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ABSTRACT

Aberration-corrected scanning transmission electron microscopy techniques are used to study the bonding configuration between gallium
cations and nitrogen anions at defects in metalorganic vapor-phase epitaxy-grown cubic zincblende GaN on vicinal (001) 3C-SiC/Si. By
combining high-angle annular dark-field and annular bright-field imaging, the orientation and bond polarity of planar defects, such as
stacking faults and wurtzite inclusions, were identified. It is found that the substrate miscut direction toward one of the 3C-SiC (110)
in-plane directions is correlated with the crystallographic [1-10] in-plane direction and that the {111} planes with a zone axis parallel to the
miscut have a Ga-polar character, whereas the {111} planes in the zone perpendicular to the miscut direction have N-polarity. The polarity
of {111}-type stacking faults is maintained in the former case by rotating the coordination of Ga atoms by 180° around the (111) polar axes
and in the latter case by a similar rotation of the coordination of the N atoms. The presence of small amounts of the hexagonal wurtzite
phase on Ga-polar {111} planes and their total absence on N-polar {111} planes is tentatively explained by the preferential growth of wurt-
zite GaN in the [0001] Ga-polar direction under non-optimized growth conditions.

© 2023 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/10.1063/5.0138478

I. INTRODUCTION

Cubic zincblende (zb) III-nitrides grown in the (001) orienta-
tion are technologically promising semiconductor materials due to
the absence of polarization fields and the associated unwanted
quantum-confined Stark effect when strained biaxially," their
smaller bandgaps compared to the commonly used hexagonal
wurtzite (wz) phases,” and their high hole mobility.”* These excep-
tional material properties make them suitable candidates for effi-
cient green wavelength LEDs’ and high frequency transistor
applications,”™® although early devices have not yet reached the per-
formance of their hexagonal counterparts. One explanation for this
shortcoming in efficiency is related to the metastable nature of

zb-GaN and its alloys, which leads to a rich microstructure with a
high density of {111}-type stacking faults (SFs), twinned regions,
and wz inclusions when grown on foreign cubic substrates, like
GaAs (001),” 3C-SiC/Si (001),"”'" and Si (001)."” These defects
and polytypism can potentially impair the functionality of
devices,'”'"* and, therefore, further optimization of the growth con-
ditions' """ is required to suppress their formation. Furthermore, it
has previously been shown that a substrate miscut of a few degrees
[required to avoid the formation of anti-phase domains when
zb-GaN is grown on 3C-SiC/Si (001) or Si (001)''], has a profound
effect on the density and distribution of SFs."®

To understand the growth challenges of zb-GaN, which is a
partially ionic crystal with tetrahedrally coordinated bonding
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geometry, it is important to take into account the polarity of the
bonds between metal cations and nitrogen anions. This bond polar-
ity arises from the large difference in the electronegativity of the
components (1.81 for gallium compared to 3.04 for nitrogen on
the Pauling scale)'” and the lack of an inversion symmetry in both
the zb and the wz structures. To differentiate between the two
opposing directions parallel to the polar bonds, the direction point-
ing from a gallium (Ga) to a nitrogen (N) atom is commonly desig-
nated as Ga-faced, Ga-polar, or A-type, whereas the opposite
direction is named as N-faced, N-polar, or B-type.18

The polarity of the bonds has a crucial role in the growth of
the material, such as the defect density as well as the surface and
interface roughness,'”~*' leading to profound consequences for the
properties and performance of multilayer heterostructure devices
made of them. For example, N-polar (000-1) wz-GaN and AlGaN
layers tend to grow with an increased surface and interface rough-
ness compared to Ga-polar samples,”””" which can impair the per-
formance of N-polar AlGaN devices.”' On the other hand, wz
N-polar (000-1) InGaN samples with a high In content have a
higher thermal stability compared to III-polar InGaN, making such
a growth appealing for long wavelength nitride-based LED applica-
tions.”> Furthermore, the polarity has a strong influence on the
growth of nanostructures, like GaN nanowires,”” and the incorpo-
ration of impurities.”*

