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In this paper we present a process of forming monolithic GaN surface from an ordered nanowire array by
means of material redistribution. This process, referred to as reformation, is performed in a conventional MOVPE
crystal growth system with the gallium supply turned off and allows a crystal nanostructure to change shape
according to differences in surface energies between its facets. Using reformation, coalescence may proceed
closer to thermodynamic equilibrium, which is required for fabrication of high-quality substrate material.
Scanning probe techniques are utilized, complemented by cathodoluminescence and electron microscopy, to
investigate structural and electrical properties of the surface after reformation, as well as to assess densities,
location, and formation of different types of defects in the GaN film. Spatial variations in material properties
such as intrinsic majority-carrier types can be attributed to the radical changes in growth conditions required for
sequential transition between nanowire growth, selective shell growth, and reformation. These properties enable
us to assess the impact of the process on densities, locations, and formation of different types of dislocations in
the GaN film. We find a fraction of the nanowires to comprise of a single electrically neutral edge dislocation,
propagating from the GaN buffer, while electrically active dislocations are found at coalesced interfaces between
nanowires. By decreasing the mask aperture size and changing the nucleation conditions the prevalence of
nanowires comprising edge dislocation was significantly reduced from 6% to 3%, while the density of interface
dislocations was reduced from 6 x 10® to 4 x 107 cm~2. Using a sequential reformation process was found to
create inversion domains with low surface potential N-polar regions in an otherwise Ga-polar GaN film. The
inversion domains were associated with pinned dislocation pairs, and were further confirmed by selective wet
etching in NaOH. This lateral polarity inversion was thoroughly eliminated in samples formed by a continuous
reformation process. These results reveal a path and challenges for growing GaN substrates of superior crystal

quality through nanowire reformation.

DOLI: 10.1103/PhysRevMaterials.3.093604

I. INTRODUCTION

Radio frequency (RF) and power electronics both stand
at tipping points where silicon technology is running out of
steam. Requirements on speed, energy efficiency, and voltage
tolerance can make the change to a better adapted semicon-
ductor material inevitable. Gallium nitride (GaN) provides
excellent properties for RF, opto, and power electronics, hav-
ing a wide, direct band gap as well as high thermal stability.
Despite progress in device technology and performance [1],
GaN technology is limited by the crystal quality achieved in
large scale semiconductor wafers. For other semiconductors
of technological importance, high quality commercial sub-
strates are almost exclusively grown from melt, most often
by the Czochralski liquid phase epitaxy technique. Unfor-
tunately, this method is not viable for GaN, which requires
extreme conditions, with the best estimate known to date
being 6 GPa and 2600 K to form a congruent melt [2].
Alternative bulk growth methods, which do not utilize a GaN
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melt, can only produce small and expensive GaN substrates.
Instead, synthesis of commercial GaN substrates mainly relies
on heteroepitaxy on sapphire, silicon, or silicon carbide. The
lattice size and thermal expansion coefficient of these crystals
are different from GaN, creating a material mismatch which is
the main source of extended defect networks, mainly thread-
ing dislocations (TDs), in heteroepitaxial GaN substrates.
High densities of TDs limit device performance by Coulomb
scattering, increased nonradiative recombination, and vertical
leakage paths [3-7] resulting in reduced device breakdown
voltage [8], the latter providing a particular challenge to the
development of GaN vertical device architectures.

To date, wide-ranging avenues for improving GaN crystal
quality have been investigated. Most efforts and results rely
on epitaxial lateral overgrowth (ELO), capable of achiev-
ing reduced densities of TDs by filtering through patterned
substrates [9-13]. The ELO technology utilizes (1) selective
area growth from mask openings [14,15], and (2) growth
anisotropy due to varying growth rates of different crystal

©2019 American Physical Society


https://orcid.org/0000-0003-0268-5165
https://orcid.org/0000-0001-7615-2033
https://orcid.org/0000-0001-9289-5961
https://orcid.org/0000-0001-8914-5924
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.3.093604&domain=pdf&date_stamp=2019-09-25
https://doi.org/10.1103/PhysRevMaterials.3.093604

JOVANA COLVIN et al.

PHYSICAL REVIEW MATERIALS 3, 093604 (2019)

facets [16]. The technology can be implemented in metalor-
ganic vapor phase epitaxy (MOVPE), which is the primary
technique used for GaN device growth. Selectively grown
pyramids [15] and nanocolumns [17,18] have also been used
as templates for subsequent ELO. Although noticeable im-
provement was made, appreciable amounts of defects were
generated where nonaligned growth fronts emerge. Thus ELO
remains a laboratory method; its cost and complexity are also
impediments to commercial use.

