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ABSTRACT

GaN nanostructures are promising for a broad range of applications due to their 3D structure, thereby exposing non-polar crystal surfaces.
The nature of the exposed crystal facets, i.e., whether they are a-, m-plane, or of mixed orientation, impacts the stability and performance of
GaN nanostructure-based devices. In this context, it is of great interest to control the formation of well-defined side facets. Here, we show
that we can control the crystal facet formation at the nanowire sidewalls by tuning the III–V ratio during selective area growth by molecular
beam epitaxy. Especially, the N flux serves as a tool for controlling the growth kinetics. In addition, we demonstrate the growth of GaN
nanofins with either a- or m-plane side facets. Based on our observations, we present the underlying nanostructure growth mechanisms.
Low temperature photoluminescence measurements show a correlation of the formation of structural defects like stacking faults with the
growth kinetics. This article demonstrates the controlled selective epitaxy of GaN nanostructures with defined crystal side facets on large-
scale available AlN substrates.

© 2022 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/10.1063/5.0098016

I. INTRODUCTION

The areas of application of group III-nitride nanostructures
(NSs) range from optoelectronics1–7 and high-power electronics8–13

to photo-catalysis14–16 and sensing devices.17–20 In particular, for
the latter two applications, control over the nature of the side facets
is essential. For instance, it is known that the m- and a-plane
exhibit a different stability under illumination in aqueous environ-
ments.21 The most prominent NS representatives are GaN nano-
rods and nanowires (NWs), typically exposing mixed non-polar
facets with a tendency toward the m-plane. Lately, it has been
shown that self-assembled GaN nanowires develop m-plane side
facets at their upper part while acquiring roundish cross-sectional
shapes at their bottom due to annealing and shadowing effects.22

For GaN nanofins (NFs), their growth with stable a- and m-plane
facets is possible by predetermining their lateral alignment with the
crystal orientation of the substrate.23 However, reports about the
intentional growth of a-plane NWs are scarce. In the literature,

the appearance of a-plane side facets is observed in early nucleation
stages of non-vapor liquid solid (VLS) grown dodecagonal NWs,
which evolve toward stable hexagonal m-plane GaN NWs during
the further growth process.24 Recently, GaN microrods with stable
a-plane side facets were reported, where the stabilization of the
a-plane facets was induced by adding arsenic during VLS-growth.25

In this study, we present the controlled growth of GaN NWs
and NFs on AlN templates. By tuning the III-V ratio during the
non-VLS plasma-assisted molecular beam epitaxy (MBE), we are
able to tune the nature of the exposed non-polar side facets. In this
context, we discuss the morphology of GaN NFs with a- and
m-plane side facets. NFs gain increasing interest as electrical con-
tacts are easier to achieve, which enables the possibility of lateral
devices like, e.g., sensors or fin field-effect transistors (FinFETs).
Based on our observations, we propose a model for the growth
mechanism. Structural and electronic characterization was per-
formed by means of low temperature photoluminescence (PL)
measurements of the NSs.
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II. EXPERIMENTAL

Group III-nitride NSs were grown on 2.1 μm thick Al-polar
AlN templates on double-side polished c-plane sapphire with a size
of 10� 10mm2 purchased from Xiamen Powerway Advanced
Material Co., Ltd. The AlN epitaxial layer ensures Ga-polarity of
the selective NSs in contrast to the growth on, e.g., sapphire where
they would nucleate with a mixed polarity.26 The AlN substrates
are characterized by a smooth surface (step flow growth with ter-
races of atomic height) with a root mean square roughness of
approx. 0.3 nm and a high crystal quality with a 2θ full width at
half maximum (FWHM) of the (0002) reflex of 0:03� and a
ω-rocking curve FWHM of 0:014�. The corresponding x-ray dif-
fraction (XRD) data and atomic force microscopy (AFM) images of
the AlN surface are provided in the supplementary material.