Next, we consider the potential impact of bond polarity on the
less well-explored case of the zincblende GaN system. Previous
x-ray diffraction (XRD) studies (Ref. 10 and references therein)
have confirmed that the crystallographic relation between the zb
matrix and unwanted wz inclusions is (111),, || (0001),, with
[-110], || [1-210],, for two of the four inequivalent {111}, facets.
As the closed-packed planes are parallel to each other and differ
only in the stacking sequence, it is evident that structural phase-
transition from the zb to wz phase is associated with the presence
of planar defects along the {111} planes. In view of the opposing
polarity of the four {111}, facets, (0001),,, stacking does not neces-
sarily occur with equal probability on each of them, leading to
complex microstructures.

To study the polarity of semiconductor thin films at a micro-
scopic scale, a range of microscopy techniques have been exten-
sively used and discussed in the literature'>*>** of which
convergent beam electron diffraction (CBED) in transmission elec-
tron microscopy is one of the most commonly used. However,
CBED is not suitable for analyses on the atomic scale as it requires
the measurement of a relatively large volume of material from spec-
imens of typically more than 100 nm thickness to collect diffraction
data, to allow matching to simulated patterns of possible crystal
orientations.

In the present study, we use a combination of high-angle
annular dark-field (HAADF) and annular bright-field (ABF)
imaging based on aberration-corrected scanning transmission elec-
tron microscopy (STEM) to study individual defects and small
volume wz and twin inclusions directly in a zb-GaN thin film
grown on (001) 3C-SiC/Si. The strength of the combined HAADF
and ABF STEM techniques in the imaging of a light element such
as nitrogen in GaN and, therefore, the polarity assignment of the
layers was illustrated by De la Mata and colleagues for an undefec-
tive material.”” Here, we extend the application of this technique to
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imaging the bond polarity in defects in zincblende GaN and, thus,
investigate how polarity may influence the likelihood of formation
of such defects.

Il. EXPERIMENTAL METHODS

Because aberration-corrected STEM requires the preparation
of ultra-thin specimens, which can only be realized in a highly
localized area, a zb-GaN on 3C-SiC sample has been chosen for
which x-ray diffraction has previously revealed a very high zb
phase purity to avoid imaging the projection of multiple SF
bunches and wurtzite inclusions.

The zb-GaN sample investigated in this work was grown by
metalorganic vapor-phase epitaxy (MOVPE) on a (001) 3C-SiC/Si
template with a 4° miscut toward one of the (110) in-plane direc-
tions. After the nitridation of the 3C-SiC/Si template at 960 °C and
deposition of a 40 nm-thick low-temperature GaN nucleation layer
grown at about 600 °C, the ~380 nm-thick zb-GaN epilayer was
grown at a temperature of 875 °C and a V/III ratio of 76 in a hydro-
gen ambient. This sample has a zb phase purity of above 98%,"’
and a sample grown under similar conditions has previously been
examined in detail in TEM, revealing only a few isolated wurtzite
inclusions and a strong anisotropy in the SF distribution relative to
the miscut."®

In order to investigate the polarity and orientation of individ-
ual defects in the zb-GaN epilayer, two cross-sectional TEM lamel-
lae have been prepared with the zone axis either (1) perpendicular
or (2) parallel to the miscut direction, as illustrated in Fig. 1 in blue
and red, respectively. For this purpose, a standard lift-out technique
in a Thermo Fisher Scientific'™ Helios unicolor (UC) dual beam
microscope with a focused ion beam (FIB) column was used, for
which first a 2-3 um-thick Pt protection layer was added to the
sample surface via electron beam deposition followed by Ga

[001]

{111} SFs

crosssection
of SFs

(110) type
zone axis

@

(110) type perpendicular
mlscyt to miscut
direction

FIG. 1. Schematic showing a zb-GaN film on top of a 3C-SiC/Si substrate with
a 4° miscut toward one of the two (110) in-plane directions. The unit cell illus-
trates the orientation of the four different {111} SF types, while the blue and red
colored areas show the zones for which TEM lamellae have been prepared.
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deposition. Trenches on either side of the regions of interest were
milled using a 30kV Ga’" ion beam and lifted out using an
OmniProbe manipulator. The samples were then transferred onto
copper grids to be further milled to a thickness of 100 nm or less,
with the final milling condition set at a low voltage of 2kV. The
specimen with the zone axis perpendicular to the miscut direction
underwent an additional post-cleaning using Ar’ ions in a
Fischione NanoMill® system to remove contaminations from long
storage between lamellae preparation and subsequent electron
microscopic characterization.