Here we perform a detailed investigation of continuous
GaN films formed from regularly spaced hexagonal nanowire
(NW) arrays. Our fabrication method comprises coalescence
of GaN from NW-based three-dimensional (3D) structures
through a crystal reformation step. The method has two main
advantages over previous approaches: efficient dislocation
filtering, inherent to the NW growth step, and a coalescence
step which can be performed appreciably closer to ther-
modynamic equilibrium than conventional MOVPE growth.
The investigated samples are based on a hexagonal array of
GaN core-shell NWs, selectively grown on a GaN/sapphire
substrate using a nanopatterned mask. After the NW growth,
the sample is annealed in an ammonia (NH3)-rich atmosphere,
in order for the 3D structures to spontaneously reform and
coalesce into a single, monolithic planar GaN layer. This
reformation step is driven by differences in the 3D-structure
facet surface energies, in contrast to conventional MOVPE
where supersaturation is mainly driven by elevated gas-phase
concentrations of source material. This step has also been
successfully implemented in fabrication of InGaN LEDs [19].

The initial NW growth and the reformation process are the
critical steps of our approach. Therefore, we here investigate
the surface morphology and electrical and optical properties
of coalesced GaN films from a set of samples that allows a
distinct comparison of epitaxial approach of these two steps
and their impact on material quality of the reformed planar
layer. Atomic force microscopy (AFM) and its derivatives, in-
cluding conductive AFM (c-AFM), Kelvin probe microscopy
(KPM), and scanning capacitance microscopy, are utilized.
Along with the AFM techniques, we use transmission electron
microscopy (TEM), scanning electron microscopy (SEM),
and cathodoluminescence spectroscopy. These techniques are
implemented in order to correlate electrical, optical, and struc-
tural properties with the epitaxial structure and the prevalence
of defects.

Inhomogeneities in cathodoluminescence data have previ-
ously been attributed to local defect distributions [20]. Hansen
et al. [21] showed the possibilities of scanning capacitance
microscopy by studying the charge state of defects in GaN
films, while Koley et al. [22] estimated the density of sur-
face states based on the measured values of Schottky barrier
heights extracted from Kelvin probe data. Furthermore, a
combination of KPM and c-AFM has been used to investigate
electrical properties such as charge state and conductivity for
different types of dislocation [23]. We go a step further and
implement all the above mentioned techniques to map the
growth-structure structurally (SEM), topographically (AFM),
carrier type (SCM), and optically by CL. AFM is also used
to identify and count dislocations, and, where possible, also
determine their type. The origin of dislocations is determined
by TEM. CL and SCM are used to reveal dislocations along
the coalesced interface. We use c-AFM to identify and count

electrically active dislocations and inversion domain bound-
aries. The extension of the inversion domains is revealed by
KPM. Based on this in-depth characterization, we explore
specific types of TDs, their locations and origins.

We distinguish edge, screw, and mixed type dislocations
at the interfaces of coalesced NWs, in addition to edge dis-
locations in some of the NW cores. We show paths, related
to specific growth conditions, on how to reduce densities of
these dislocations. Furthermore, we identify N-polar inversion
domains by correlating Kelvin probe, conductive AFM and
TEM results, with selective etching of N-polar GaN in NaOH
solution [24-29]. These inversion domains are associated
with significant current leakage at the domain boundaries and
pinned dislocations. Their formation is found to be caused by
a sequential reformation process, and they can be avoided by
using a continuous step reformation approach instead.

II. EXPERIMENTAL DETAILS

A. Nanowire growth and coalescence

The epitaxial growth process, which was performed in
one sequence, can be divided into four steps: nucleation,
NW growth, volume growth, and crystal reformation. Growth
was performed in a Thomas Swan 3 x 2 in. close-coupled
showerhead MOVPE reactor. All samples were grown on
commercial n-type GaN buffer layers, grown on c-plane sap-
phire substrates. The dislocation density of the GaN buffer
layer is 3 x 108 cm™? as measured by XRD. This agrees
well with the number of 5 x 103 cm™2 which we obtained
by AFM. A 100 nm thick Si3N4 mask was placed on the
substrate and patterned by nanoimprint lithography, resulting
in a regular array of 160 nm wide circular openings for
samples A and B (140 nm for sample C), with a pitch of
0.7 um. These openings expose the underlying GaN crystal
and act as nucleation sites for the NW growth without any
deposits formed on the mask.