The substrate back sides were coated with 200 nm Ti followed
by 70 nm Pt in order to enhance the heat absorption from the radia-
tive heater during MBE growth. Thus, the substrate temperatures
quoted in this article refer to thermocouple values of the substrate
heater, which overestimates the real temperatures at the AlN surface.

The GaN NSs investigated in this work were grown in a
custom-made Tectra “Mini-MBE” purchased from Dr. Eberl
MBE-Komponenten GmbH in a selective area growth mode. To
this end, 10 nm of Ti were evaporated onto the sample surface as a
mask material. The Ti mask was patterned via electron beam
lithography with arrays of holes and lines, which serve as nucle-
ation spots for the NW and NF growth, respectively. Prior to the
MBE growth, the substrates were etched with hydrochloric acid in
order to remove the native surface oxide and to gain a reproducible
surface termination. The MBE growth started with a nitridation of
the samples by exposure to a nitrogen plasma with a flux of
0.36 SCCM and an RF plasma power of 425W at 400 �C and
800 �C for 10 and 5min, respectively. This leads to the conversion of

the Ti mask into a more stable TiNx layer. The actual GaN NS
growth was performed with different N fluxes as denoted in the text
but a constant plasma power of 425W. If not otherwise mentioned,
a Ga flux of 0:6� 10�6 mbar beam equivalent pressure (BEP) was
chosen and the substrate temperature was set to 960 �C during the
growth time of 90min. A detailed description of the NS fabrication
process can be found in previous publications.23,27,28 The background
pressure of the MBE system was in the 10�10 mbar range.

(High resolution) XRD measurements were performed with a
Rigaku SmartLab x-ray diffractometer using a Cu cathode operating
at 40 kV. A Ge double-bounce monochromator to select the CuKα1
emission line (λ ¼ 1:540 59 Å) and a HyPix3000 CCD detector in
the point (0 D) mode were used for the high resolution XRD mea-
surements of the AlN substrates. f-scans were carried out without
monochromator. The in-plane epitaxy and, thereby, the assignment
of the sidewalls to a certain non-polar facet (either a- or m-plane)
was determined in combination with SEM images (Fig. 1): We
observe a sixfold symmetry for the AlN substrate and the GaN NW
array. The in-plane orientation of the GaN nanostructures follows
the orientation of the substrate. Note that the XRD peaks of the
AlN and GaN are sufficiently sharp and separated from each other
as discussed in the supplementary material. The right part of Fig. 1
depicts a top view SEM image of the GaN NWs and the direction
of the incident x-ray beam for f ¼ 0�. As we observe the XRD
peaks of the (�1103) wurtzite reflexes at angles of f ¼ 30�, 90�, . . .,
the depicted NWs exhibit a-plane side facets, which is illustrated by
the blue hexagon.

For the above-bandgap excitation of the GaN NSs during the
PL measurements, a quadrupled Nd:YAG laser with a wavelength
of 266 nm in a continuous wave operation was used. A convergent
lens with a focal length of 70 mm guided the light into an Oxford
Instruments He flow cryostat, which resulted in a spot size of

FIG. 1. XRD pole figures of GaN NWs (blue) and the AlN substrate (black) measured at the wurtzite (�1103) reflex. The top view SEM image shows the measured NWs
and the direction of the incident x-ray beam for f ¼ 0�.
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approx. 50 μm on the sample surface. The excitation power was set
to 0.13W/cm2. The PL signal passed a DILOR double spectrometer
with a focal length of 800 mm and was detected by a Peltier-cooled
photo-multiplier tube with a dark count rate of 15 counts per
second (cps).

III. RESULTS AND DISCUSSION

In order to study the influence of the growth conditions on
the morphology of GaN NSs, the Ga flux, the N flux, and the
growth duration were varied. Comparative PL measurements were
carried out on NSs grown with the lowest and highest N flux,
respectively.

