wz-GaN interfaces about the specimen
direction parallel to the length of the V-groove. Further EBSD measurements over larger areas of the sample revealed that these results
were consistent across the sample. However, it was also revealed that additional factors induce changes in the orientation of the zb-GaN
lattice, which may relate to the initial growth conditions of the 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/10.1063/5.0244438

I. INTRODUCTION

White light-emitting diodes (LEDs) are valued in lighting
applications for their advantages of small size, low energy con-
sumption, high efficacy, and increased device longevity relative to
conventional light sources. The widespread implementation of
white LEDs is identified as a “high impact opportunity” by the

United Nations Environment Programme and would reduce the
global electricity demand for lighting by 30%–40%.1 Prevalent
white LED designs utilize blue InGaN/GaN LED chips coated in a
phosphor to down convert the blue light to longer wavelengths.
However, this process results in a loss of excitation energy, i.e.,
Stokes’ loss, of the order of 25%.2 In order to increase the potential
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efficiency of white LEDs, it is necessary to circumvent the need for a
phosphor. To achieve this, direct red, green, and blue (RGB) LEDs
are required. However, to date, such devices have yet to produce
white light with efficacies comparable to their phosphor-based coun-
terparts.3 The origin of this deficiency in direct white RGB LEDs is
attributed to a drop in the external quantum efficiency (EQE) for
LEDs operating in the yellow to green spectral region, referred to
as the “ green gap.”4 Devices based on green-emitting InGaN/GaN
multiple quantum wells exhibit peak EQE of � 56%,5,6 whereas blue
LEDs have EQEs exceeding 80%.7 Furthermore, efficient green LEDs
are also required for display applications using individual red, green,
and blue LEDs for high-resolution displays with accurate color ren-
dering where precise color mixing is important.8,9

For InGaN/GaN heterostructures, the green gap is usually
attributed to the deterioration of material quality and reduction in
the radiative recombination rate with increasing InN fraction in the
active region.4,9,10 GaN, and its alloys, are typically grown as the
thermodynamically stable hexagonal, wurtzite crystal structure with
a c-plane, or (0001), orientation. Wurtzite GaN (wz-GaN) is inher-
ently polar along the c-axis, or [0001] direction, of its unit cell,
making it prone to both spontaneous and piezoelectric polarization
fields.11 For (0001) oriented heterostructures, discontinuity in
polarization at the heterojunctions causes sheets of opposite charge
to build up at either interface, inducing large internal electric fields
parallel to the c-axis. The electric field reduces the overlap of
electron–hole wave functions in the active region and decreases
the efficiency of radiative recombination, this is referred to as the
quantum-confined Stark effect (QCSE).12–14 To achieve deep
green emission, high InN fraction is required in the active region
of c-plane devices. However, because InGaN has a larger lattice
parameter than GaN, increasing the InN fraction strengthens the
effects of piezoelectric polarization through strain. While this is
partially mitigated in c-plane material by reducing the thickness
of the quantum wells,15 relatively prolonged excitonic lifetimes
and reduced quantum efficiencies are observed for green-emitting
devices.16

As polarization fields are normal to the c-plane, growth along
perpendicular orientations (i.e., the a-plane and m-plane) is a
potential alternative to avoid polarization effects.17 It has been
demonstrated that the QCSE is absent from non-polar wz-GaN,
which exhibits significantly shorter radiative lifetimes and stronger
overlap between electron–hole wave functions relative to c-plane
oriented material.18–20 However, the EQE of non-polar orientations
of wz-GaN LEDs have yet to surpass their c-plane counterparts.21

