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GaN-on-diamond is a promising route towards reliable high-power transistor devices with outstanding

performances due to better heat management, replacing common GaN-on-SiC technologies.

Nevertheless, the implementation of GaN-on-diamond remains challenging. In this work, the selective

area growth of GaN nanostructures on cost-efficient, large-scale available heteroepitaxial diamond (001)

substrates by means of plasma-assisted molecular beam epitaxy is investigated. Additionally, we discuss

the influence of an AlN buffer on the morphology of the GaN nanostructures. The nanowires and

nanofins are characterized by a very high selectivity and controllable dimensions. Low temperature

photoluminescence measurements are used to evaluate their structural quality. The growth of two GaN

crystal domains, which are in-plane rotated against each other by 30�, is observed. The favoring of

a certain domain is determined by the off-cut direction of the diamond substrates. By X-ray diffraction

we show that the GaN nanostructures grow perpendicular to the diamond surface on off-cut diamond

(001) substrates, which is in contrast to the growth on diamond (111), where the nanostructures are

aligned with the substrate lattice. Polarity-selective wet chemical etching and Kelvin probe force

microscopy reveal that the GaN nanostructures grow solely in the Ga-polar direction. This is a major

advantage compared to the growth on diamond (111) and enables the application of GaN nanostructures

on cost-efficient diamond for high-power/high-frequency applications.
Introduction

Group III-nitride nanorods/nanowires (NWs) and nanowalls/
nanons (NFs) are expected to be applied in photo-catalysis,1–3

sensing devices,4–7 optoelectronics,8–14 and high-power elec-
tronics.15–20 In particular, selectively grown GaN nanostructures
(NSs) benet from outstanding structural quality, e.g., due to
strain relaxation and dislocation ltering,21–24 making them
a promising candidate for next-generation three-dimensional
GaN-based NW/NF eld-effect transistors (NWFETs/FinFETs).
Nevertheless, GaN-based high-electron-mobility transistors
(HEMTs) suffer from self-heating during high-frequency and
high-voltage operation leading to device damage. A promising
route towards reliable and high-performance devices is the
integration of GaN-based HEMTs on diamond enabling
ent, Technische Universität München, Am

ny. E-mail: orian.pantle@wsi.tum.de;

(ESI) available: High resolution XRD
diamond substrates, X-ray reectivity
on HD (001), and SEM images of

ographic limits, and GaN NSs on
nd aer polarity-selective etching. See

the Royal Society of Chemistry
efficient heat dissipation through the substrate due to the
unique thermal conductivity of diamond.25–27 GaN NSs selec-
tively grown on diamond introduce a promising path towards
future devices, which combine the high crystal quality of GaN
NSs with the benecial 3D device design on a highly efficient
heat-dissipating substrate. In contrast to the established selec-
tive area growth (SAG) of wurtzite GaN NSs on (quasi-)hexagonal
single crystalline diamond (SCD) (111), the growth on the cubic
(001) surface of diamond is more challenging, especially when
using technologically relevant heteroepitaxially grown diamond
(HD) substrates.

Here, we present the optimization of SAG of GaN NSs by
plasma-assisted molecular beam epitaxy (MBE) on cost-
efficient, large-scale available HD (001) with and without AlN
buffer layers. X-ray diffraction (XRD) measurements of the
group III-nitride/diamond heterojunctions were used to deter-
mine their epitaxial relationship, while low temperature pho-
toluminescence (PL) measurements were conducted to analyze
the structural quality of the GaN NSs. In addition, by selective
wet-chemical etching and Kelvin probe force microscopy
(KPFM) of the GaN NSs, information about their polarity was
obtained. As a result, we demonstrate high quality SAG of uni-
polar GaN NSs on scalable HD (001), which offers a unique
advantage for their application in high-power electronics.
Nanoscale Adv., 2021, 3, 3835–3845 | 3835
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Results and discussion
AlN buffer

In order to investigate the inuence of an AlN buffer layer on the
epitaxy of GaN NSs onHD (001), an AlN layer was grown viaMBE
for 3 min, resulting in a layer thickness of 17 nm. This value was
determined by X-ray reectivity measurements assuming
a native surface oxide on top of the buffer (14 nm AlN + 3 nm
AlxOy). The corresponding data are shown in the ESI.† Such thin
AlN lms are favorable in order not to lose the benecial
properties of the substrate like the high thermal conductivity of
diamond. Fig. 1a shows a 5 � 5 mm2 atomic force microscopy
(AFM) image of this AlN/HD (001) heterostructure showing
a root mean square (RMS) roughness of 1.43 nm. Similar RMS
roughnesses are reported in the literature for thicker (approx.
500 nm) AlN layers grown by MBE, metal–organic chemical
vapor deposition and sputter deposition.28–30 The surface
morphology is dominated by the polishing grooves of the HD
(001), which are parallel to [110]diamond (cf. Fig. S1b, ESI†). An
image magnied to an area of 500 � 500 nm2 is shown in
Fig. 1b. It shows that the AlN buffer consists of small AlN
crystallites homogeneously covering the whole diamond
surface. The grainy layer consists of columns with an average
diameter of (20 � 10) nm.
Morphology of GaN NSs on diamond