A. Nitrogen flux series

Scanning electron microscopy (SEM) images of GaN NWs in
dependence on the N flux are depicted in Fig. 2. Furthermore, the
nominal NW diameter, which is controlled by the size of the hole
in the Ti mask, is increased from the left to the right. In the
45�-tilted view images [Fig. 2(a)], it can be seen that the NW
height increases from approx. 200 nm to over 500 nm for higher N
fluxes independent of the NW thickness. The almost linear depen-
dence of the axial and lateral growth rates [cf. Figs. 4(a) and 4(b)]
shows that the growth was conducted in the N-limited regime. The
morphology of the NWs depends on the N flux, which becomes
apparent in the top view SEM images shown in Fig. 2(b). At low N
fluxes and small diameters, hexagonal NWs with sharp edges and
m-plane 1�100f g side facets (indicated by red hexagons in this
article) are formed. In contrast, for thick NWs and at high N
fluxes, we obtained a-plane 11�20f g (green hexagons) NWs with
more blunt edges and slightly curved side facets. In the intermedi-
ate regime of medium thick NWs and moderate N fluxes, we
observe round or polygonal NWs with a tendency to be a-plane
alike. In particular, for the lowest N flux of 0.18 SCCM, it is possi-
ble to switch from m- to a-plane NWs by only increasing their
nominal diameter.

All NWs have a tapered top exposing semi-polar crystal facets
of the 1�10nf g-family. Consequently, the top facet cut lines [orange
lines in Fig. 2(b)] of the a-plane NWs point toward the middle of
their side facets while for the m-plane NWs, these cut lines point
into the NW edges, which is in accordance to other hexagonal
m-plane GaN NWs in the literature.24,29 While we determined the
1�102f g planes being the top facets of the m- and a-plane NWs
grown at low N fluxes [Figs. 3(a) and 3(b)], an assignment to a
certain family of 1�10nf g planes was more difficult for the a-plane
NWs grown at high N fluxes due to their rounded NW tops.
Nevertheless, at the outside of these NWs we also determined
n = 2. Note that the inter-NS distance has no influence on the
selectivity of the NS growth (not shown).

B. Gallium flux series

To further understand the influence of the III-V ratio during
MBE growth on the GaN NW side facets, a Ga flux series was per-
formed with a constant intermediate N flux of 0.36 SCCM. Figure 5
shows SEM images of GaN NWs (left) as well as m- and a-plane
NFs (right) grown with an increasing Ga flux. An analysis of the

FIG. 2. SEM images in (a) 45�-tilted view and (b) top view of GaN NWs grown
at N fluxes of 0.18, 0.36, and 0.73 SCCM on AlN/sapphire templates. Their
nominal diameter is varied from the left to the right. The red (green) hexagons
mark the orientation of the wurtzite m-(a-) plane.
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NW dimensions yields a strong dependence of the NW height for
Ga fluxes below approx. 0:6� 10�6 mbar BEP [Fig. 4(c)]. There,
the growth switches into the Ga-limited regime. Most important,
m-plane NW side facets have been observed for the lowest and
highest Ga fluxes used. Note that the shape of the nanorods grown
at very low Ga fluxes is rather distorted, while we obtained typical

hexagonal-shaped NWs at high Ga fluxes. In the intermediate Ga
flux regime, no clearly defined side facets evolved. Nevertheless,
these NWs tend to be rather a- than m-plane.

In the right part of Fig. 5, SEM images of GaN NFs are
shown. The fins either expose the a- or the m-planes as side facets,
depending on their epitaxial orientation relative to the substrate.23

FIG. 3. 45�-tilted view SEM images of (a) an m-plane NW, (b) an a-plane NW, (c) an m-plane NF, and (d) an a-plane NF. The blue lines indicate the top facet tapering
angles, which are noted below together with the assigned Miller indices. The depicted NFs were cut out of longer fins by means of a focused Ga ion beam in order to
make their top facets visible in the tilted SEM image.