STEM annular bright-field (ABF) and high-angle annular
dark-field (HAADF) images were acquired simultaneously in a
Thermo Fisher Scientific'™ Titan Themis Probe-corrected (S)
TEM operated at 300kV, using a segmented DF4 detector for
ABF imaging and a HAADF detector for HAADF imaging. To
achieve the highest resolution, the STEM convergence angle
was selected as 23.5mrad and the collection angle was set to
45-200 mrad for HAADF images and 11-42mrad for ABF
images, while a very low electron beam current between 40 and
100 pA was used for sample examination. To enable easy interpre-
tation of the combined ABF and HAADF data sets, color coded
images were constructed.

I1l. RESULTS AND DISCUSSION

A. Polarity in the zone perpendicular to the miscut
direction (1)

First, we will investigate the polarity of crystal defects in the
zone perpendicular to the miscut direction; ie., in reference to

Si atoms

FIG. 2. HAADF STEM image viewed normal to the miscut direction of a (001)
zb-GaN layer grown on 3C-SiC. Only the heavy atomic columns Ga and Si are
visible.

ARTICLE scitation.org/journalljap

Fig. 1, a TEM foil was prepared of the blue colored area. Previous
studies had revealed a strong anisotropy in the distribution of SFs
aligned in opposite directions within this zone."

Figure 2 shows a typical cross-sectional view of the interface
between (001) oriented zb-GaN and 3C-SiC. As HAADF STEM is
highly sensitive to heavy elements (with high Z-number), it only
reveals the positions of gallium (Ga) and silicon (Si) atoms but not
the positions of nitrogen (N) and carbon (C) atoms. In the SiC
substrate as well as in the GaN thin film, the atoms form a charac-
teristic ABCABC stacking of the {111} planes typical for the zb
crystal structure. The interface appears to be almost atomically
smooth with one-monolayer height steps, every few nanometers,
which confirms that the view direction (zone axis) is perpendicular
to the miscut direction.

The region of the sample area near the heterointerface is
observed to contain a high density of {111}-type SFs (from both
zones)”’ so that the impact of strain and the potential super-
position of multiple defects are likely to impair the high resolution
imaging required for the polarity analysis. Therefore, an area of the
TEM specimen a few 100 nm away from the interface was chosen
for more detailed examination. This area was specially thinned
down to just a few tens of nm thickness during the specimen prep-
aration so that it contains only a small number of defects. TEM
images of this area are shown in Fig. 3.

Figure 3(a) shows a small section of a larger HAADF STEM
image, displaying the position of heavy Ga atoms in the GaN
lattice. The yellow dashed line indicates the position at which the
natural zb stacking of {111} planes is interrupted with one plane
missing so that the stacking order has changed to -ABC-AB-
ABC-. This intrinsic SF (I-SF) has likely been formed at the
zb-GaN/3C-SiC heterointerface by the dissociation of a perfect 60°
misfit dislocation or is formed by the glide of a dislocation loop
from the free surface.”’ To resolve the location of the much lighter
N atoms (Z=7), ABF STEM images were acquired simultaneously
for the same specimen region in Fig. 3(b). Close to the Ga atomic
columns, a faint contrast from N atomic columns is now visible. To
increase the visibility and to allow study of the coordination of
these elements, the ABF image and the HAADF image have been
color coded and merged in Fig. 3(c), where Ga atomic columns
appear as large orange circular structures and N atomic columns as
small blue objects in front of a dark background. The resulting
image shows three perfectly stacked zb-GaN regions, which are sep-
arated by two I-SFs on converging {111} planes. Figure 3(d) shows
a magnified image of a perfect zb-GaN region. Comparison of the
coordination of the Ga and N atoms with projections of the unit
cell along [1-10] and [110] in Fig. 3(f) reveals that the STEM
images display the [110] zone.