The NWs were grown using either trimethylgallium
(TMG) or triethylgallium (TEG) and ammonia (NH3) at a
temperature of 930°C with molecular V/III ratios of 8.
Source flows of 1.95 x 1073 standard 1 min~' (TMG) and
3.5 x 1073 standard 1 min~' (NH3) or 1.1 x 10~" standard
1 min~' (TEG) and 3.2 x 1073 standard 1 min~' (NH3)
were used. Surface-selective growth conditions manifested
in hexagonal NWs with six {1100} m planes, a flat (0001)
c plane, and six small inclined {1011} facets, as shown in
Figs. 1(a)-1(c). The diameter of the NWs (short diagonal) is
~250 nm, and the m planes are ~730 nm in height.

For promoting uniform shell growth around the NW core,
the V/III ratio was increased to approximately 7000:1, and the
temperature was decreased to 880 °C. Growth of the {1011}
facets was comparatively slow, leading to a pyramidal NW
shape, as can be seen in Figs. 1(d)-1(f). The shell growth
was continued until the m planes of neighboring NWs were
approximately 50 nm apart from each other in samples B and
C while 100 nm apart in sample A, retaining approximately
equal volume of deposited material between all three samples.

Coalescence of the GaN core-shell NW structures was
achieved by reformation of the GaN material of the pyramids,
leading to coalescence and planarization of the sample. For
this step, the temperature was increased to 980 °C. In the
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FIG. 1. Reformation process. Schematics of (a) NW cores,
(d) NW shell growth, and (g) the sample after NW reformation,
together with corresponding SEM images in top view (b), (e), and
(h), under an angle of 30° (c) and (f), and in cross section (i). Scale
bars are 1 um in all images.

growth of samples B and C the flow of the Ga precursor was
entirely shut off, while the NH; flow was kept at 2 standard
1 min~!. The reformation process for sample A was different,
using a sequential loop of a short growth step (100 s, TEG-
flow 0.18 standard 1 min~! and NH; flow of 6.5 standard
1 min~"), followed by a step with Ga source-flow shut off
(733 s). This loop was repeated 10 times. Figures 1(g)-1(i)
depicts a flat continuous film formed upon crystal reformation
step (sample B). We observed a rather flat ¢ plane formed
during the coalescence, having no memory of the {1011}
facets. A contrast difference between NW core, shell, and
coalesced material is apparent in the SEM top view image of
Fig. 1(h). The cross-sectional SEM image [Fig. 1(i)] shows a
continuous GaN film, approximately 500 nm thick, resulting
from the reformation process. It can also be seen that the coa-
lescence has left voids between the bottom parts of the NWs,
terminated by the NW m planes, underneath the continuous
film.

B. Characterization

SEM images were recorded in a Hitachi SU8010 cold
field emission SEM setup with secondary electron detector.
Electron beam energies of 10-15 kV were chosen, unless
otherwise specified.

The cathodoluminescence study was done in a conven-
tional SEM with a liquid-helium cold stage. Monochromatic
images and hyperspectral maps were recorded at 10 K and
room temperature, using a probe current of 50 pA and an
acceleration voltage of 5 kV.

The surface morphology was studied by AFM with a
Nanowizard II microscope from JPK Instruments and a
Bruker dimension icon (300) microscope. The Nanowizard
AFM was operated in amplitude modulated mode employing
highly n-doped Si cantilevers (PPP-NCH from Nanosensors)
with a nominal force constant of 42 Nm~' and resonance
frequency of 330 kHz. The dimension icon AFM was operated
in Peak Force Tapping™ mode, employing Sb n-doped Si

cantilevers (Bruker RTESPA-300) with a nominal force con-
stant of 40 N m~! and resonance frequency of 300 kHz.