FIG. 4. Evaluation of the NS dimensions determined by SEM images: (a)/(b) heights/diameters of thin (medium, thick) NWs in dependence on the N flux in red (black,
blue). (c) NW height in dependence on the Ga flux. (d) NS height after a certain growth duration for m-plane NWs (m-plane NFs, a-plane NFs) in black (blue, red). (e)
growth rates for a low and high N flux, respectively. Except for (c), the Ga flux was fixed to 0:6� 10�6 mbar BEP.
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We observe a strong smoothing of the NF side facets for an
increased Ga supply. The height of the NFs also increases for
higher Ga fluxes. Especially for the larger NFs, two distinct differ-
ences between the two NF types can be observed: (1) the end parts
of m- and a-plane NFs differ. While the m-plane NFs retain their
height almost until the end of the fin, there is a shoulder observable
at the end of the a-plane NFs. (2) a- and m-plane NFs exhibit dif-
ferent top facet angles, which can be better seen in the side-view
images in Figs. 3(c) and 3(d). The m-plane NFs expose 1�102f g top
facets alike the NWs, while the a-plane fins have flatter 11�24f g
planes at the top.

C. Influence of growth duration

In order to understand the underlying mechanism of the NS
formation, their morphology evolution during MBE growth is of
interest. To address this issue, SEM images of GaN NSs after
certain growth times have been recorded. Figure 6(a) shows the
evolution of GaN NSs grown at a N flux of 0.18 SCCM for a
growth duration of 30 min up to 210 min. In the top view images it
can be seen that the thin NWs develop their hexagonal m-plane
shape already after 30 min. The thick NWs are not yet uniformly
shaped after 30 min growth. In contrast, the typical shapes of the a-
and m-plane NFs discussed above already occur in this early stage.
When the growth time is increased to 90 min, the thin NWs main-
tain their morphology and after 210 min we end up with clearly
faceted wires. In contrast, the thick NWs evolve to a-plane NWs
after 90 min and end up with a mixed amount of a- and m-plane
side facets after 210 min. The overall morphology of the NFs does
not change after 210 min. However, it can be seen that the side
facets of the a-plane NFs are significantly higher than these of the
m-plane NFs and of the NWs [approx. 600 nm instead of 300 nm,
cf. Fig. 4(d)]. Interestingly, the end of the a-plane NF shoulder
has the same height as the NWs [indicated by the orange lines in
Fig. 6(a)]. Note that the lateral extension of this shoulder also
increases with increasing growth duration.

When the N flux is increased to 0.72 SCCM [Fig. 6(b)],
a-plane NWs with slightly washed out side facets evolve already
after 30 min, independent of their nominal diameter, and stay in
their a-plane shape for a growth duration up to 90 min (cf. Fig. 2).
A significantly longer growth duration was not accessible as the
selectivity of the process gets lost for longer growth times due to a
degradation of the Ti mask at these high N fluxes where parasitic
NWs would dominate the sample as a consequence. From the vari-
ation of the growth duration, we were able to assess the axial
growth rate at the low N flux of 0.18 SCCM to approx. 2 nm/min.
At a high N flux of 0.73 SCCM, we estimate approx. 6 nm/min
[Fig. 4(e)].

D. Nanostructure formation mechanisms

Our proposed growth model is based on the following obser-
vations: (1) in the N-limited regime, the axial growth rate always
remains constant for a given Ga/N flux, regardless of the NW
width, as shown in Fig. 4(a). The NW growth in the axial direction
is favored over the lateral growth, which is the basic requirement
for growing NWs with an aspect ratio >1. Further, the NWs grown
at the “standard” Ga flux of 0:6� 10�6 mbar BEP are synthesized

FIG. 5. Top view (blue-framed) and 45�-tilted view (black-framed) SEM images
of GaN NWs (left) as well as m- and a-plane NFs (right) for an increasing Ga
flux from 0.4 to 1:3� 10�6 mbar BEP (from top to bottom). The N flux was
fixed at 0.36 SCCM.
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at the limit to the Ga-limited regime. Accordingly, most of the
available Ga atoms are consumed for the axial NW growth. (2) We
suppose that the total Ga supply for each NW is linked to the NW
diameter as follows: besides the directly impinging Ga atoms, the