A possible explanation for this are difficulties related to the In incor-
poration on non-polar planes. Indium incorporation is performed at
relatively low temperatures, which can result in material with high
defect densities.22,23 For that reason, there has been a resurgence of
interest in the growth of cubic, zincblende GaN (zb-GaN),24–29

which when grown with a (001) orientation, is free from the internal
electric fields. This eliminates the QCSE, ensures better overlap of
the electron–hole wave function, and this leads to potentially higher
radiative recombination efficiency. Additionally, it also has a nar-
rower bandgap than wz-GaN, meaning less InN fraction is required
in the active region to achieve the same green emission when com-
pared with their wz-GaN-based devices.30 However, because zb-GaN
is metastable relative to wz-GaN, direct growth of zb-GaN material is

prone to switching to the wurtzite phase during growth.31 There are
different approached to achieve zb-GaN growth. One is the use of
cubic substrates, such as 3C-SiC/Si, which has the advantage of being
able to grow continuous epilayers.32,33 However, the growth is chal-
lenging due to the metastability of zb-GaN, leading to stacking faults
and inclusions of wz-GaN. Another approach, for the material used
in this paper, is the growth on patterned substrates, where initially
wz-GaN is grown on different exposed Si 111f g facets in the Si sub-
strate; once two wz-GaN [0001] growth fronts meet, a transition to
zb-GaN occurs.25,34–36 More details can be found in Sec. II.

Determining the integrity of the structure and identifying the
presence of defects, misorientation and strain in zb-GaN materials
is integral to understanding the growth and to improving material
quality and device performance. Diffraction techniques, such as
x-ray diffraction (XRD) and transmission electron microscopy
(TEM), are routinely employed in the characterization of GaN
semiconductors.37 The scanning electron microscopy (SEM) tech-
nique of electron backscatter diffraction (EBSD) can also provide
structural information.25 It complements TEM in that it can
provide similar information on defects, but may be used to analyze
and image as-grown epitaxial samples with no sample preparation
across areas ranging from tens of nanometers to several centime-
ters, albeit with lower spatial resolution. XRD provides valuable
information on misorientation and strain but is generally not an
imaging technique. EBSD can image misorientation and strain,
albeit with lower sensitivity than XRD. In addition, recent advance-
ments in EBSD analysis methods have led to the routine analysis of
(mis)orientation, crystal polarity, strain, and defects in III-nitride
semiconductors.38–40

In this paper, we utilize EBSD to investigate the crystallo-
graphic relationships between wz- and zb-GaN lattices grown upon
micro-patterned Si (001) substrates, vastly expanding on the EBSD
results in Ref. 25. As depicted in Figs. 1(a) and 1(b), the growth of
zb-GaN is induced from wz-GaN growth fronts due to the pattern-
ing of the Si substrate and the subsequent growth of GaN on
opposing Si {111} facets. Orientation measurements of the left and
right wz-GaN regions, the central zb-GaN region, and the Si sub-
strate allowed the determination of the epitaxial relationships and
their misalignment. EBSD revealed that the orientation of the two
wz-GaN [0001] growth directions is slightly misaligned. This mis-
alignment is sufficient to induce misorientation within the zb-GaN
such that the zb-GaN crystal lattice is bowed toward the structural
interfaces between the hexagonal and cubic polytypes.

II. MATERIALS AND METHODS

Sample fabrication is a two-step process, distinguished by the
patterning of a Si (100) substrate and the subsequent growth of
GaN via metal organic vapor-phase epitaxy (MOVPE).25,41,42 First,
large area interference lithography was implemented to pattern a
series of parallel stripes, with lengths parallel to the Si [110] direc-
tion. Subsequently, an anisotropic wet etch of KOH was used to
form V-shaped grooves (or V-grooves) composed of adjacent
Si (�111) and (1�11) facets as shown in the cross section schematic in
Fig. 1(a). Each V-groove is separated by a distance of � 4 μm and
has a depth of � 0:7 μm and a surface width of � 1 μm.25 Once the
substrate was patterned, a 10 nm AlN nucleation layer was grown
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to prevent melt-back etching of Ga into the Si substrate,43 followed
by a 30 nm AlGaN buffer layer. GaN was then grown on the
Si {111} facets to form a stripe of GaN on the sample top surface as
shown in Fig. 1(c). GaN is expected to initially grow with a wurtzite
structure and [0001] orientation perpendicular on the Si {111}
facets,44 thereby forming two converging wz-GaN growth fronts, as
shown in Fig. 1(b), with different [0001] orientations. The two
wz-GaN h0001i growth fronts are expected to coalesce with an
angular difference of 109:5� which is required for zb-GaN to form
due to the crystallographic relationship between the hexagonal and
cubic lattices.34,45