In both AFM instruments, a number of electrical AFM
modes were used in order to correlate surface morphology
and electrical properties. Local conductivity of the sample
was evaluated in the Nanowizard instrument with a JPK
conductive AFM module operating in constant force, static
mode using overall PtSi-coated cantilevers (PtSi-CONT from
Nanosensors) with a nominal force constant of 0.2 Nm~" and
resonance frequency of 13 kHz. A low current (maximum
4100 nA) amplifier with a gain of 10> VA~! and a noise
limit of 0.5 pA RMS was utilized to measure the local current.
In the Bruker dimension icon AFM, the PeakForce TUNA
module was implemented, which provides higher sensitivity
and is capable of detecting currents down to the sub-pA
range. Although operated in dynamic mode, all figures show
contact current, that is, the average current measured while the
cantilever was in the repulsive regime during its force-distance
cycle. During this period, a nanoscopic Schottky contact
was formed between the PtSi-coated tip and the sample. For
both current-evaluating techniques, the current was measured
while a sample bias of 10 V was applied to the sample and
the AFM probe kept at ground potential, that is, under reverse
bias condition. While reverse bias inhibit current flow by
increasing the width of the Schottky-induced depletion region,
it also reveals positions where leakage occurs. In this way
c-AFM gives information about the exact position of leakage
paths, which may be caused by conductive dislocations or
tunneling through defect-related states.

Open loop scanning capacitance microscopy (SCM) imag-
ing was performed in contact mode to map the two-
dimensional distribution of electrical charge carriers inside the
GaN films. For this, we utilized a Bruker SCM application
module with a sensitivity of down to 1072> FHz~ /2. PtIr-
coated cantilevers (Bruker SCM-PIT) with a nominal spring
constant of 2.8 Nm~! and resonance frequency of 50 kHz
were used. The metal (tip)—insulator (GaN native oxide)—
semiconductor (GaN sample) junction acts as a capacitor,
where a high frequency AC bias voltage was applied to the
sample while the probe tip measured the induced dC/dV
capacitance variation. The amplitude of the AC bias of (4 V)
and an additional small DC (—0.5 V) bias applied to the
sample were chosen such that the sample under the tip alter-
nated between accumulation and depletion of charge carriers.
dC/dV phase and amplitude channels are shown in this work,
along with the corresponding topography data. The phase
is sensitive to the type of the charge carriers (p- or n-type
carriers or intrinsic material), and the amplitude to the charge
carrier density: A material with a lower charge carrier density
depletes faster, resulting in a larger dC/dV slope and a higher
amplitude signal, and vice versa.

The local surface potential of the GaN film was mapped in
the Nanowizard AFM using a JPK Kelvin probe microscopy
(KPM) module in the amplitude modulation mode, using the
same cantilevers as for standard morphology imaging. KPM
was operated in lift mode, meaning that the surface topog-
raphy was acquired in forward scanning direction, and the
surface potential in reverse scanning direction while the probe
tip was kept around 50 nm above the surface and repeating
the height trajectory of the forward scan. A silicon sample
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TABLE I. Outline of experimental differences in growth condi-
tions between samples A, B, and C.

Sample Aperture size Growth Reformation
A 160 nm TMG (HT nucleation) Sequential (10x)
B 160 nm TMG (HT nucleation) Continuous
C 140 nm TEG (LT nucleation) Continuous

with aluminum and gold patterns was used for calibrating the
Kelvin potential difference between sample and tip, allowing
mapping of relative differences in surface potential with a
correct contrast scale.

TEM and scanning TEM (STEM) images were recorded at
300 kV in a JEOL 3000F microscope with an annular dark-
field detector and a 2k x 2k CCD camera. For TEM analysis,
a small lamella was cut out of the sample by focused ion beam
(FIB), using a FEI Nova NanoLab 600 dual beam FIB/SEM
equipped with an Omniprobe micromanipulator. The lamella
was capped with platinum, and polished down to a thickness
of 100 nm.

Chemical etching of coalesced GaN samples was carried
out using a 2 molar sodium hydroxide (NaOH) unagitated
solution heated to 70 °C. The samples were etched for 30 min
in darkness.

III. RESULTS AND DISCUSSION

Three samples (A, B, and C) have been investigated,
representing different NW growth and nucleation conditions
and different reformation procedures, as described in Table 1.
Representative AFM images of the three samples are shown
in Fig. 2. The reformation step, which is the final step in
the epitaxial sequence, generally produces smooth c-plane
surfaces by material redistribution. In the following, we will
first present structural, electrical, and optical properties of
the reformed surface after reformation related to the different
growth conditions. In the second part, we will discuss three
types of dislocations observed in our samples, their origins,
and how they can be reduced in density or completely avoided
by choosing appropriate growth conditions.

omm 25 nm

Ommms 80 MmN 220 nm

A. Surface properties after reformation

The surface of sample A, grown by a sequential reforma-
tion process, is characterized by an intricate step pattern, as
shown in Fig. 2(a), with atomically flat terraces extending over
several hundred nm. They are interrupted by single or double
GaN (0001) steps (half or full values of the lattice constant
¢~ 0.52 nm). Sample A also exhibits hexagonal voids of
varying sizes at locations between NWs, indicating incom-
plete coalescence and/or dislocations. Samples B and C are
fully coalesced after a continuous reformation step. Hexag-
onal hillocklike features, with varying height and shape, are
prevalent in sample B, see Fig. 2(b), while we also observe the
NW pattern, smooth surface curvatures, and single or double
step-high steps in samples B and C [Figs. 2(b) and 2(c)].