NWs collect Ga from the TiNx mask within the Ga diffusion
length, which is roughly 500 nm.27 This value should roughly apply
also to our samples, as the referenced study was performed
in-house with the same type of mask material in the same MBE
system with comparable growth parameters. In the case of thin
NWs, the total Ga collection area relative to the NW cross-sectional
area is larger than in the case of thick NWs (a calculation example
is discussed in the supplementary material). This means that the
total amount of available Ga relative to the NW cross-sectional
area decreases for increasing NW diameters. Based on this, we
explain the change in the NW morphology depending on the N
flux as illustrated in Fig. 7(a): In the presented N-limited regime,
the NW height strongly depends on the N flux. For thin NWs at
low N fluxes [Fig. 7(a), left], an m-plane hexagonal shape evolves
as the m-plane is energetically favorable over the a-plane (surface
energy 124 and 132meV=Å

2
, respectively30) and the hexagonal

cross section provides the lowest purely m-plane surface area. In
the case of thick NWs grown under the same conditions, a larger
3D volume growth rate is needed to maintain the same axial (2D)
growth rate compared to the thin NWs. Due to the lack of Ga
atoms available for the thick NWs, these might initially form a star-
like cross section [Fig. 7(a), right] as this enables the presence of
mainly m-plane facets while lowering the volume per unit NW
length, i.e., the NW is able to maintain its axial growth rate by
lowering its volume growth due to a reduced star-like footprint
compared to a hexagon. In the literature, comparable star-like GaN
NWs grown by metal organic vapor phase epitaxy have been
reported. There, a constant axial growth rate arose from a SiN pas-
sivation at the NW sidewalls during growth.31 However, during the
ongoing NW growth, impinging atoms and especially Ga from the
mask within the collection area might be used to fill up the gaps
between the star-tips, thereby forming a-plane facets after 90 min
MBE growth [Fig. 6(a)]. Nevertheless, as the a-plane is energetically
not favorable, we can observe that polygonal NWs with mixed a-
and m-planes evolve after a longer growth duration of 210 min.
The oddly shaped thick nanorods observed after the first 30 min
are rather a consequence of the nucleation mechanism in the Ti
mask hole where the morphology is characterized by the coales-
cence of various GaN nuclei,24 which is expected to take longer for
thicker NWs/larger mask holes.

It is known from the literature that the axial growth rate and
the diameter of spontaneously formed GaN NWs are self-regulated.
This means that in a steady-state regime, the final NW dimensions
only depend on the III/V flux ratio during MBE growth.32

However, in our study, the NSs might grow far from this men-
tioned steady-state equilibrium, especially in the N-rich regime.
Thus, the morphology of our selectively grown NWs might be not
subject to the mentioned self-regulatory mechanism.

When the NWs are grown under more N-rich conditions,
their total height increases. Accordingly, the Ga atoms needed for
the increased axial growth speed lack for forming an m-plane hex-
agonal footprint, even for the thinnest NWs. During the ongoing
growth process, the m-plane star-like cross section evolves to a
nearly a-plane hexagon, which is expected to happen shortly there-
after, as already after 30 min a-plane NWs have evolved at high N
fluxes. This might lead to a morphology as depicted in Fig. 7(b),
where a more star-like NW top and a more hexagonal bottom can

FIG. 6. Top view (blue-framed) and 45�-tilted view (black-framed) SEM images
of GaN NSs after different growth times. The red and green hexagons mark the
orientation of the m- and a-plane, respectively. (a) N flux = 0.18 SCCM. The
dash orange lines serve as guide for the eye in order to compare the NS
heights. (b) N flux = 0.72 SCCM.
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be seen on an SEM image of a NW. Further, the not completely
straight but rather slightly inward bent a-plane side facets would be
a consequence of the proposed growth model.