Scanning electron microscopy (SEM) images of GaN NSs grown
under optimized growth conditions on SCD (111), and bare and
AlN-buffered HD (001) are shown in Fig. 2. On SCD (111)
(Fig. 2a) the NWs have uniform dimensions and show the same
morphology as reported earlier for this substrate.31–33 The NWs
are all slightly tilted by approx. 6� in the same direction. The
GaN NFs on SCD (111) have smooth non-polar sidewalls and
a comparably at c-plane top facet. Note that the NWs and NFs
are tilted in the same direction but only the perspective of view
has been changed. The viewpoint of the NWs is chosen to
highlight the tilt of the NWs while the NFs are imaged from
a different direction to show their m-plane facets. Similarly to
NFs on sapphire,34 the in-plane crystal orientation of the NFs
relative to SCD (111) is xed due to the strong epitaxial rela-
tionship of [10�10]GaNk[011�]diamond.35

GaN NWs on HD (001) (Fig. 2b) show single semi-polar top
facets and homogeneous diameters with some sporadic
Fig. 1 (a) 5 � 5 mm2 and (b) 500 � 500 nm2 AFM images of the AlN
buffer layer on HD (001).

Fig. 2 SEM images with a 45�-tilted view (black-framed) and top view
(blue-framed) of GaN NWs and NFs on (a) SCD (111), (b) HD (001), and
(c) the AlN buffer layer on HD (001). (d) Schematic drawing of the GaN
NS epitaxy on SCD (111) (green) and on HD (001) (red). The arrows
indicate the lattice directions and the black lines represent the 5� off-
cut diamond surfaces.

3836 | Nanoscale Adv., 2021, 3, 3835–3845
outgrowths. These outgrowths, which might be triggered by
multiple nucleation and undesirable coalescence of GaN
crystal-seeds, are noticeable in the NFs as distortions of the
otherwise smooth NF side walls. The top facets of the NFs are
mostly at (c-plane) but show more irregularities compared to
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM images of GaN NWs and NFs with varying diameter/
thickness on AlN-buffered HD (001).
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the NFs grown on SCD (111). Some of the NWs are tilted, but
they do not have a preferred tilt direction. The NFs on HD (001)
do not show a visible tilt.

GaN NWs grown on AlN-buffered HD (001) (Fig. 2c) have the
most uniform appearance in terms of NW diameter, height and
shape. While the NWs on both bare diamond substrates have
mostly smooth, single-plane top facets pointing in different
directions, the semi-polar top facets of the NWs on the AlN
buffer taper towards one point above the middle of the wire with
an angle of approx. 35� (cf. Fig. 6c). A similar morphology is
observed for homoepitaxial GaN NWs grown on Ga-polar GaN
templates. The almost hexagonal footprint with blunt edges of
the NWs indicates that they are in a transition during the
growth process from a dodecagonal shape with m- and a-plane
side walls to their nal, purely m-plane hexagonal shape with
a pyramidal NW top.36–39 Compared to the NWs on the bare
(111) and (001) diamond substrates, the NWs grown on an AlN
buffer seem to be in a later state of this transition as they
already show more dened m-plane side facets. This might be
due to the more designated epitaxy of GaN on AlN as both have
the wurtzite crystal structure. On the cubic diamond surfaces,
the hexagonal formation of the NWs seems to be delayed or
a complete formationmight not even take place. This could also
explain the different NW top facets as the tapered NW top
evolves during the last phase of the hexagonal side facet
formation due to minimization of surface energy. In contrast,
NW tops are more at in earlier facet formation states.38 A
future nucleation study and an investigation of the inuence of
the growth duration on the NW morphology might help to
better understand the growth kinetics. The NFs on AlN-buffered
HD (001) have a uniform thickness with slightly ribbed side
walls and semi-polar top facets. Neither the NWs nor the NFs
show any tilt with respect to the substrate surface when grown
on an AlN buffer. The SEM images indicate that the GaN NSs on
SCD (111) grow in alignment with the diamond lattice and,
thus, are tilted by approximately the off-cut angle as depicted in
Fig. 2d. The NSs on HD (001), whether with or without AlN
buffer, grow rather perpendicular to the polished diamond
surface, which will be discussed in more detail in the XRD
section below.