The root-mean-square (RMS) roughness of samples A, B,
and C over the areas indicated in Fig. 2 amounts to 16, 33,
and 6 nm, respectively. It should be noted that these surfaces
are obtained directly by the reformation process, and that their
roughness can be reduced significantly by overgrowth. Indeed,
growing a 2 um thick GaN layer on top of sample A resulted
in an RMS value of only 0.4 nm, comparable with the original
substrate.

Having evaluated the general morphology, we review its
correlation to local electrical and optical properties that are
common to all three samples. They are summarized for
different characterization techniques in Fig. 3, obtained for
sample B.

Scanning capacitance microscopy emphasizes the dis-
tribution of free charge carriers in the reformed GaN
film. Figures 3(a)-3(c) are obtained simultaneously, showing
(a) height information, (b) the dC/dV phase, corresponding to
carrier type, and (c) the dC/dV amplitude, corresponding—at
least qualitatively—to the carrier concentration. The mea-
surements reveal variations in charge concentration at the
reformed GalN surface, corresponding to a mosaic surface
of hexagonal patterns comprising NW cores and NW shells,
joined by the reformed, coalesced material, which already was
visible in Fig. 1(h). The phase channel (b) shows the NW
cores and the coalesced matrix material to be n type, whereas
the NW shells are p type. Nonintentionally doped GaN (0001)
surfaces have been reported to show n-type conductivity due
to silicon [30] and oxygen [31] impurities, while a p-type

Oomm 40 nm

FIG. 2. AFM topography images of samples A (a), B (b), and C (c). Flat terraces and surface steps of mainly single or double GaN(0001)
step height can be observed. The scale bars correspond to 1 um. Color scale reflects the range of the z region being displayed. Positions of the
hexagonal NW cores are indicated in some parts of the images by white hexagons.
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Omm 45nm

FIG. 3. Optical and electrical properties. (a)—(c) Simultaneously acquired AFM images showing (a) topography, (b) phase, and (c) ampli-
tude of scanning capacitance microscopy dC/dV signal. Unintentionally n-doped NW cores and coalesced material (bright) and unintentionally
p-doped shells (dark) can be distinguished in (b). Brighter contrast in (c) corresponds to regions with lower charge carrier density and vice
versa. Insets in (a)—(c) show higher resolution and higher contrast images of a representative area. (d) SEM image together with (e) and (f)
monochromatic CL images of the same region at emission energies of (e) 3.46 eV, corresponding to the near band edge signal, and (f) 3.27 eV,
attributed to Mg impurities. (g) and (h) AFM images showing (g) topography and (h) current map.

behavior is uncommon for unintentionally doped GaN. In
the dC/dV amplitude signal displayed in Fig. 3(c), a higher
signal (brighter contrast) corresponds to lower charge carrier
concentrations and vice versa. The core/shell/coalesced-
material matrix generally shows a rather homogeneous charge
carrier concentration, with an in average ~10% lower signal
(higher concentration) at the shells.

A monochromatic cathodoluminescence image is shown in
Fig. 3(e), with a detection energy of 3.46 eV, corresponding
to near band edge emission. GaN band edge emission is
observed both from the NW shells and the coalesced material,
with some spatial variations throughout the coalesced matrix.
Notably stronger emission is found around a number of cores
which comprise a rather tall and steep hillock on top. These

structural features, seen in the SEM image of Fig. 3(d), have
typical heights of 200—300 nm, and they are Ga rich according
to energy-dispersive TEM data. The higher luminescence in-
tensity is attributed to the larger volume of reformed material.
In Fig. 3(f) the cathodoluminescence emission at an energy
of 3.27 eV is attributed to Mg which can be explained by a
memory effect in the epitaxial reactor [32], mainly released
during the high-temperature reformation step. It appears to
be uniformly distributed over the sample, except for the NW
cores and corresponding hillocks, with less fluctuations than
in the band gap emission. At higher magnification, we identify
that the Mg-related emission is stronger from the shell than
from the coalesced material, agreeing with the p-type surface
character of the shell seen by capacitance measurements.
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OB 15nm

FIG. 4. Dislocations. (a) and (c¢) AFM images highlighting dis-
locations (indicated by arrows) at (a) in the center of a NW core and
in (c) at the coalesced interface. The positions of some NW cores are
indicated by hexagons. (b) and (d) Cross-sectional low-angle annular
dark field STEM images showing paths of threading dislocations
propagating from the growth substrate through a NW core (b), and
at the interface (d). The SiN growth mask appears black in (b) and
bright in (d). Voids resulting from the reformation process can be
seen as dark triangles in (d).