In the zb-region of the STEM image in Fig. 3(d), the structure
can be envisaged of alternating {1-11} layers of each atom type (Ga
and N). The orientation of the GaN dumbbell pairs normal to the
{I-11} planes of this zone reveals that these planes are N-polar
(when viewed from the GaN/3C-SiC interface further down the
image, i.e., the bonds along [1-11] point from N to Ga atoms) as
also highlighted by the overlaid schematics. This polarity is pre-
served at the I-SE. The overlaid schematic of the magnified image
in Fig. 3(e) shows that directly at the I-SF plane (depicted by the
yellow dash line), the coordination of the N atoms is rotated by
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FIG. 3. Sections of an (a) HAADF STEM and (b) ABF STEM image of the same specimen region of the zb-GaN epilayer taken at the zone axis perpendicular to the
miscut direction. (c) Combined full ABF STEM and HAADF STEM images showing the positions of Ga atomic columns in orange and the positions of the N atomic
columns in blue. Magnified images of the white boxes are shown in (d) and (e). (f) 3D schematic of a zb-GaN unit cell and projection of the unit cell along [-110] and

[110].

180° around the polar axis along [1-11]. (A sketch of the atomic
arrangement in 3D is shown in the supplementary material.)

Interestingly, other than I-SFs, no extended regions with the
wurtzite phase have been found in this zone—neither in the small
sample area chosen for the polarization analysis nor in a larger
region near the interface. This is in agreement with the more global
analysis by x-ray diffraction, revealing that no signal is observed
from wurtzite inclusions formed on {111} facets in the [110] zone
perpendicular to the sample miscut, ie., the blue colored plane
in Fig. 1.

B. Polarity in the zone parallel to the
miscut direction (2)

Next, we consider the polarity of the GaN bonds in the zone
parallel to the substrate’s miscut direction, depicted as the red
colored plane in Fig. 1. The combined ABF-HAADF STEM image
of this zone, taken from an area ~350 nm away from the interface,
is shown in Fig. 4(a). Four distinct regions of interest can be identi-
fied. The large majority of the TEM foil shows a perfectly stacked
zb phase of GaN. In between, local defective regions of wz-like
stacking can be observed too. These include intrinsic SFs (I-SFs),
an extrinsic SF (E-SF), and a diagonal band of wz-GaN.
Figures 4(b)-4(e) show magnified images of these distinct struc-
tural features marked by the white boxes in (a).

In the projection on the zb-GaN region [Fig. 4(b)], Ga atomic
columns appear to be located above the N atomic columns, shown
in orange and blue, respectively. Comparing the arrangement of Ga
and N atoms with the schematics in Fig. 3(f) allows us to identify
the zone in Fig. 4 as [1-10]. In this zone, the bonds along [111]
and [—1-11] point from Ga to N atoms, highlighting the Ga-polar
character of the corresponding (111) and (—1-11) planes. At the
I-SFs, as seen in Fig. 4(c), this Ga-polar character is maintained by
rotating the coordination of the Ga metal atoms by 180° around
the polar axis normal to the SE. (A 3D sketch of this rotation is
shown in the supplementary material.) Both these observations are
different from those made previously for the zone perpendicular to
the miscut direction in Sec. ITI A and highlight the opposite polar-
ity of the two sets of {111} planes.

Figures 4(d) and 4(e) show the arrangement of Ga and N
atoms at an E-SF and a thin 4 ML-wide band of the wurtzite phase
GaN, running across the zincblende region in the [1-10] zone. In
contrast to the I-SF, the coordination of the Ga atoms in the E-SF
changes the direction in two successive {111} GaN bilayers (instead
of one bilayer) compared to the surrounding zincblende phase,
which results in a ~ABC-BA-BCA- stacking. This is also different
to the wz inclusion, where the tetrahedral coordination of Ga
atoms changes direction after each (0001) GaN bilayer to form the
characteristic —~ABAB- stacking of the wurtzite structure. However,
for all these crystallographic defects in the [1-10] zone, the
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(b) zb region

FIG. 4. (a) Combined ABF STEM and HAADF STEM image taken at the zone axis parallel to the miscut direction. The magnified regions show the positions of Ga
(orange) and N (blue) atomic columns in the zb-region (b), near intrinsic SFs (c), at an extrinsic SF (2 ML thick twinned region) (d), and in a wurtzite region (e).