The samples were characterized using the SEM-based tech-
nique of EBSD. EBSD is based on the diffraction of the electron
beam by a crystal lattice and the subsequent detection of diffracted
electrons that are backscattered from the sample surface. The dif-
fracted electrons appear as an electron backscatter pattern (EBSP)
composed of overlapping bands, where each band corresponds to a
different crystallographic plane. By identifying the bands in an
EBSP, it is possible to derive the structure, symmetry, and orienta-
tion of the sample under investigation. Figures 2(a) and 2(b)
display example EPSPs from wz-GaN and zb-GaN, respectively,
with several crystal planes highlighted. Planar EBSD measurements
of the sample surface were performed using a variable pressure field
emission gun SEM (FEI Quanta 250) and an Oxford Instruments
Nordlys EBSD system. The cross-sectional EBSD measurements were
performed using a field emission gun SEM (FEI Versa 3D) and an
Oxford Instruments Symmetry S2 EBSD detector. All EBSD data
were acquired with a surface tilt of 70� and an electron beam acceler-
ation voltage of 20 kV. For the planar EBSD measurements, the
EBSP size was 672� 512 px2 and a step size of 25 nm was used,
whereas for the cross section, it was 622� 512 px2 and 20 nm. After
initial indexing using the Oxford Instruments’ Hough-based Refined
Accuracy method, indexing was further refined using the pattern
matching approach.46 Here, the determination of crystal orientation
was further optimized by finding the highest cross correlation coeffi-
cient between the experimental and dynamically simulated EBSP
using the initial indexing as starting values.47,48 The orientation pre-
cision in EBSD is typically of order 0:03� for pattern matched data
and the orientation precision of the cross-sectional measurement was

FIG. 1. Schematic depiction of the sample showing the expected growth of wz- and zb-GaN on patterned Si: (a) cross-sectional view of adjacent Si {111} facets that are
exposed to form a V-shaped groove in the Si substrate. (b) Initial wz-GaN growth on the Si {111} facets results in converging wz-GaN {0001} interfaces, which coalesce
and form a competing interface before undergoing a wurtzite-to-zincblende polytype transition to zb-GaN. The schematic, adopted from Ref. 41, is only an approximate
illustration of the structure. (c) The periodic grooves are etched which results in the top surface to exhibit periodic stripes of GaN.

FIG. 2. Electron backscatter diffraction patterns (EBSPs) of the (a) wz-GaN and
(b) zb-GaN crystal structures.
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� 0:018� as determined by the 95th percentile of the histogram of
the kernel average misorientation (KAM) of the Si substrate.46

Afterward, the EBSD data were analyzed using MTEX, a free EBSD
toolbox for MATLAB, for the structure and orientation analysis.49

For the cross-sectional measurement, a V-groove on the sample
edge was polished using a focused ion beam (FIB, FEI Versa 3D).
First, the top surface of the edge was covered with a W layer
deposited with a 5 keV electron beam interacting with metal
carrier gas. Subsequently, a larger layer of material on the edge
was removed using the “cleaning cross-sectional method” and a
30 keV Ga ion beam. Final polishing of the cross section was per-
formed using a 8 keV Ga ion beam; this enabled the recording of
EBSPs with sufficient quality.

In EBSD, crystal orientations are described relative to chosen
reference directions, the so-called sample or specimen reference
frame. This describes the relation of the detector with respect to
the sample and the orientation of the crystal lattice.50 With respect
to Fig. 1(c), we define the in-plane directions that are perpendicular
and parallel to the fabricated V-grooves and the sample surface
normal as the sample reference frame axes, denoted as the X-, Y-,
and Z-axes, respectively.