Hardly any signal is observed from the NW cores, though they
do emit in the yellow band (not shown here).

The local surface current map is obtained by conductive
AFM. Figures 3(g) and 3(h) show the AFM topography and
the current map recorded with a conductive AFM probe under
10 V sample bias. In this current image, we observe a leakage
current over n-type NW cores with current levels of 200 pA,
while no current is observed at the NW shells and most of the
coalesced region.

B. Extended defects

The primary aim of this work is to investigate the for-
mation and distribution of different types of defects in the
reformed GaN layer. Individual defects were visible, though
not highlighted, in Figs. 2 and 3. Their behavior and origin
are examined in Figs. 4 and 5. The defects found have dif-
ferent origins, some propagating through the NW cores from
the planar GaN buffer layers, others formed at the interface
between coalesced neighboring NWs. The occurrence of these
defects is different for samples A, B, and C. This can often be
attributed to differences in the epitaxial growth of the samples
in this study, as will be discussed in the following.

1. Dislocations propagating through the NW cores

Edge dislocations can be found in the middle of the NWs
cores, as shown in the AFM image of Fig. 4(a). These are

the remains of threading dislocations (TDs) formed by het-
eroepitaxial growth of the GaN buffer on the sapphire sub-
strate, inevitably formed due to lattice and thermal mismatch
between the sapphire and GaN crystals [33,34]. The origin of
these dislocations is visible in the TEM image of Fig. 4(b),
showing a TD propagating through an aperture in the SizNy
mask and continuing through the nanowire, terminating at
the free c-plane surface, where it is visible to AFM as in
Fig. 4(a). The AFM morphology reveals them as pits in the
surface, often merging into terraces [see Fig. 4(a)] without
step termination, which is known as a signature of pure edge
dislocations.

From the AFM data we obtain that 6% of the nanowires in
sample B contain edge dislocations, resulting to a dislocation
density of 1.4 x 107 cm~2, while the density amounts to 6.6 x
10% cm~2 in sample C, corresponding to 3% of the NWs. The
TD density of the GaN buffer layer grown on the sapphire
substrate is evaluated as approximately 5 x 10% cm~2, from
AFM characterization of reference samples. The up to two
orders of magnitude reduced defect density of the coalesced
film indicates that most dislocations from the GaN buffer are
filtered by the SizN4 mask or bent away from the surface
upon NW nucleation and growth. We note that sample C
has a slightly smaller mask aperture size than sample B,
approximately 140 vs 160 nm, but also that the NW-core
growth conditions are different between the two samples.
We therefore conclude that the 23% smaller aperture area,
the lower temperature during NW nucleation, the different
precursor during initial NW growth (TEG instead of TMG), or
a combination of these three parameters, has led to improved
dislocation filtering resulting in the 2 times lower density of
the defects per nanowire of sample C compared to sample B.

2. Dislocations originating from the coalesced interface

A second origin of dislocations is found in the m-plane
interfaces where NWs coalesce during the reformation, shown
in Figs. 4(c) and 4(d). Such dislocations can be found at
one, several, or all six m-plane interfaces around a NW. They
may form networks that comprise interfaces between mul-
tiple NWs. Appreciable areas without interface dislocations
are also observed. TEM images [see Fig. 4(d)] confirm that
they are indeed situated at the joining position between two
NWs, while AFM images [see Fig. 4(c)] show them either
terminating a surface step, indicating a TD of screw or mixed
character, or merging into a terrace, without step termination,
indicating a TD of pure edge character.