By changing the hole diameter (slit width) of the nano-
patterns in the Ti mask, the NW (NF) thicknesses can be
tuned. GaN NSs grown on AlN-buffered HD (001) with varying
widths are shown in Fig. 3. The diameter of the GaN NWs can be
tuned from approx. 210 nm up to 290 nm. The width of the NFs
can be varied from 215 nm to 270 nm, which is a smaller range
than reported for GaN NFs on sapphire (175 nm to 300 nm).34 At
smaller nominal n widths, the NF is not continuous (Fig. S4a,
ESI†). The lower limit of the NF thickness is not limited by MBE,
but by the e-beam lithography process, as for the smallest doses
minimal uctuations of the e-beam current lead to residual
undeveloped resist. This hinders a complete and undisturbed
etching of the mask and consequently leads to non-regular
nucleation. Further optimization of the lithography process
might push the limit towards even thinner NFs. Nominal
thicker ns result in a split-up of one NF into a “double/hollow
n” with no nucleation in the middle of the nano-slit itself due
© 2021 The Author(s). Published by the Royal Society of Chemistry
to an overexposure of the electron beam resist (Fig. S4b, ESI†) as
thicker nano-slits have been gained by a higher dose of the line-
exposure. A change in the e-beam procedure from a line- to an
area-exposure might help to overcome this issue.
Epitaxial relationship

A known issue for the growth of group III-nitrides on the cubic
(001) surface of the diamond lattice is the existence of two
different wurtzite crystal domains, which are twisted against
each other around the c-axis by 30� (illustrated as green and red
hexagons in Fig. 4a, respectively).28–30,40,41 Due to the nearly
hexagonal shape of the NWs, the statistical distribution of these
crystal domains can be estimated. For GaN NWs grown on bare
HD (001) (Fig. 4b), 18% of the NWs can be attributed to the rst
crystal domain (marked in green, [11�20]GaNk[110]diamond)
and 23% to the second one (marked in red, [11�00]GaNk[110]
diamond). Nevertheless, as is shown by the XRD measurements
below, the almost equal distribution of the crystal domains is
deceiving, i.e., the green-marked domain prevails. This might
be due to the indistinct shape or tilting of the other NWs, where
an attribution was not possible. In contrast, when grown on an
AlN buffer the NWs preferentially show a certain orientation:
45% of the NWs can be attributed to the green domain and only
7% to the red one (Fig. 4c). 48% of the NWs tend to have an
indistinct shape. Note that the SEM images are aligned with the
crystallographic orientation depicted in Fig. 4a with the off-cut
direction pointing to the top of the images and the polishing
grooves of the diamond surface parallel to [100]diamond.

In order to quantify the large-area crystal domain distribu-
tion, XRD measurements were performed. Fig. 5a shows a 360�

f-scan of the (�1103) reex of GaN NWs grown on bare HD (001).
A clear preference for the [112�0]GaNk[110]diamond domain
(marked in green in accordance with the color code used in
Nanoscale Adv., 2021, 3, 3835–3845 | 3837
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Fig. 4 (a) Schematic drawing of the in-plane epitaxial relationship of
the wurtzite lattice on the diamond (001) surface with two possible
crystal domains, [112�0]GaNk[110]diamond (green hexagon) and [11�00]
GaNk[110]diamond (red hexagon). Top view SEM images of GaN NWs
on HD (001) (b) without and (c) with the AlN buffer layer. The red and
green circles mark the NWs which can be attributed to the corre-
sponding crystal domains in (a). The blue arrows mark the off-cut
direction of the HD (001).
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Fig. 4a can be found with an average peak height ratio of 2.1 : 1.
Similar results were obtained for GaN NWs grown on an AlN
buffer with an average peak height ratio of 1.7 : 1. The thin AlN
buffer does not signicantly inuence the domain distribution
of the GaN NWs.

As the polishing grooves are along [100]diamond they cannot
break the symmetry of the diamond surface, which would lead
to a preferential growth of a certain crystal domain. Thus, only
the off-cut direction is the decisive factor for the in-plane
3838 | Nanoscale Adv., 2021, 3, 3835–3845
orientation the GaN NWs. A favoring of the [11�20]GaNk[112�0]
AlNk[110]diamond domain with a surface off-cut in [110] is in
accordance with epitaxial GaN41 and AlN30 layers on diamond
(001) reported in the literature. Furthermore, it is in agreement
with studies investigating the growth of group-III nitrides on Si
(001).42–44 For both substrate materials it was observed that large
off-cut angles lead to single domain growth of GaN (AlN). While
an off-cut in the h100i direction did not inuence the domain
formation of wurtzite group-III nitrides, an off-cut parallel to
h110i enhanced the formation of one domain. Nominally (001)
surfaces with very small off-cut angles consist of single-atomic-
step terraces where the orientation of the C–C (Si–Si) dimers at
the steps alternate for adjacent terraces, resulting in no favor-
able wurtzite domain formation. High off-cut angles increase
the possibility of double-height-atomic step formation, result-
ing in a preferred orientation of the C–C (Si–Si) dimers favoring
single domain growth.