III. RESULTS AND DISCUSSION

Figure 3(a) shows a secondary electron (SE) image of the
sample surface with the area marked where EBSD was performed.
The stripe in the center of the image is a GaN epitaxial layer which
has grown inside of the Si V-groove. It is bordered by dark regions
corresponding to the SiO2 mask on top of the Si (001) substrate
surface. Figure 3(b) shows a structure map for the surface distribu-
tion of wz- and zb-GaN polytypes. The distribution of wz- and
zb-GaN regions relates well to theory, depicted schematically in
Fig. 1, showing that wz-GaN initially develops, forming an interface
with the Si substrate, before coalescing and undergoing a hexagonal-
to-cubic polytype transition, leading to zb-GaN in the center of the
stripe.

To understand the orientation relationship between the
wz- and zb-GaN regions, inverse pole figure (IPF) maps were
constructed from the EBSD data set. Figures 3(c)–3(e) show IPF
maps in the X, Y, and Z sample frame directions, which correspond
to the directions perpendicular and parallel to the V-groove
(in-plane directions) and the sample normal direction (out-of-plane
direction) as previously stated. The IPF maps plot the crystallo-
graphic directions using the crystallographic color keys shown in
Figs. 3(f) and 3(g). From the IPF maps, we can see that the zb-GaN
region has the same crystallographic orientation as the Si substrate
such that both crystal structures are [001] oriented in Z and the
h110i directions are parallel to the X and Y directions. Additionally,
the left and right wz-GaN regions are oriented (and colored) simi-
larly in X, Y, and Z reference directions, which suggests that they
share an equivalent crystallographic relationship with respect
to the Si substrate and zb-GaN region. From the IPF maps, we
deduce that the h11�20i direction of both wz-GaN regions are
parallel to the length of the V-groove (Y direction) such that
wz- and zb-GaN regions have a crystallographic relationship
where h11�20iwz k h110izb.42

Pole figure scatterplots were used to determine the crystallo-
graphic directions of the wz- and zb-GaN regions perpendicular and
parallel to the stripe directions (X and Y directions) and the sample
normal (Z direction) and determine the crystallographic relationship
between the wz- and zb-GaN regions. Figures 4(a)–4(c) show the
combined pole figures for crystal directions of the wz- and zb-GaN
regions closest to the orientation of the X, Y, and Z sample reference
axes. Markers, i.e., poles, in a pole figure correspond to a projection
of a family of crystal directions, hence overlapping poles correspond
to a shared direction between crystal lattices. Crystal directions paral-
lel to the surface normal (Z) are plotted in the center of the pole
figure, while in-plane directions (X and Y) are plotted at the edges of
the pole figure. In each plot, there are different distributions observed
for the left and right wz-GaN regions (enlarged in the inset panels),
meaning their crystal lattices have slightly different orientations.
However, they have poles which overlap (appearing as red
� symbols) in X, Y, and Z directions. This is consistent with the IPF
maps for wz-GaN in Figs. 3(c)–3(e). The wz-GaN poles also
overlap with zb-GaN poles in the X, Y, and Z directions with the
following alignments: ?{30�38}wz k h110izb, h11�20iwz k h110izb,
and ?{30�34}wz k h001izb. The X and Y alignments of ?{30�38}wz
and ?{30�34}wz, respectively, are the lowest index orientations
found and were informed by Ref. 35. This allows differences in
orientation between the left and right wz-GaN regions to be
investigated, as described later on. A schematic depiction of the
unit cell orientation for the wz- and zb-GaN regions is presented
in Fig. 5(b) which was derived from this crystallographic
relationship.

Closer inspection of the in-plane poles (on the edge of the pole
figure) perpendicular to the GaN stripe (X direction) and the sample
normal direction (Z direction), depicted in Figs. 4(a) and 4(c),
revealed a difference of � 1:76� and � 1:21� between the
“overlapping” poles for left and right wz-GaN regions, respec-
tively. The distribution of zb-GaN poles parallel to the X direction
is located between left and right wz-GaN distributions, suggesting
that the zb-GaN adopts an orientation which is the average of the
two wz-GaN growth fronts. Comparatively, Fig. 4(b) depicts
better alignment (� 0:26�) between the h11�20iwz and h110izb
poles parallel to the Y direction. One explanation for the differ-
ence in orientation between the wz-GaN poles depicted in
Figs. 4(a) and 4(c) is that the differences may derive from the c/a
ratio of the wz-GaN crystal lattice. The orientations of the {30�38}
and {30�34} semi-polar planes, unlike the orientation of the {11�20}
polar planes, are dependent on the dimensions of both the c and
a lattice parameters, i.e., they are not orthogonal to either the c or
a direction. Consequently, while {30�38} and {30�34} are perpendic-
ular for the ideal c=a ratio of 1.633, they are not exactly perpen-
dicular even for unstrained GaN which has a c=a ratio of around
1.626.52 Another explanation is that there is misalignment
between the wz-GaN growth fronts about the Y direction, a
feature which could develop depending on the precision of the
etching process that formed the V-groove or from thermal and
lattice mismatch between the wz-GaN growth fronts and the
Si {111} sidewalls.