The influence of these dislocations on material properties
is seen in the cathodoluminescence image of Fig. 3(e), where
the band edge emission is found to be reduced locally at
the boundaries of the NWs, indicating nonradiative recom-
bination at the position of the dislocations. This has been
correlated to the presence of screw and mixed TDs which
have been reported to be electrically active [35-37]. However,
the mechanism for this leakage current is not yet fully under-
stood, with some authors proposing incorporation of excess
gallium [35] and others reporting oxygen related impurities
in the vicinity of screw dislocation cores [36]. Indeed, our
conductive AFM results show current levels of approximately
50 pA [see Fig. 3(h)] at the position of electrically active TDs.
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FIG. 5. Defects in sample A. (a) and (b) 3D AFM topography images of pinned dislocations, comprising of small protrusion (indicated by
white arrows) and small pits (black arrows). (¢) AFM topography image and (d) surface potential map obtained by Kelvin probe microscopy
at the same position. Areas with 100-150 meV lower (dark) surface potential indicate inversion domains. (e) and (f) Simultaneously acquired
(e) AFM topography and (f) current map. (g) Cross-sectional TEM image. Threading dislocations are penetrating along the (0001) direction.
Short dark stripes perpendicular to the (0001) direction (highlighted by arrows) indicate lateral polarity inversion. (h) SEM image of the sample
surface after etching in NaOH. Slanted facets (highlighted by arrows in inset) can be seen, again indicating lateral polarity inversion.
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The density of these dislocations determined by conductive
AFM is approximately 2 x 108, 6 x 10%, and 4 x 107 cm~2
in samples A, B, and C, respectively. Scanning capacitance
microscopy, as shown in Figs. 3(b) and 3(c), records a
p-type carrier signal at the position of these dislocations, and
a dC/dV amplitude signal which is appreciably higher than
that of the surrounding coalesced matrix, shell, and NW core
material, indicating an electrically active behavior.

Interface dislocations often form at adjacent interfaces, this
can be seen in the scanning capacitance or conductive AFM
images of Figs. 3(c) and 3(h). The formation of interface
dislocations is most likely due to coalescence of slightly
misaligned NW structures. The prevalence of these dislo-
cations is not homogeneously distributed over the surface.
Dislocation free regions are an indication that they can be
minimized by further improving the reformation conditions.
Most importantly, comparing samples C and B, which are
grown with identical reformation parameters, a decrease of
more than an order of magnitude in the density of interface
dislocations is seen in sample C, indicating that nucleation
and initial NW core growth also affect the formation and
prevention of interface dislocations.

One configuration of interface dislocations was only found
in sample A, Figs. 5(a) and 5(b). It comprises spatially
separated pinned dislocations, connected by a (a) double or
(b) single surface step as indicated by arrows. The steps ter-
minate at the dislocations, often extending over the nanowire
cores. Structural properties of these TD pairs are visualized in
Fig. 5(a) where two dislocations are positioned at the common
terrace with one forming a small hill and the other forms a
small pit. We have also observed a configuration of pinned pit-
pit [38] and pinned hill-hill dislocations. In addition, Kelvin
probe microscopy [see Figs. 5(c) and 5(d)] reveals that the
pits have a 50 =5 meV lower surface potential than the
surrounding coalesced matrix, while no potential difference
is observed for their protruding counterparts.

3. Inversion domains

Besides individual dislocations, the Kelvin probe images
also reveal regions with a potential 100-150 meV lower than
that of the surrounding surface, indicated dark in Fig. 5(d).
These regions are typically confined to the area surrounding
the NW cores and can span over several um. This surface
potential difference is in the range reported for Ga- versus
N-polar GaN [39-41]. Although the exact potential shift will
also depend on the sample preparation, doping concentration,
surface treatment, surface band bending, as well as the AFM
lift height, we tentatively associate these two-dimensional
defects to regions with N-polar inversion domains, in the
elsewhere Ga-polar crystal matrix.

Conductive AFM results of the same sample, acquired
with a 10 V sample bias, are shown in Figs. 5(e) and 5(f).
The observed current [Fig. 5(f)] cannot be correlated with
the topography [Fig. 5(e)], as no height change is measured
over paths with strongly varying conductance. Varying current
levels are observed at the NW cores, which will be discussed
separately in a different publication [42], but also along paths
in the crystal matrix surrounding the NW cores. While the

leakage paths do not correspond to the coalescence boundary
between neighboring nanowires, nor the NW cores, they
delineate borders, similar to patterns and sizes of the dark
areas in the Kelvin probe images. We therefore interpret these
paths as electrically conductive inversion domain boundaries,
likely of Holt type [43].