The Ga flux series confirms this hypothesis. For very high Ga
fluxes above approx. 1:3� 10�6 mbar BEP (Fig. 5, bottom image),
the Ga supply is sufficient for building hexagonal m-plane cross sec-
tions. In contrast, at the lowest applied Ga flux of 0:4� 10�6 mbar
BEP, the axial growth is not limited by the N flux, but by the Ga
supply. As a consequence, the axial growth rate is significantly
reduced and, thereby, the volume growth rate needed to maintain a
hexagonal m-plane cross section. In this Ga-limited regime, Ga from
the Ti mask around the NW mainly contributes to a pronounced

lateral growth in the h1�100i-directions. This might explain the
oddly shaped, but purely m-plane nanorods depicted in the top
image of Fig. 5.

In the case of a- and m-plane NFs, their main distinctions are
the different top facet angles, their axial growth rates and the pro-
nounced shoulder at the a-plane NF ends compared to their m-plane
counterparts. The different top facet angles might origin from the
fact that in each facet family (either 1�10nf g or 11�2nf g, respectively)
the most stable facets evolve, which might not have necessarily the
same n-value (angle). However, for the 1�10nf g-family top facets,
which we find in the case of a-/m-plane NWs and m-plane NFs, we
always observe n = 2, which matches the equilibrium crystal shape
calculations by Li et al.30 Nevertheless, NWs grown at higher N
fluxes also expose facets with n . 2. Due to their higher growth rate,
the equilibrium crystal shape may not form. Instead, their rounded
NW top facets are the result of a different equilibrium growth shape
that occurs under impinging Ga and N fluxes.

The increased axial growth rate of a-plane NFs and the occur-
rence of a shoulder at their fin tails can be explained by the Ga dif-
fusion kinetics at the non-polar facets: From density-functional
theory calculations, it is known that there exists a large anisotropy
in the preferred Ga diffusion direction: While the Ga adatoms on
the m-plane diffuse mainly in the lateral direction perpendicular to
[0001], the atoms on a-plane surfaces have higher diffusion lengths
parallel to the c axis.33 The observed NF dimensions are a direct
consequence of these kinetics, as the pronounced lateral diffusion
on the m-plane fins triggers lateral growth resulting in thicker NFs
while the preferred axial diffusion on the a-plane results in higher,
thinner NFs. Further, for both kinds of NFs m-plane tails evolve, as
it is not possible to force a certain plane on their end facets by
defining their orientation relative to the substrate. In the case of an
m-plane NF, no difference to the rest of the fin occurs there. In
contrast, in Fig. 7(c), we observe a junction between the a-plane NF
and its m-plane end facets. Due to the anisotropic Ga diffusion
kinetics, a thicker, but shorter NF end evolves compared to the rest
of the NF. Consequently, this reduced NF end height matches
exactly the level of the NWs and the m-plane NFs. Finally, this
observed anisotropy of the Ga diffusion confirms the proposed
NW formation mechanisms. If the a-plane NWs would have
exposed a-plane facets throughout the whole growth process, they
should be significantly higher than the m-plane NWs. In contrast,
their “m-plane past life” explains their lower height. Nevertheless,
the a-plane facets, which are forming afterwards at the NW bottom
might accelerate the filling of the star gaps at the upper NW parts
aiding their mainly hexagonal, a-plane shape.

E. Side facet tuning of GaN nanowires

Figure 8 shows how the side facets of GaN NWs can be tuned
as a function of the III–V ratio. Here, we distinguish between the
Ga- and the N-limited growth regimes (illustrated by the purple
line). We can switch from the N-limited to the Ga-limited regime
by e.g., lowering the Ga flux during MBE (cf. Ga flux series in Sec.
II B). In the Ga-limited regime, we obtain m-plane NWs. In the
N-limited growth regime, the side facets can be controlled by the
III–V ratio: At high III–V ratios, we achieve well-shaped m-plane
NWs. In contrast, we observe a-plane NWs when a low III–V ratio