The pole figures in Fig. 5(a) show the distributions of poles
for the h0001iwz growth direction of the wz-GaN regions and the
h111izb direction of the zb-GaN region. The [0001]wz orientation is
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independent of the c/a ratio, as it is perpendicular to the c-plane.
In addition, [111]zb and [0001]wz are the close-packed directions of
their respective crystal lattices, where their atomic arrangement
differs only in terms of stacking sequence. Therefore, assuming that
the wz-GaN growth fronts are properly aligned with the Si {111}
facets, the h0001iwz and h111izb poles should coincide similarly to
the poles depicted in Fig. 4(b). Figure 5(a) shows two h0001iwz dis-
tributions, corresponding to left and right wz-GaN regions, which
align with different h111izb directions of zb-GaN. However, upon
closer inspection, there is a small misalignment between the
overlap between the h0001iwz and h111izb distributions, which

suggests that the h0001iwz growth fronts do not align perfectly.
Table I summarizes the angular difference measured between the
average orientation of the “overlapping” poles presented in Figs. 4
and 5(a). This shows that the crystallographic directions of the left
and right wz-GaN regions are approximately parallel in the Y
direction with a difference of � 0:26�. The angle between the
growth directions, i.e., h0001i directions, is � 107:97�, which corre-
sponds to a misalignment of � 1:53� with respect to their expected
alignment of 109:50�.

To further investigate the epitaxial relationship between the
zb-GaN and wz-GaN regions with the Si substrate, EBSD

FIG. 3. EBSD data set measured over a V-groove showing the distribution of the crystal structure and orientation after GaN deposition. (a) SE image of the sample
surface showing a single stripe of GaN and the area over which EBSD was performed. (b) Crystal structure map constructed from the EBSD data set showing the occur-
rence of structural distribution of wz- and zb-GaN inside the V-groove. (c)–(e) Orientation maps or IPF maps showing the wz- and zb-GaN crystallographic directions per-
pendicular and parallel to the V-groove (X and Y directions) and the sample surface normal (Z direction). Crystallographic color key for the (f ) zb-GaN and (g) wz-GaN
crystal lattices are derived from the crystal symmetry.51 Non-indexed regions (white) relate to areas with low cross correlation coefficient, excluded from the analysis.
Boundaries between wz- and zb-GaN regions are marked using black lines.
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FIG. 4. Composite pole figures scatterplots for wz- and zb-GaN regions, showing the crystallographic directions (poles) parallel to the (a) X, (b) Y, and (c) Z sample refer-
ence frame directions. The upper hemisphere of each pole figure is plotted with a grid resolution of 15�, while close-ups of crystallographic relationships in each inset are
shown with a higher grid resolution of 1�. Table I provides a summary for the differences in orientation between left and right wz-GaN poles.
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measurements were performed on a cross section across a V-groove
that is shown in Fig. 6(a). This allowed simultaneous measurement
of both GaN regions and Si. For the calculation of any misorienta-
tion or angular difference between directions, average orientations
were calculated for the different regions and different poles in the
pole figures (i.e., left and right wz-GaN, zb-GaN, and Si substrates)
shown in Fig. 6(b). It should be noted that the misorientation anal-
ysis of the zb-GaN region presented later in Fig. 7 revealed that
there is a misorientation of about 1� present across the zb-GaN
region which is averaged over in this analysis. The angle between
the left and right 0001h iwz�GaN growth fronts was determined to be
� 109:13�, which corresponds to a misalignment of � 0:37�. This
misalignment is much smaller compared with the planar measure-
ment and is, for example, possibly due to measuring a different
V-groove where the growth was better. Next, the alignment of the
wz-GaN grown on the Si sidewalls and subsequently induced
zb-GaN are investigated by calculating the angle between the
111h iSi, 0001h iwz�GaN, and 111h izb�GaN directions for the interfaces