The pinned dislocations and the inversion domains are
only observed in sample A, which has been reformed through
a 10x sequence of growth and anneal steps, in contrast to
continuously reformed samples B and C. Additional sam-
ples reformed by sequential approach, including AIN/GaN
structures also show the same type of inversion domains
(not shown here). It is clear that the sequential reformation
procedure imposes a vertical/lateral layer-by-layer formation
process to the coalesced GaN material. This was investigated
by TEM of sample A, see Fig. 5(g). Several defects along
the basal plane can be seen in the reformed layer which is
in agreement with lateral inversion domain boundaries (IDBs)
[44]. They are seen to traverse through the coalesced interface
dislocations. An example of two defects terminating at the
coalesced interface is indicated by arrows. Polarity change by
lateral growth on masked substrates is a subject of extensive
study [45-47].

The existence of areas with N polarity in sample A was
confirmed by NaOH etch. Figure 5(h) shows surface morphol-
ogy obtained by SEM after 30 min of etching. We observe
extended etch features attributed to the removal of N-polar
GaN [29]. The surface of the etched sample A shows vary-
ing etching depths for the larger lateral inversion domains,
indicating different height of the domains corresponding to
the formation at different steps of the reformation sequence.
Importantly, the etched areas again correspond in size, shape,
and distribution to the regions with lower surface potential and
electrically active borders [Figs. 5(d) and 5(f)]. The surface
structure as obtained in Fig. 5(h) remains the same even after
prolonged etching times, showing a self-limiting nature of
the etching process once the inversion domains have been
etched. Along with the removal of lateral N-polar domains,
etch pits are present along the coalesced interface associated
with pinned dislocations. Protruding dislocations are unstable
against NaOH, while their pit pair counterpart remains unaf-
fected. It should be noted that screw, edge, and mixed TDs are
etch resistant in all our samples, and they cannot be correlated
to etched regions.

Samples B and C were stable against polarity-selective
NaOH etch. This is not surprising with regards to sample
C, with significantly different nucleation and core growth
conditions compared with samples A and B. However, sample
B, with identical nucleation and core growth conditions as
sample A, would be expected to etch in a similar fashion as
sample A, if the inversion domains were correlated to NW
growth. Instead, it is the somewhat foliated configuration of
inversion domains with different etching depth, unique for
sample A, that correlates their origin with the reformation
process, recalling that coalescence here was achieved through
a repeated sequence of anneal and growth steps. Importantly,
changing the coalescence conditions to a continuous reforma-
tion process could eliminate the presence of polarity inversion
and pinned dislocations.
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IV. CONCLUSIONS

A method enabling formation of continuous planar GaN
substrate layers has been devised. The critical planarization
step is performed without supply of Ga source material,
allowing reformation of crystal material from 3D NW-based
structures into a continuous coalesced layer. Two potential
advantages of this procedure over the current technology
are the opportunity to form a planar GaN layer without the
TDs that are prevalent in heteroepitaxial GaN buffers, by
the use of the formation of the monolithic GaN planar layer
at conditions appreciably closer to thermodynamic equilib-
rium than conventional MOVPE growth. Both these aspects
provide increased freedom to minimize dislocation densities
and improve material properties of GaN substrates, including
leakage, breakdown voltage, electron mobility, and thermal
conductivity, compared to traditional epitaxial fabrication
methods on non-native substrates.

Functional samples with variations in growth conditions
have been characterized, mainly by scanning probe methods.
Nonconductive edge type dislocations were observed in the
center of some NWs, indicating that the used apertures still
are too large for efficient dislocation elimination. However,
the density of core dislocations could already be reduced by
50% through reducing the aperture size by 23% in combi-
nation with improved growth conditions, and an even more
significant reduction in dislocation density can be expected
from further reducing the aperture size.

Using a sequential reformation/growth process to coa-
lesce the layer, leads to high prevalence of current-leakage
paths, associated with inversion domains. A prevalence of

pinned dislocations was also observed in samples reformed
by the sequential method. By instead using static reforma-
tion conditions in one continuous step, the formation of
inversion domains was eliminated. Furthermore, dislocation-
associated current-leakage paths, as observed by conduc-
tive AFM, were reduced to the coalesced interface, where
both screw and mixed screw/edge type dislocations were
found.

Having shown the large potential of GaN N'W reformation
for creating GaN substrates of superior quality, the viability
of this method relies essentially on the potential to reduce
the dislocations formed at the coalesced interface. The key
task for going forward will be the systematic exploration of
epitaxial conditions, such as pressure, temperature, or gas
flows, enabled through the in-depth understanding of the
origin and formation mechanisms of these dislocations that
was obtained here.
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