It has to be noted that for Si (001) substrates off-cut angles
> 4� are sufficient to suppress double domain growth42–44 while
on diamond (001) substrates either extremely large (>11�) off-
cut angles41 or a post-deposition annealing at 1700 �C (off-cut
angle of approx. 3�)30 was necessary to stabilize a single crystal
domain, respectively. The more complicated epitaxy on dia-
mond (001) might be due to its surface roughness. In the dis-
cussed literature no information about the roughness of the
substrate surfaces can be found. Deep polishing grooves of the
diamond surfaces like in Fig. 1a might disturb the formation of
double-height-atomic steps and, thus, counteract single
domain formation. Nevertheless, polishing grooves parallel to
h110i could enhance the highly oriented AlN (GaN) growth
acting as an “articially patterned” substrate like in pseudoe-
pitaxy.41,45 A study investigating the interplay of polishing
direction, surface smoothness and off-cut angle/direction is
needed to fully understand the nucleation mechanisms.
Furthermore, pre-treatments like high temperature annealing
might stabilize a certain wurtzite domain on diamond (001) like
already shown for the growth on Si (001).42

In order to investigate the epitaxial relationship of GaN NWs
on HD (001) in more detail, reciprocal space maps (RSMs) were
recorded. The RSM of GaN NWs with an AlN buffer is shown in
Fig. 5c. The symmetric (0002) and (0004) reexes of GaN can be
clearly seen and the asymmetric (�1101), (1�102) and (1�103)
reexes are identiable as expected. In addition, the (2�112)
reex is visible. This veries the double domain growth of GaN
on HD (001) as this peak would be otherwise forbidden for f ¼
0�. The symmetric (004) reex of diamond can be seen as well as
its asymmetric (1�13) and (1�11) reexes. Moreover, the forbidden
(2�22) reex of diamond was detectable with a signicantly lower
intensity compared to all other diamond peaks. The large
broadening of the peaks in angular direction is caused by the
non-monochromatic X-ray source used. In particular, the
satellite peaks at lower 2q angles of the (004) and the (�113)
reexes are a consequence of the CuKb-radiation of the X-ray
tube. Most importantly, the diamond lattice is rotated by 5�

around the c-axis with respect to the GaN lattice. This can be
explained by the off-cut of the HD (001) substrates. The NWs do
not align with the diamond lattice but grow perpendicular to
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 XRD of GaN NWs on HD (001): f-scan of the asymmetric (1�103)
reflex of GaN NWs on (a) bare diamond and (b) with the AlN buffer
layer. (c) RSM of GaN NWs grown on AlN-buffered HD (001). The
symmetric GaN (diamond) reflexes are labeled in violet (white), while
the asymmetric ones are labeled in green and red (gray). The dashed
gray lines indicate the angle between [0001]GaN and [001]diamond.
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the polished surface. This also applies to GaN NWs on bare HD
(001) (not shown). This tilt between the substrate and the
epitaxial group-III nitride layers due to the off-cut was also re-
ported for the growth on Si and diamond (001) in the literature.
The tilting may reduce the interface energy of the hetero-
structure due to a reduction of the lattice mismatch.28,42–44 This
behavior is in contrast to the growth on SCD (111) where the
© 2021 The Author(s). Published by the Royal Society of Chemistry
group-III nitride layers and NWs are aligned along the diamond
lattice.28,35 Additionally, this can be seen in Fig. 2a, where all
GaN NWs are tilted with respect to the SCD (111) surface in the
same direction.
Polarity of GaN NSs on diamond

GaN NWs nucleate with mixed polarity on SCD (111), where
both polarity types can be controlled up to a fraction of 93% by
pre-treatments like plasma exposure and the variation of the
substrate temperature during MBE.33 In addition, by deposi-
tion of a 10 nm thick AlN layer prior to the SAG of GaN NWs,
a yield of 100% Ga-polar NWs has been demonstrated.46 Here,
the polarity of GaN NSs on HD (001) with and without AlN
buffer is evaluated by polarity-selective wet chemical etching
and KPFM.