on the left and right sidewalls of the V-groove. The results are sum-
marized in Table II. It is noteworthy that the wz-GaN shows a
larger misalignment of the order of 0:2� � 0:3� to the material on
either side along its growth direction. Whereas, comparing the
111h i directions of the Si and the zb-GaN, with the wz-GaN sand-
wiched in-between, the misalignment is much smaller, on the
order of 0:1�.

Localized misorientation within the zb-GaN region was evalu-
ated in Fig. 7 to determine whether or not the misalignment
between the wz-GaN growth fronts would induce strain in zb-GaN.
Misorientation was assessed by considering the difference (or devi-
ation) in the orientation of each data point in the EBSD map with
respect to a reference orientation, which is referred to as grain ref-
erence orientation deviation (GROD) analysis. Here, we have
chosen the mean orientation of the zb-GaN region as the reference
orientation. The magnitude of misorientation (GROD angle) and
the axis around which this misorientation occurs (GROD axis) are
shown in Figs. 7(a) and 7(b) with the color key for the GROD axis
map shown in the pole figures in Fig. 7(c). To better visualize the
direction of rotation relative to the sample features, Figs. 7(d)–7(f )
show the magnitude of the rotation vector (or GROD axis) compo-
nents relative to the X, Y, and Z sample reference frame axes and
their histograms. The GROD angle, shown in Fig. 7(a), is used to
visualize and understand the variation of misorientation of the
zb-GaN microstructure. The misorientation angle is greatest
(darker red) at the interface between the wz- and zb-GaN regions,
while vertically adjacent data points exhibit relatively similar
degrees (colors) of misorientation. This indicates that lattice misori-
entation derives from the interface between wurtzite and zinc-
blende lattices. The GROD axis, which indicates the direction of
the rotation, are mapped in Fig. 7(b) with respect to a direction-
to-color key shown in Fig. 7(c). In the GROD axis map, we observe
a distinct color change from left to right about angles of

FIG. 5. (a) A composite pole figure scatterplot for close-packed h0001iwz and h111izb directions of the wz- and zb-GaN lattices. The upper hemisphere of the pole figure
is plotted with a grid resolution of 15�, while close-ups of crystallographic relationships are plotted with a higher grid resolution of 1�. (b) Schematic illustration of the crys-
tallographic arrangement of wz- and zb-GaN regions. The Si substrate and the zb-GaN have the sample epitaxial relationship.

TABLE I. Summary of the pole figure results from Figs. 4 and 5, showing the
angular differences for normals of crystallographic planes for the left and right
wz-GaN lattices. Measured alignments were calculated with respect to the mean ori-
entation of the left and right wz-GaN poles.

Left
wz-GaN

Right
wz-GaN

Difference
(�) Note

[000�1] [0001] 107.97 Growth directions
? (03�38) ? (0�338) 1.76 Perpendicular to

grooves
[2�1�10] [2�1�10] 0.26 Parallel to grooves
? (03�3�4) ? (03�34) 1.21 Sample normal
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FIG. 6. (a) Cross-sectional SE image of the V-shaped groove measured by EBSD. (b) A composite pole figure scatterplot for close-packed h0001iwz�GaN, h111izb�GaN,
and h111iSi directions of the wz- and zb-GaN lattices and the Si substrate from the cross-sectional EBSD measurement. The right hand side shows the overlapping poles
associated with the GaN growth from the left and right {111} sidewalls of the Si groove. Considering that the EBSD measurement was performed on the polished cross
section, the measurement geometry changed with respect to the crystallographic directions, hence the h0001iwz�GaN and h111izb�GaN appear at different locations in the
pole figure compared with the same pole figure from EBSD measurements of the top surface in Fig. 5. In order to keep consistent in notation, the labeling of the sample
reference frame directions X (perpendicular to the V-groove), Y (parallel to the V-groove), and Z (parallel to the sample normal) is the same.