Ga-polarity is preserved through the rotation of the coordination
of Ga atoms rather than N atoms as it is for the [110] zone in
(0001) Sec. IIT A.

(0001)

C. Discussion

Figure 5 summarizes the findings of the TEM experiments. It
shows schematically that the two {111} planes, which are visible
edge-on in a TEM image with the zone axis parallel to the miscut
direction (marked in red), have a Ga-polar character and facilitate
the growth of wurtzite inclusions with the same polarity. On the
other hand, the two {111} planes, which are visible edge-on in the
micrograph with the [110] zone axis perpendicular to the miscut
(marked in blue), have a N-polar character. Since the polarity is
preserved at planar defects, wurtzite inclusions that would form on

~~
~~.

R these latter planes would have a (000-1) N-polar character. The

_ [110] observation that wz inclusions are present in the former zone but

[110] iscut absent in the latter (consistent with earlier XRD analysis indicating

f_‘ﬂiSC_Ut no miscu anisotropy in wurtzite formation'”) could be explained by the dif-

direction ferent growth behavior of (000-1) N-polar and (0001) Ga-polar
wz-GaN. The growth in the latter orientation at low V/III ratios

FIG. 5. Schematic of a (001) oriented cubic zb-GaN unit cell, showing the has been observed to be faster than that in the N-polar direc-
arrangement of {111} Ga-polar (red) and N-polar (blue) planes relative to the tion.”"*? It should, however, be noted that while these low V/III

[1-10] miscut direction. Growth of (0001) Ga-polar wz inclusions is supported

on the Ga-polar {111} zb-GaN planes ratio growth conditions are similar to those used for cubic GaN in

this study, the growth temperature for cubic zb-GaN is substantially
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lower, rendering direct comparison difficult. Therefore, we infer
that the growth of wurtzite inclusions is more likely on the
Ga-polar {111} facets of the zb-GaN thin film. However, it is
known that in wz-GaN epitaxy, it is possible to promote N-polar
growth over Ga-polar growth.”””>** Engineering the growth condi-
tions in order to discourage Ga-polar growth would possibly help
to suppress wz inclusions parallel to the Ga-polar {111} planes in
zb-GaN thin films but risks promoting the growth of N-polar
(000-1) wz-GaN parallel to the N-polar {111} zb-GaN planes. It is,
therefore, of high importance for the development of high quality
zb-GaN thin films to find and remain within the growth regime for
which both wz orientations are either low in concentration and in
good balance or even suppressed completely. This is consistent
with our observation that the growth window for high phase purity
zincblende GaN growth can be rather narrow.

IV. CONCLUSION

We have used the combination of HAADF STEM and ABF
STEM to image the bonding configurations between Ga and N in a
zb-GaN sample grown by MOVPE on vicinal (001) 3C-SiC/Si,
which allowed us to correlate the miscut direction with the crystal-
lographic [1-10] in-plane direction and to identify the polarity
properties of the close-packed planes in the GaN thin film. It has
been shown that the {111} planes viewed edge-on in the zone per-
pendicular to the miscut direction, namely, the [110] direction,
have an N-polar character, whereas the {111} planes viewed
edge-on in the [1-10] zone parallel to the miscut direction have
Ga-polarity. These individual polarities are preserved at SFs by
either rotating the coordination of N atoms or the coordination of
Ga atoms by 180° around the (111) polar axes, respectively. We
explained the observed formation of small amounts of the wurtzite
phase on Ga-polar {111} planes of GaN and the total absence of
evidence of these defective inclusions on N-polar {111} planes by
the preferential growth of wz-GaN in the Ga-polar direction under
non-optimized growth conditions.

SUPPLEMENTARY MATERIAL

See the supplementary material for the 3D-sketches of the
atomic arrangement at Ga-polar and N-polar {111} intrinsic stack-
ing faults in zb-GaN.
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