Fig. 6a and b show the height and corresponding surface
potential map of a GaN NW array on AlN-buffered HD (001). The
individual NWs can be resolved and they have an equal height
and diameter. All top facets of the NWs have about the same
surface potential, conrming their area-wide uni-polar growth
in contrast to GaN NWs on bare SCD (111) where potential
differences of up to 700 mV have been observed for NWs of
different polarities.33 Nevertheless, from this top scan it cannot
be extracted which polarity the NWs have as the absolute
surface potential values vary signicantly in the literature, even
in their sign.47,48 Thus, a KPFM measurement of a single NW
lying on the substrate was performed. The growth direction of
the NW can be taken from the height scan (Fig. 6c, indicated by
the white arrow) where the pyramidal top facet is identied on
the right side of the image. The angle of the semi-polar facet
relative to the c-plane can be determined to be approx. 35�. The
corresponding KPFM map (Fig. 6d) shows a relatively low
surface potential at the NW bottom, which increases towards
the NW top. This becomes more evident in the plot of a section
along the NW, the direction of which is marked by the arrow in
Fig. 6d. The blue graph in Fig. 6e depicts the height information
and yields the NW dimensions (marked in gray). The surface
potential depicted in red drops from approx. 350 mV on the
substrate to �120 mV at the NW bottom. At the NW top the
potential increases to over 500 mV. A higher surface potential at
the NW top corresponds to a Ga-polar NW in this study as
discussed for the same setup and measurement technique in
earlier work.33

An aqueous potassium hydroxide (KOH) solution selectively
etches the N-polar facets of GaN NWs, while the Ga-polar planes
remain unaffected.33,49,50 This provides the possibility to inves-
tigate the polarity of GaN NSs by selective etching as a comple-
mentary, less time consuming method than KPFM, which
probes a large area of GaN NSs. Images of the GaN NSs before
and aer the KOH treatment for comparison are shown in the
ESI.†

Fig. 7a shows GaN NWs on AlN-buffered HD (001) aer the
etching process. The height of the NSs decreased by approx.
40 nm and the average NS width by almost 100 nm. The etched
NWs have a stepped cone-like shape with increasing NW
diameter from the top to the bottom. This is ascribed to etching
Nanoscale Adv., 2021, 3, 3835–3845 | 3839
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Fig. 6 KPFM of GaNNWs grown on AlN-buffered HD (001): (a and b) topology and surface potential map of an array of free-standing NWs and (c
and d) those of a single lying NW. The dashed lines mark the position of the line scans of the height profile and potential depicted in (e). The
dashed arrows point from the bottom to the top of the NW.

Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ay
 2

02
1.

 D
ow

nl
oa

de
d 

on
 3

/1
4/

20
26

 1
1:

47
:1

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
of the semi-polar NW top facets down to stable Ga-polar c-
planes, and non-polar a-/m-planes form as illustrated in Fig. 7b.
A comparable etching mechanism has been reported for pencil-
like Ga-polar NWs.50 In the case of GaN NFs, the etching leads to
a c-plane top facet (cf. Fig. S5, ESI†). The etching mechanism
becomes most obvious in Fig. 7c. Here, a single lying NW is
shown, which lies at on the substrate before the KOH treat-
ment. Consequently, the top and bottom of the NW were
exposed to the etchant. While at the NW bottom pyramidal
structures evolve, which is a clear sign of N-polarity of this
facet,50–52 the NW top shows a staircase-like structure.

Fig. 7d and e show GaN NWs on HD (001) without the AlN
buffer layer aer KOH etching. The etched NWs are thinner but
not signicantly shorter. A lateral etch rate of approx. 40
nm min�1 was determined. Moreover, all NWs show signs of
etching at the bottom. This can be explained by a lateral growth
over the Ti mask with no direct contact to it. Thus, the facets at
the NW bottom are exposed to the KOH solution as observed for
GaN NWs on bare SCD (111).33 The same effect can be observed
for etched GaN NFs on bare HD (001) (Fig. 7f), which creates the
impression of NFs hovering over their Ti mask openings.

Thus, we conclude that independently of the presence of an
AlN buffer layer, GaN NSs on HD (001) nucleate exclusively Ga-
polar in contrast to their counterparts on SCD (111), where pure
Ga-polar growth is only achieved with an AlN buffer. The uni-
polar growth of GaN NSs on HD (001) is an important advan-
tage over the growth on SCD (111) when it comes to applications
in, e.g., optoelectronics and high-power electronics.
Fig. 7 45�-tilted view SEM images of KOH etched GaN NSs: (a) NW
array on AlN-buffered HD (001). (b) Schematic sketch of the etching
morphology. (c) Single, lying NW grown on AlN-buffered HD (001),
which exposed the NW top and bottom to the hot KOH. (d) NW array
on bare HD (001). (e) A magnified image of the three NWs shown in (d).
(f) A NF on bare HD (001) after KOH etching.
Photoluminescence properties