FIG. 7. Analysis of the misorientation within the zb-GaN region from Fig. 3. GROD maps for misorientation (a) angle and (b) axis showing the difference (deviation) in ori-
entation between each data point with respect to the mean orientation of the zb-GaN. (c) The GROD axis color key is a pole figure showing the distribution of the rotation
axes as poles plotted on stereographic projections of the upper and lower hemispheres of the sample reference frame. GROD axis component (d)–(f ) maps and (g) histo-
grams parallel to the X, Y, and Z sample reference frame directions.
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misorientation � 0:15� [plotted as gray markers in Fig. 7(c)]. The
color change corresponds to positive (green) and negative (purple)
rotations about the Y sample direction (parallel to the V-groove).
The GROD axis with angles of misorientation , 0:15� [plotted as
white markers in Fig. 7(c)] mark the transition from rotations
about the Y and –Y direction in roughly the middle of the zb-GaN
region—the reliability of which will be discussed later. The distribu-
tion of the GROD axis with angles , 0:15� were interpreted by
mapping the X, Y, and Z components of the GROD axis, as shown
in Figs. 7(d)–7(f ). The Y component, which has the largest

TABLE II. Summary of the pole figure results from Fig. 6, showing the angular dif-
ferences between normal of the Si sidewall (Si ⟨111⟩), wz-GaN growth direction
(⟨0001⟩), and induced zb-GaN materials (zb-GaN ⟨111⟩). Measured alignments
were calculated with respect to the mean orientation of the left and right wz-GaN
poles, the zb-GaN poles, and the Si poles.

Interfaces Left side (�) Right side (�)

Si ⟨111⟩ to wz-GaN ⟨0001⟩ 0.24 0.28
wz-GaN ⟨0001⟩ to zb-GaN ⟨111⟩ 0.27 0.30
Si ⟨111⟩ to zb-GaN ⟨111⟩ 0.07 0.12

FIG. 8. GROD analysis from different V-groove measured over a larger acquisition area outlined in the (a) SE image using a white, dotted line. (b) Crystal structure map
showing the distribution of the wz- and zb-GaN lattices inside of the V-groove. GROD (a) angle and (d) axis map with (e) color key. ( f )–(h) GROD axis component maps
parallel to the X, Y, and Z sample reference frame directions and their (i) histograms.
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magnitude of up to about 0:7�, exhibits a transition from positive
(red) to negative (blue) rotations with GROD angles , 0:15�,
which correlates well with the color change from green to purple
observed in Fig. 7(b) close to the middle of the zb-GaN region. The
X and Z components are both similar in magnitude (up to about
0:3�), are much smaller compared with the overall Y component,
and have a color distribution which is distinctly different from the
Y components. Generally, for small total GROD angles , 0:15�, we
observed that the X and Z components have magnitudes either
comparable to or exceeding the Y component. Therefore, regions
with misorientation angles , 0:15� have more dominant X and Z
components relative to Y compared with regions with misorienta-
tion angles � 0:15�. Histograms of the GROD axis components,
Fig. 7(g), show that the Y component has the broadest distribution
of misorientation while X and Z components have peaks close to
0�. A physical interpretation of the GROD analysis is that the
zb-GaN crystal lattice is distorted and bends toward the wz-GaN
interfaces about the length of the V-groove. This is consistent with
the aforementioned misalignment between the wz-GaN growth
fronts, which form a {0001}wz k {111}zb interface with the zb-GaN,
and is strong evidence to suggest that misorientation in zb-GaN
derives directly from its interfaces with the wz-GaN regions. These
observations are consistent with XRD analysis from Ref. 42 where
it was shown that the zb-GaN cubic unit cell was asymmetrically
strained parallel and perpendicular to the V-groove. XRD showed
that the zb-GaN lattice parameters increased due to tensile strain in
the (001) plane, whereas the EBSD analysis expands on this obser-
vation and shows that the zb-GaN crystal lattice bends toward
structural interfaces.

Subsequent EBSD measurements were performed on a larger
area to confirm these observations; the SE image and crystal struc-
ture map are shown in Figs. 8(a) and 8(b), respectively. The GROD
analysis of the zb-GaN region is shown in Figs. 8(c)–8(i). Again,
the reference orientation is the mean orientation of all data points
within the zb-GaN region. The GROD angle, displayed in Fig. 8(c),
exhibits the same degree of misorientation as previously measured for
the area in Fig. 7(a). The GROD axis, shown in Figs. 8(d) and 8(e), is
more difficult to interpret and exhibits no preferred axis of rotation
relative to the reference orientation. Additional factors are contrib-
uting to the misorientation within the sample than what is
observed previously in Fig. 7. The GROD Y component still exhib-
its the broadest degree of rotation as shown in the GROD Y map
and histogram in Figs. 8(g) and 8(i), respectively. However, the
GROD X and Z components [Figs. 7(f) and 7(h)] are more domi-
nant than previously observed. With respect to the maps of the
GROD axis components, Figs. 8(f )–8(h), we observe that the Y
component exhibits a single transition from positive to negative
rotations, which occurs in the center of the zb-GaN region with
low angles of misorientation (colors close to white). Meanwhile,
transitions from positive to negative rotations about X and Z occur
predominantly perpendicular to the stripe. The Y component
[Fig. 8(g)] exhibits the same behavior as previously discussed,
which is evidence to suggest that the zb-GaN is strained by the
interface it forms with the wz-GaN regions, and that this is a
feature that is consistent across multiple EBSD measurements of
the sample. However, the origins of observation for the X and Z
components are ambiguous. One possible explanation is that the X

and Z components relate to the initial growth mechanisms of
zb-GaN as described in Ref. 41. TEM investigations showed that
voids form sporadically along the bottom of the V-groove before
converging to form the zb-GaN region. These voids lead to a dis-
continuity of zb-GaN at the bottom of the V-groove. Slight differ-
ences in orientation between these nucleation sites of the zb-GaN
may lead to the observations in the GROD X and Z component
maps in Figs. 8(f ) and 8(h).

IV. CONCLUSIONS

The characterization of zb-GaN grown on a micro-pattered Si
(001) substrate was performed using the SEM-based technique of EBSD.
Initially, wz-GaN growth fronts form on the Si {111} facets before
undergoing a polytype transition to zb-GaN. Orientation analysis, using
IPF maps and pole figures, revealed the following crystallographic rela-
tionship between the zb- and wz-GaN regions: ?{30�38}wz k h110izb
perpendicular to the V-groove; h11�20iwz k h110izb parallel to the
V-groove; and ?{30�34}wz k h001izb parallel to the sample normal.
Furthermore, the wz-GaN growth fronts were found to share a
{0001}wz�GaN k {111}zb�GaN k {111}Si crystallographic relationship with
both the Si and zb-GaN growth fronts. The wz-GaN growth fronts were
expected to coalesce with a 109:5� angle between the h0001i growth
directions; however, they were misaligned by about 0:4� � 1:5� depend-
ing on which stripe was measured. From a cross-sectional measurement,
the evolution of misalignment of the 0001h iwz�GaN growth direction
with respect to the direction of the Si 111f g sidewall and the
111h izb�GaN direction was determined to be in the range of 0:1� � 0:3�.
The misorientation (GROD) analysis revealed that the misalignment of
the h0001i directions induces misorientation in the zb-GaN crystal
lattice of similar magnitude to the misalignment between the growth
fronts. Furthermore, it identified that the zb-GaN lattice is distorted and
bends toward the wz-GaN interfaces about the direction parallel to the
V-groove. Therefore, while the misorientation angles are , 1� with
respect to the reference orientation, the zb-GaN lattice is under strain
due to misalignment of the wz-GaN growth fronts. The misorientation
analysis over larger areas suggests that additional factors induce changes
in the orientation of the zb-GaN lattice, which might relate to the initial
growth conditions of zb-GaN.
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