FIG. 7. Schematic image of the proposed growth mechanism. (a)
Cross-sectional evolution of m- and a-plane NWs (left and right). (b) Close-up
of a GaN NW grown at a high N flux of 0.72 SCCM after 90 min. The red star
and the green hexagon indicate the origin of the NW formation mechanism. (c)
NF grown at a low N flux of 0.18 sccm after 210 min. In the top view image
(top), the green lines indicate the a-plane side facets and the red marks illus-
trate the m-plane end facets. The blue arrows in the 45�-tilted view picture
(below) show the preferred Ga diffusion direction on both non-polar facets.
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was used during MBE growth. In the intermediate regime with a
medium III–V ratio, no clearly defined side facets were achieved. In
summary, the NWs tend to have m-plane side facets, whereas
a-plane NWs were only observed for low III–V ratios in the
N-limited growth regime.

F. Photoluminescence properties

Low temperature PL measurements were performed in order
to analyze the structural and electronic properties of ensembles of
NSs. Figure 9 shows the PL spectra of GaN NWs as well as a- and

FIG. 9. Low temperature (5 K) PL spectra of the near-band edge region of GaN
(a) NWs, (b) a-plane NFs and (c) m-plane NFs grown for 90 min (30 min) with a
N flux of 0.18 SCCM (0.73 SCCM) depicted in blue (red). The black dashed
lines mark the emission energies attributed to the ultraviolet luminescence
(UVL) with their LO phonon replica, an exciton bound to a structural defect
(SD), basal plane stacking faults of type I and II (BSF-1/2), prismatic stacking
faults (PSF), polarity inversion domain boundaries (IDB), the donor-bound
exciton recombination into the A-valence band (D0XA) and the proposed free
exciton (FX*).

FIG. 8. Top and 45�-tilted view SEM images showing the side facet tuning of
GaN nanowires in dependence of the III-V ratio. The N flux is increased from
the left to the right and the Ga flux is increased from the top to the bottom. The
purple line marks the transition from the Ga- to the N-limited growth regime.
The white scale bars mark a distance of 250 nm.
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m-plane NFs at 5 K. Each of these three spectra depicts the PL
properties of GaN NSs either grown for 90 min at 0.18 SCCM (blue
graphs) or for 30 min at 0.73 SCCM (red) in order to compare NSs
with similar heights of approx. 200 nm and thicknesses between
100 and 135 nm. An emission at energies of approx. 3.28 eV with
LO phonon replica at lower energies shifted by 92 meV can be
identified especially for the NSs grown at low N fluxes. This feature
is characteristic for the so-called ultraviolet luminescence (UVL)
and is attributed to transitions to shallow acceptors from either
shallow donors (donor–acceptor-pair, DAP) or from free electrons
(conduction-band-acceptor, e-A).34 For NSs grown at a high N
flux, this feature is less pronounced and even barely visible in the
case of the NWs. The LO phonon UVL-feature should not be
mixed up with the 3.20 eV emission, which might be attributed to
an exciton bound to a structural defect (SD).34 We can observe a
pronounced emission of this defect only for the NFs grown at high
N fluxes. Interestingly, the occurrence of this SD emission strongly
correlates with an emission at 3.35 eV, which is in accordance to
c-plane GaN epi-layers in the literature,34–36 but is in contrast to
selective GaN NWs on diamond37 and epitaxial m-plane GaN.38 In
our study, we observe this 3.35 eV feature only for NSs grown
under high N fluxes, especially in the case of the NFs. It might be
attributed to basal plane stacking faults of type II (BSF-2) with a
stacking sequence of ABABCAC, as observed in m-plane GaN
layers grown by MBE.38 The higher amount of BSF-2 in the high N
flux GaN NSs might arise from their significantly higher axial
growth rate compared to NSs grown at lower N fluxes [cf.
Fig. 4(a)]. At a slightly higher energy of 3.37 eV, we observe a peak
which was only detected from the low N flux NSs. We exclude that
this transition is just a shifted BSF-2 luminescence, as we have no
correlation with the SD emission. Further, BSFs are ideal phase
quantum wells, which are influenced by their size, polarization
fields, and strain.39,40 A blue-shift would either point to a smaller
lateral extension of the quantum wells, which seems improbably as
we always observe a shift of exactly 20 meV, regardless of the kind
of NS. On the other hand, the blue-shift could result from com-
pressive strain, which we exclude as the stacking fault peaks would
be expected to be broadened and, further, as the donor-bound
exciton via the A valence band (D0XA) luminescence energy is the
same for both N fluxes. In the literature, a 3.37 eV luminescence
can be attributed to prismatic stacking faults (PSF) in the non-
polar direction, in particular, in the m-plane direction.41 This fits
the growth morphology of our low N flux NSs, as we observe a
steady lateral growth of the m-plane NWs and NFs as discussed
above. Moreover, also the a-plane NFs might evolve from several
nucleation spots, which coalescence in the m-plane directions
during MBE growth, causing PSFs. Independently of the N flux, we
see a broadening of the main emission in the region where we
expect basal plane stacking faults of type I (BSF-1) (3.40–3.43 eV),
which differ from the type II BSFs due to their altered stacking
sequence of ABABCBC.42,43 Further, we only slightly observe a
luminescence at 3.45 eV attributed to polarity inversion domain
boundaries (IDB).44,45 Although there should not be N-polar GaN
nuclei on Al-polar AlN substrates at all, even homoepitaxially
grown GaN NWs are known to be able to form IDBs, which can be
caused by impurities at the interface between the wires and the sub-
strate arising from contaminations during the nano-fabrication