The structural quality of the GaN NSs grown on the different
diamond substrates was analyzed by low temperature PL
measurements shown in Fig. 8. The dominant emission of all
NWs (Fig. 8a) is at 3.47 eV, which corresponds to the donor-
bound exciton recombination (D0X) via the A valence band
in GaN.35,53,54 The low-energy shoulder of this main emission at
approx. 3.45 eV is most likely attributed to polarity inversion
domain boundaries (IDBs),24,54,55 which are present in all
investigated NWs. The luminescence in the 3.40–3.43 eV
region is attributed to basal plane stacking faults
3840 | Nanoscale Adv., 2021, 3, 3835–3845 © 2021 The Author(s). Published by the Royal Society of Chemistry
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(BSFs).24,36,55–57 While almost no indications of BSFs are visible
for GaN NWs on SCD (111) and AlN-buffered HD (001),
a distinct peak, which is centered around 3.41 eV can be seen
for GaN NWs on bare HD (001). The NWs on SCD (111) show an
additional luminescence at 3.35 eV in accordance to previously
reported results.32 This emission can possibly be attributed to
m-plane stacking faults (MSFs) and is a consequence of
a distinct lateral growth of the NSs.32,37,54 An emission from
donor–acceptor pairs (DAPs) is visible in the region around
3.27 eV with weak LO phonon replica at lower energies shied
by 92 meV. The exact DAP emission energy depends on the
ionization energies of the involved donors and acceptors.
Oxygen seems to be a likely donor in the GaN NWs. Carbon
impurities arising from the substrate as well as point defects
Fig. 8 Low temperature PL spectra of the near-band edge region of
GaN (a) NWs and (b) NFs grown on bare SCD (111) (black), bare HD
(001) (blue) and AlN-buffered HD (001) (red). The dashed lines mark
the emissions attributed to the donor-bound exciton recombination
(D0X), polarity inversion domain boundaries (IDBs), basal plane stack-
ing faults (BSFs), m-plane stacking faults (MSFs), and donor–acceptor
pairs (DAPs) with their characteristic LO phonon replica.

© 2021 The Author(s). Published by the Royal Society of Chemistry
like Ga-vacancies might act as acceptors.54 The GaN NWs on
the AlN buffer exhibit the lowest defect emission of all inves-
tigated samples.

Fig. 8b shows the PL spectra of the GaN NFs. On HD (001),
the NFs show their most pronounced emission at 3.47 eV
(D0X). In contrast, for NFs on SCD (111) mainly an emission
related to IDBs is observed. This might be explained by the
nucleation of GaN NSs on SCD (111). On this diamond surface,
NSs can nucleate with both polarities.33 As these seeds nucleate
to approx. 45% N-polar,33 a lot of IDBs emerge during the NF
coalescence. In contrast, when grown on HD (001), the NSs
nucleate exclusively Ga-polar. Consequently, fewer IDBs are
present in NFs on this substrate. A possible origin of these
residual IDBs is contaminations arising from the Ti mask
fabrication process triggering N-polar nucleation. Blanchard
et al. showed that even in homo-epitaxy of GaN NWsmonolayer
contaminations can lead to the formation of IDBs.58 However,
the number of IDBs must be very limited as no signs of them
were observed by polarity-selective etching. Future trans-
mission electron microscopy studies combined with energy-
dispersive X-ray spectroscopy of the GaN/HD and GaN/AlN/
HD interfaces might shed more light on this issue. Neverthe-
less, due to the rough surface of the HD investigated in this
article an extensive TEM study might be premature. Similar to
the GaN NW spectra, only NFs on bare HD (001) show
a pronounced emission attributable to BSFs. It has to be noted
that the position of the peak is shied to 3.42 eV instead of
3.41 eV in the case of NWs. The exact emission energy from
BSFs, which are ideal crystal phase quantum wells,57,59 is
inuenced by polarization elds and strain, and, additionally,
by the size of the stacking faults.36 As the D0X emissions of GaN
NWs and NFs on bare HD (001) are exactly at the same posi-
tion, strain can be excluded. Thus, the 0.01 eV blue shi of the
NFs can be explained by a larger extension of the stacking
faults due to the 2D architecture of the ns compared to the
more laterally conned NWs. In contrast to the NW spectra,
MSFs are only visible for NFs on AlN-buffered HD (001). The
appearance of MSFs might be caused by imperfections of the
Ti mask inuencing the extent of the lateral growth rather than
the actual substrate. Finally, the NFs on SCD (111) and AlN-
buffered HD (001) show a DAP emission similar to their NW
counterparts.

Experimental section

Group III-nitrides were grown on diamond substrates with
a size of 3 � 3 mm2. Commercial SCD (type chemical vapor
deposition (CVD) IIa) with (111) surface orientation and
a thickness of 0.5 mm was purchased from Element Six Ltd. HD
(001) was purchased from Augsburg Diamond Technology
GmbH. These diamonds were grown by means of CVD on Si
(001)/yttria-stabilized zirconia (001)/Ir substrates (001).60 Aer
substrate removal, free-standing 1 mm thick HD (001) was ob-
tained. The SCD are characterized characterized by very high
crystal quality with a 2q full width at half maximum (FWHM) of
the (111) reex of 0.006� and au-rocking curve FWHM of 0.003�.
The HDs have a 2q FWHM of the (004) reex of 0.106� and a u-
Nanoscale Adv., 2021, 3, 3835–3845 | 3841
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rocking curve FWHM of 0.058�. The corresponding XRD data
and AFM images of the diamond surfaces are provided in the
ESI.† All diamond substrates have an intentional off-cut of
approx. 5�.

The back of all diamonds was coated with 200 nm Ti fol-
lowed by 70 nm Pt in order to enhance the heat absorption from
the radiative heater during MBE growth. Note that the given
substrate temperatures in this work refer to thermocouple
values of the substrate heater, which overestimate the real
temperatures at the diamond surface.

Planar AlN buffer layers were grown viaMBE on HD (001). To
this end, the diamond substrates were exposed to an oxygen
plasma at 200W for 5min prior to mounting them into theMBE
system in order to guarantee a reproducible and uniform
surface termination. This step is followed by a nitridation of the
diamond surface in the MBE chamber via exposure to
a nitrogen plasma with a N2 ux of 0.600 sccm and a radio
frequency (RF) power of 300 W for 15 min at 400 �C. The AlN
growth was conducted at a substrate temperature of 770 �C and
an Al ux of 2.8 � 10�7 mbar beam equivalent pressure (BEP) at
constant nitrogen supply. Aer MBE, the samples were etched
in hydrochloric acid (36%) for 5 min and cleaned in an acetone
ultrasonic bath for 5 min and with isopropyl alcohol in order to
remove potential Al clusters on the surface.

The GaN NSs investigated in this work were grown via MBE
in a SAGmode. To this end, 7–10 nm of Ti were evaporated onto
the sample surface as a mask material. In order to enhance the
sticking of the Ti, the bare diamonds were exposed to an oxygen
plasma (200 W, 5 min) beforehand. By means of electron beam
lithography, the Ti mask was patterned with arrays of holes and
lines, which serve as nucleation spots for the NW and NF
growth, respectively. Prior to theMBE growth, the bare diamond
substrates were again exposed to oxygen plasma in order to get
a well-dened surface. When growing the NSs on an AlN buffer,
this plasma treatment was replaced by an etching of the sample
with hydrochloric acid to remove the native surface oxide. The
MBE growth was initiated with a nitridation of the samples by
exposure to a nitrogen plasma with a ux of 0.363 sccm and
a power of 425 W at 400 �C and 800 �C for 10 and 5 min,
respectively. This leads to the conversion of the Ti mask into
a more stable TiN layer. The actual GaN NS growth under equal
plasma conditions and a Ga ux of 1.0 � 10�6 mbar BEP was
performed at a substrate temperature of 880 �C (900 �C, 940 �C)
for the bare HD (AlN-buffered HD, SCD). A detailed description
of the NS fabrication process can be found in previous publi-
cations.31,32,34 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 CuKa1 emission line (l ¼ 1.54059 Å) and a HyPix3000
CCD detector in point (0D) mode were used for the high reso-
lution XRD measurements of the diamond substrates. f-scans
of the GaN NSs on diamond and X-ray reectivity measurements
of the AlN buffer layer were carried out without a mono-
chromator. RSMs of the samples were recorded without
a monochromator in 1D detector mode, which enables the
3842 | Nanoscale Adv., 2021, 3, 3835–3845
measurement of the diffraction intensities with an angular
range of 2q (c-step).

For the PL measurements a quadrupled Nd:YAG laser with
a wavelength of 266 nm in continuous wave operation was used
for the above-band gap excitation of the GaN NSs. The light was
guided by a convergent lens with a focal length of 70mm into an
Oxford Instruments He ow cryostat, resulting in a spot size of
approx. 50 mm on the sample surface. The excitation power was
set to 50 W cm�2. The PL signal was spectrally ltered using
a DILOR double spectrometer with a focal length of 800mm and
detected using a Peltier-cooled photo-multiplier tube with
a dark count rate of 15 counts per second (cps).

Polarity-selective wet chemical etching was performed with
0.5 M KOH in deionized water at 85 �C. The surface contact
potential difference of the GaN NSs was measured with a Bruker
MultiMode 8 AFM using a PeakForce frequency-modulated
KPFM technique in a dual pass mode. The AFM probes
(Bruker “PFQNE-AL”) used had a Si tip with a triangular shape.
All KPFM measurements were performed in the dark under
ambient conditions. A detailed description of the setup is
described in an earlier publication.33

Summary and conclusion

In summary, GaN nanostructures (NSs) on heteroepitaxially
grown diamond (HD) (001) substrates were grown via selective
area growth (SAG) by plasma-assisted molecular beam epitaxy
(MBE) with and without an AlN buffer layer. When grown on
bare HD (001), the NSs show a comparable appearance as on
single crystalline diamond (SCD) (111). On AlN-buffered HD
(001), the NSs have the most uniform morphology with good
control over the NS dimensions. The GaN nanowires (NWs)
nucleate in two different crystal domains on HD (001), which
are in-plane rotated against each other by 30�. We observe
a favoring of the [112�0]GaNk[112�0]AlNk[110]diamond domain,
which is caused by the substrate off-cut in the [110] direction. In
contrast to the growth on SCD, the NWs grow perpendicular to
the off-cut diamond surface, i.e., the c-axis of GaN is tilted by
approx. 5� with respect to [001]diamond. By polarity-selective
wet chemical etching and Kelvin probe force microscopy
(KPFM) measurements we showed that GaN NSs nucleate solely
Ga-polar on HD (001) with and without AlN buffer. Low
temperature photoluminescence (PL) measurements indicate
good quality of the NSs grown on different diamond substrates,
with GaN NSs on AlN-buffered HD (001) being most promising
in terms of a low defect luminescence.
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E. Calleja, Improving Optical Performance of GaN
Nanowires Grown by Selective Area Growth Homoepitaxy:
Inuence of Substrate and Nanowire Dimensions, Appl.
Phys. Lett., 2016, 108, 253109.

25 M. J. Tadjer, T. J. Anderson, J. C. Gallagher, P. E. Raad,
P. Komarov , A. D. Koehler, K. D. Hobart and F. J. Kub,
Thermal Performance Improvement of GaN-on-Diamond
High Electron Mobility Transistors, in 2018 76th Device
Research Conference (DRC), Santa Barbara, 2018, pp. 1–2.

26 Z. Cheng, F. Mu, L. Yates, T. Suga and S. Graham, Interfacial
Thermal Conductance across Room-Temperature-Bonded
GaN/Diamond Interfaces for GaN-on-Diamond Devices,
ACS Appl. Mater. Interfaces, 2020, 12, 8376–8384.

27 A. El Helou, P. Komarov, M. J. Tadjer, T. J. Anderson,
D. A. Francis, T. Feygelson, B. B. Pate, K. D. Hobart and
P. E. Raad, High-Resolution Thermoreectance Imaging
Investigation of Self-Heating in AlGaN/GaN HEMTs on Si,
SiC, and Diamond Substrates, IEEE Trans. Electron Devices,
2020, 67, 5415–5420.

28 G. Vogg, C. Miskys, J. Garrido, M. Hermann, M. Eickhoff and
M. Stutzmann, High Quality Heteroepitaxial AlN Films on
Diamond, J. Appl. Phys., 2004, 96, 895–902.

29 M. Imura, K. Nakajima, M. Liao, Y. Koide and H. Amano,
Growth Mechanism of c-Axis-Oriented AlN on (0 0 1)
Diamond Substrates by Metal–Organic Vapor Phase
Epitaxy, J. Cryst. Growth, 2010, 312, 368–372.

30 T. Shirato, Y. Hayashi, K. Uesugi, K. Shojiki and H. Miyake,
High-Temperature Annealing of Sputter-Deposited AlN on
(001) Diamond Substrate, Phys. Status Solidi B, 2020, 257,
1900447.

31 F. Schuster, M. Hetzl, S. Weiszer, J. A. Garrido, M. De La
Mata, C. Magen, J. Arbiol and M. Stutzmann, Position-
Controlled Growth of GaN Nanowires and Nanotubes on
Diamond by Molecular Beam Epitaxy, Nano Lett., 2015, 15,
1773–1779.

32 M. Hetzl, F. Schuster, A. Winnerl, S. Weiszer and
M. Stutzmann, Reprint of: GaN Nanowires on Diamond,
Mater. Sci. Semicond. Process., 2016, 55, 32–45.

33 M. Hetzl, M. Kraut, T. Hoffmann and M. Stutzmann, Polarity
Control of Heteroepitaxial GaN Nanowires on Diamond,
Nano Lett., 2017, 17, 3582–3590.

34 J. Winnerl, M. Kraut, S. Artmeier and M. Stutzmann,
Selectively Grown GaN Nanowalls and Nanogrids for
Photocatalysis: Growth and Optical Properties, