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ABSTRACT

Gallium nitride (GaN) nanowires (NWs) have been fabricated by top-down etching from GaN heteroepitaxial films, which provides an accu-
rate control of their position and dimensions. However, these NWs contain, similar to the initial GaN films, high density of structural defects
such as threading dislocations (TDs). In this work, different strategies to reduce the density of defects along the NWs have been compared
based on two different wet etching approaches followed by a rapid thermal annealing (RTA) at 750 �C. The addition of a 30 nm SiNx coating
is also explored. The defects and strain/stress along the NWs have been studied by high resolution transmission electron microscopy, diffrac-
tion contrast imaging in two-beam conditions and 4D STEM, as well as strain maps calculated from scanning precession electron diffraction
measurements. RTA reduced the density of TDs at the middle of GaN NWs with bare surfaces by approximately 25%. The reduction
increased to approximately 70% by RTA of GaN NWs with surfaces coated by amorphous SiNx, which is attributed to enhancement of dislo-
cation movements by stresses induced from differential thermal expansion of GaN and SiNx. These results suggest a process route that, if
optimized and combined with reduction of NW diameter, could establish etching as an efficient fabrication method for high crystal quality
GaN NWs.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0101908

III–V semiconductors have been extensively explored as active
materials for high-speed electronic devices and many types of opto-
electronic and high-efficiency photovoltaic devices.1,2 In particular,
semiconductor nanowires (NWs) are of great interest due to their
potential to reduce electronic and optical device length scales and their
superior properties in comparison with heteroepitaxial films.3–5

Among them, gallium nitride (GaN) nanowires have attracted much
attention because of their unique material properties, such as wide
direct bandgap, high saturation velocity, and large breakdown field.6–11

The fabrication of regular patterns of GaN vertical NWs requires
an accurate control of position and dimensions, quite difficult to be

achieved by spontaneous or selective seeded growth methods. The so-
called bottom-up synthesis methods include plasma enhanced chemi-
cal vapor deposition,12 metal–organic chemical vapor deposition,13

laser-assisted catalytic growth,14 and molecular beam epitaxy.15,16

However, GaN nanowires can also be fabricated by a top-down
approach.17–19 This strategy offers advantages both in terms of the
possibilities of dimension and aspect/ratio tuning and in view of their
integration into existing large-scale fabrication platforms in micro and
nanoelectronics devices. The main techniques for the top-down fabri-
cation of anisotropic III–V nanostructures are plasma-based dry
etches. However, these alone are not good enough for the obtention of
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both high quality and high aspect ratio III-nitride nanowires. The
presence of threading dislocations (TDs) in top-down formed GaN
NWs is probably the main disadvantage of the top-down method
compared to spontaneously grown (bottom-up) defect free GaN NWs.
Nevertheless, it may also be possible, using a proper thermal treatment
or specific patterning, for TDs to fully “escape” (by glide or climb)
from the lateral NW sides due to their limited diameter.20 The move-
ment of dislocations could be triggered by any stresses and it would be
assisted by enhanced atomic diffusion at higher temperatures (e.g.,
annealing treatments).

The presence of defects and threading dislocations in GaN nano-
wires has been extensively studied for bottom-up fabrication proce-
dures, being transmission electron microscopy one of the key tools to
monitor the NW quality. However, TEM studies on GaN nanowires
fabricated by top-down methods are scarce.

Among the different observation modes in a TEM, beam preces-
sion assisted electron diffraction (PED) in scanning mode is a very
useful technique to unveil defects and strain distributions, since these
4D STEM datasets allow obtaining maps of the changes in the crystal-
line structure across very wide regions of the objects under study. The
general term 4D STEM refers to a set of TEM techniques for which
the scanning of a (convergent) electron beam over the specimen
results in a four-dimensional dataset.21 Although spectroscopic tomo-
graphic experiments also result in 4D datasets,22–24 the term 4D
STEM usually refers to spatially localized electron diffraction data: for
each probe position (2D in real space), a diffraction pattern is acquired
(2D in reciprocal space). A large amount of information is available
from such datasets. Virtual bright field (BF) or dark field (DF) images
can be generated by placing virtual detectors, i.e., selecting the appro-
priate regions of the reciprocal space with different mask geometries
(circular, annular, etc.).25 Differential phase contrast images can be
obtained by mapping the direct beam deflection due to electric/mag-
netic fields in the specimen.26–28 The analysis of the diffraction spot
position and intensities can be used to obtain crystal phase, orienta-
tion,29 and strain maps30 over the scanned region.

For this last set of applications, usually grouped under the name
of nanobeam electron diffraction, results can be greatly improved by
the use of beam precession. By precessing the electron beam over the
specimen on a hollow cone geometry,31 the intersection of the Ewald
sphere of electron k-moment and the reciprocal space of the sample
integrate over a range of excitation errors, reducing the overall effect of
dynamical scattering and resulting in (i) more spots in the diffraction
pattern and (ii) more accurate intensities for their indexation. Figure
S1 of the supplementary material shows a schematic of a scanning pre-
cession electron diffraction experiment, with the precession of the
beam above the specimen and the subsequent descan of the direct and
diffracted beams under the specimen.

In this work, we apply 4D STEM techniques to investigate the
structural properties of GaN NWs fabricated by a top-down approach
using two different wet chemical etching treatments based on a tetra-
methylammonium hydroxide (TMAH) and potassium hydroxide
(KOH) solutions.17,18,32 A rapid thermal annealing (RTA) at 750 �C,
which is commonly used for Ohmic contacts in GaN films,17 was also
applied as a possible way to enhance the movement of threading dislo-
cations. Finally, the effect of a 30 nm SiNx deposition, which could act
as the MIS dielectric in a MISFET vertical GaN NW transistor, is
studied.

The epitaxial GaN structure was grown on a sapphire (0001) sub-
strate by plasma assisted molecular beam epitaxy (PAMBE),33 consist-
ing (from top to bottom) of 1500-nm-thick non-intentionally doped
GaN with electron concentration of approximately 1016 cm�3 and
30-nm thick AlN layer. This structure was cut into pieces and each
piece was processed to obtain vertical GaN nanowires (NWs) follow-
ing three conventional nanofabrication steps: (1) electron-beam lithog-
raphy, (2) reactive-ion etching (RIE), and (3) anisotropic wet-chemical
etching based on a tetramethylammonium hydroxide (TMAH) or
potassium hydroxide (KOH) solution.17,18,32 Details about the top-
down formation of GaN NWs can be found elsewhere.17

Four vertical GaN NWs samples with a nominal diameter of
200 nm and height and pitch (distance between adjacent columns) of
1lm have been fabricated using this top-down approach on the
described epitaxial GaN-based structure. Therefore, although the first
steps of the fabrication were the same for all samples, two different wet
etching approaches (30min in a TMAH-based solution or 30min in a
KOH-based solution) were used in order to investigate their influence
on the structural properties of the resulting GaN NWs. Moreover, the
effect of 2-min RTA at 750 �C chemical etching was also examined.
Figure 1(a) illustrates that RIE formed trapezoidal GaN device nano-
structures with nominal diameters of 220–700nm from top to bottom.
Figure 1(b) shows the final fabricated GaN NW array with a fixed
nominal diameter of 200nm and height and pitch of 1lm, after RIE
and anisotropic wet chemical etching in a TMAH-based developer.
An identical picture is observed in the case of the KOH-based wet
chemical treatment.

TEM thin lamellas were prepared precisely at the nanowires (see
Fig. S2 of the supplementary material) by focused ion beam (FIB,
Helios Nanolab 650, FEI, operated at 30 kV) using the lift-out tech-
nique.34,35 An in-depth analysis based on high resolution transmission
electron microscopy (HRTEM) and scanning TEM (STEM) imaging
was carried out in a Jeol 2010F TEM operated at 200 kV coupled with
a GIF Gatan filter. Chemical analysis was performed with the same
instrument in the STEM mode by electron energy loss spectroscopy
(EELS).36,37

Electron diffraction datasets in the scanning mode using electron
beam precession were acquired employing a NanoMEGAS’s
“DigiSTAR” add-on device. In these experiments, a small precessed
beam is scanned across the specimen and a (nano)diffraction pattern
is acquired for every pixel synchronously with the scan. Strain analysis
was carried out using the TopSpin software. In the processing, the
intensity of the direct beam is used to generate a virtual bright field
image and the positions of the diffraction spots are analyzed in order
to find possible distortions in distances and/or angles from a region
defined as an unstrained reference. These positions are used to calcu-
late the strain tensor (e) in order to obtain strain maps in the
specimen.

First, dimensions and composition of the GaN nanowires were
assessed by TEM. GaN nanowires have diameters of 200 nm and
heights and distances between them of 1lm [see Fig. 2(a)], in agree-
ment with nominal values. Neither the diameter nor the height of the
nanowires has a significant dependence on the type of wet etching or
the application of RTA processes.

HRTEM images [Fig. 2(b)] and corresponding FFTs show the
hexagonal wurtzite crystalline structure for GaN nanowires with
smooth vertical sidewalls. Moreover, as can be seen in Fig. 2(c), very
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few threading dislocations have been observed in all the cases. Thus, in
order to perform an in-depth study of the presence of defects and dis-
locations along the GaN nanowires, two-beam condition diffraction
contrast imaging mode has been used.

Figure 3 shows bright field images under two-beam condition
using g parallel to the [0001] direction of different GaN nanowires fab-
ricated by (a) WE1 (TMAH) without RTA, (b) WE2 (KOH) without
RTA, (c) WE1 with RTA, and (d) WE2 with RTA process at 750 �C.

FIG. 1. SEM images in tilted-view of (a) a trapezoidal GaN NW array after RIE of the GaN film and (b) the final GaN NW array after RIE and anisotropic wet chemical etching
in a TMAH-based developer.

FIG. 2. (a) SEM image of the TEM lamella
preparation of GaN nanowires, (b) HRTEM
image of the GaN nanowire and its corre-
sponding FFT as inset, (c) TEM image of a
GaN nanowire showing the presence of
very few threading dislocations, and (d)
HRTEM image containing the threading dis-
location present in the GaN nanowire.
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As can be seen in Fig. 3, the density of threading dislocations is
reduced after RTA. In this sense, the threading dislocation density
(TDD) has been estimated as an average, counting the number of
threading dislocations found through an imaginary line perpendicular
to the growth direction at the middle and the top of the nanowire,
measuring several nanowires for the different fabrication conditions.
The results are summarized in Table I. Thus, the TDD is reduced
to 66% (from 1.2 � 105 to 0.4 � 105 dislocations/cm) at the top and
to 25% (from 1.6 � 105 to 1.2 � 105 dislocations/cm) at the middle
of the nanowire for WE1 samples and to 29% (from 0.7 � 105 to
0.5 � 105 dislocations/cm) at the top and to 23% (from 1.3 � 105 to
1.0 � 105 dislocations/cm) at the middle of the nanowire for WE2
samples after annealing.

The reduced TDD of the samples after the RTA annealing is
mainly attributed to movement of dislocations assisted by enhanced
atomic diffusion at higher temperatures. Moreover, the sample with
the TMAH treatment exhibited reduced TDD at the top of GaN NWs
compared with that with the KOH treatment. The origin of this obser-
vation is not clearly understood and may be related to different chemi-
cal reactions that take place during these two chemical treatments.
However, further experimental and theoretical studies are needed for a
comprehensive conclusion, which are beyond the scope of this study.
It should be noticed though that after RTA both samples exhibited a

rather similar TDD at the top and middle of NWs, which suggests that
RTA is an efficient treatment for improving the structure of etched
NWs.

Until now, conventional TEM has been used to demonstrate the
suitability of top-down fabrication techniques to control the dimen-
sion and position of GaN nanowires, and the effect of RTA treatments
after the etching to control the TDD along the nanowires. Moreover,
electron diffraction can be used to determine the crystalline structure
of the nanowires. In this case, the measured values for the a and c val-
ues of the wurtzite structure were 3.2 and 5.1 Å, respectively, as
expected for bulk GaN. Nevertheless, the information obtained from
SAED patterns comes from extended regions of the nanowire and
consequently, defects or local variations are not detectable. In order to
study local parameters of the crystalline structure and relative varia-
tions through the nanowire, we have used an innovative technique to
perform an in-depth study of the strain distribution along the GaN
nanowires: 4D STEM strain mapping using precession electron dif-
fraction (PED) in the scanning mode.

The GaN NWs were systematically studied by mapping the strain
in rectangular regions with a height of 100 nm located at the center of
the GaN nanowire, at 10 nm from the top. Figure 4 shows these maps
for the GaN NW after the two different etching methods and after the
subsequent RTA annealing. The growth direction of the nanowires is
defined as y, as indicated by the arrow on the nanodiffraction pattern
in Fig. S4 of the supplementary material, and the perpendicular is
defined as x. The strain maps of the GaN nanowires fabricated without
the RTA process show abrupt changes in the strain state in the x direc-
tion, probably due to the presence of threading dislocations.

Additional strain maps obtained in the lower region of the NWs
are included in the supplementary material (Fig. S3).

For the nanowires submitted to the RTA treatment, the strain
maps are more homogeneous, although local strained regions
(highlighted with red circles in Fig. 4) remain in both Exx and Eyy com-
ponents in the WE2 case. The tensile strain measured in x-direction

FIG. 3. Bright field images under two-beam condition using reflections along [0001]
of the different GaN nanowires fabricated by using (a) WE1 without RTA, (b) WE2
without RTA, (c) WE1 with RTA, and (d) WE2 with RTA.

TABLE I. Density of threading dislocations (in 105 dislocations/cm) for the different
synthesis routes, measured at the top and the middle of the NWs.

No RTA RTA

Top Middle Top Middle

WE1 (TMAH) 1.2 1.6 0.4 1.2
WE2 (KOH) 0.7 1.3 0.5 1.0
WE1 þ SiNx 0.3 0.5

FIG. 4. Strain maps along the x and y directions for untreated and RTA treated
GaN NWs fabricated using WE1 and WE2. Note the change in the strain color
scale, showing lower strain values for the RTA treated NWs.
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from the center to the edges (see Fig. 4) is up to 0.03% for nanowires
fabricated without RTA process. The corresponding value in the case
of nanowires fabricated with RTA process is less than 0.01%. This is in
agreement with the reduction in the TDD after the RTA process, cal-
culated from TEM images.

As SiNx is usually used as a dielectric material, an additional GaN
NW sample with a nominal diameter of 200nm, a height of 1.5lm,
and a pitch of 1.4lm, using the same top-down technique (TMAH
treatment), with a final nominal/planar deposition of 30 nm SiNx by
plasma-enhanced chemical vapor deposition (PECVD) was also fabri-
cated and characterized. The SiNx deposition covered also the side-
walls of GaN NWs. A schematic showing the structure of the SiNx/
GaN heterostructure NWs is shown in Fig. 5.

First, conventional TEM was used to study dimensions, composi-
tion, and crystallinity. GaN nanowires with the SiNx coating have a
diameter of 200nm, a height of 1.5lm, and a distance between them
of 1.4lm (see Fig. 5), in agreement with the nominal values.
Moreover, the SiNx coating is amorphous with a thickness that ranges
from 8 to 15nm at the lateral side of the NW and from 20 to 35 nm at
the top of the NW. Additionally, as can be seen in Fig. S5 of the sup-
plementary material, EELS measurements confirmed the presence of

Si and N at the coating, revealing also a higher concentration of Si in
the outer part of the coating and lower concentration when approach-
ing the GaN. The HRTEM observation of the sample assessed the
good crystallinity of the GaN nanowire and the presence of threading
dislocations along its growth direction. Moreover, the dislocation den-
sity in the GaN nanowires with the SiNx coating is reduced by 75%
(from 1.2 � 105 to 0.3� 105 dislocations/cm) at the top and by 69%
(from 1.6 � 105 to 0.5 � 105 dislocations/cm) in the middle of the
nanowire compared with the GaN nanowires fabricated with the same
TMAH treatment (see Table I). The dislocation density is also lower
by 25% (0.3 � 105 vs 0.4 � 105 dislocations/cm) at the top and by
60% (0.5 � 105 vs 1.2 � 105 dislocations/cm) in the middle of the
nanowire compared to the GaN nanowires fabricated with the TMAH
treatment and subject to RTA treatment (see Table I).

Strain maps obtained for the GaN nanowire with the SiNx coat-
ing are shown in Fig. 6. The tensile strain on the y axis (Eyy) changes
perpendicularly to the growth direction with values up to 0.5% from
the center to the edges, indicative of a strain at the edges with respect
to the reference at the central part of the NW. Moreover, the compres-
sive strain in x axis (Exx) changes periodically along the growth direc-
tion near to the GaN/SiNx interface in around 0.2%. Finally, Fig. 6
shows compressive strain, highlighted with a red circle, due to the
presence of a local defect.

In summary, RTA treatment resulted in a decrease in the density
of threading dislocations in the GaN NWs, for both TMAH and KOH
etching, as evidenced from diffraction contrast imaging, through direct
counting, and from PED strain mapping in the form of a more homo-
geneous strain distribution. In this fabrication route, threading disloca-
tions that are present in the heteroepitaxial GaN films may also
remain in the etched GaN NWs. However, it may be possible for them
to fully escape from the lateral nanowire sides due to the limited diam-
eter of NWs. The movement of dislocations could be triggered by any
stresses and it would be assisted by enhanced atomic diffusion at
higher temperatures (e.g., RTA treatments).

The RTA treatment exhibited a stronger dislocation density
reduction effect when applied on the SiNx covered GaN NWs and sig-
nificant tensile strain values in the c-axis (ENW) of these NWs were

FIG. 5. Schematic showing the cross-sectional view of the sample consisting of
GaN NWs covered by SiNx with a nominal (planar) deposition thickness of 30 nm.

FIG. 6. Bright field image of the GaN NW (fabricated with TMAH treatment) covered with a SiNx layer and then subject to RTA at 750 �C. Strain maps for the x axis (Exx) and
y axis (Eyy), perpendicular and parallel to the growth direction, respectively. An increase in tensile strain on the y axis (Eyy) is observed from the center of the NW, defined as
a reference, toward the edges. Periodic regions of compressive strain on the x axis (Exx) are observed along the growth direction at the GaN/SiNx interface. Smaller strain fea-
tures probably from point defects are also detected.
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observed. This is attributed to the creation of thermal stresses in the
GaN NW crystal, during RTA temperature cycling, due to its contact
(interface) with the SiNx coating layer and the different thermal expan-
sion coefficients (TECs) of GaN and SiNx. The exact values of TECs
might be questionable, but certainly, GaN38 exhibits significantly
higher TECs along both its c and a axes compared to Si3N4.

39 The
SiNx/GaN hetero-interface area extends mainly on the lateral faces of
the 1.5lm high nanowires. Anticipating a significant strain relaxation
at the maximum temperature of RTA (750 �C), the cooling of the sam-
ple would create, along the nanowire axis, tensile strain in the GaN
crystal (as observed in Fig. 6) and compressive strain in the SiNx layer.
Overall, the formation of a nanowire heterostructure could enable the
creation of thermal stresses by temperature cycling, which could effec-
tively move dislocations out of the NW crystal. A significantly stronger
effect is expected by reducing the NW diameter, compared to the
200nm of this study.

This work also indicates that conventional device nanofabrication
techniques, such as Ohmic contact annealing and deposition of MIS
dielectric, could reduce the threading dislocation density of the top-
down GaN NW structures and enhance their device characteristics.
These results are promising and further optimization of these techni-
ques may result to defect-free NWs with structural characteristics
comparable with the bottom-up ones.

In conclusion, the microstructure of top-down fabricated GaN
nanowires has been studied using TEM imaging and diffraction
techniques. The effect of two different wet etching processes and a
rapid thermal annealing step on this microstructure has been
assessed. From diffraction contrast imaging, a decrease in the den-
sity of threading dislocations after RTA has been found. This agrees
with the strain maps, obtained using precessed electron diffraction,
which show a more homogeneous and reduced strain state across
the NWs, after the RTA process. The RTA effect was maximized on
GaN NWs covered by SiNx dielectric, thus forming SiNx/GaN het-
erostructure NWs. 4D STEM, and in particular, strain mapping by
scanning PED, has demonstrated its potential for the characteriza-
tion of this kind of nanostructures. Compared to other available
strain mapping techniques, it offers a large area of mapping (vs
geometric phase analysis40) and a rather simple experimental setup
(vs dark field electron holography41).

See the supplementary material for an schematic that shows pre-
cession of the scanned electron beam over the specimen in a hollow
cone geometry; an image with the steps in the preparation of the TEM
specimen using the FIB lift-out technique; the strain maps along the x
and y directions from the lower regions of the NWs for the untreated
and RTA treated GaN NWs; and an example of a spatially localized
precessed electron nanodiffraction pattern and EELS map from the a
SiNx coated GaN NW.
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