process.46 The most pronounced emission at 3.47 eV arises from
the donor-bound excitons D0XA. Note that in the case of m-plane
NFs grown at a high N flux, this luminescence is slightly shifted
toward higher energies by 5 meV, which might be due to residual
compressive strain arising from the lattice mismatch with the AlN
substrate. Interestingly, both NW samples as well as the m-plane
NFs grown at a low N flux show a high energy shoulder at approx.
3.49 eV, which might be attributed to the emission of free excitons
(FX*) even though the energetic distance between D0XA and FX* is
too large (20 meV instead of 7 meV47). Note that the attribution of
the various defect luminescence lines discussed above is based on
the literature. In order to classify the quality of the nanostructures,
the PL spectra of the a-plane NFs are shown in the Supporting
Information in comparison with those of commercial GaN sub-
strates. A more detailed analysis as well as an extended study of the
shifted FX* emission will be provided in a future publication.

IV. CONCLUSION

The present study shows the influence of the III–V ratio
during molecular beam epitaxy (MBE) on the formation and
nature of the crystal side facets of GaN nanostructures (NSs). In
particular, we demonstrate the selective growth of m- and a-plane
nanowires (NWs) by determining the N flux during growth.
Additionally, the Ga flux enables the adjustment of the exposed
non-polar side facets. A growth time variation study shows the
cross-sectional evolution of the NWs. Our proposed NW formation
mechanism suggests the volume growth rate being responsible for
the exposure of the different side facets: While at low N fluxes thin
NWs are able to form complete hexagonal m-plane cross sections,
there exists a relative Ga shortage for thicker NWs and those grown
at higher N fluxes. This leads to a star-like m-plane cross section,
which fills up to an a-plane hexagon in the further growth process.
Regarding the nanofins (NFs), we can explain the higher a-plane
NFs with a pronounced flank at the fin ends by anisotropy in the
Ga diffusion kinetics and, thus, can experimentally support the the-
oretical prediction on this issue. A photoluminescence (PL) study
reveals that the main emission is due to donor-bound excitons and
it shows that the nature of stacking faults depends on whether the
NS growth was conducted under low or high N fluxes.

SUPPLEMENTARY MATERIAL

See the supplementary material for atomic force microscopy
images of the AlN substrates, x-ray diffraction data, and scanning
electron microscopy images of GaN nanofins grown at different N
fluxes.
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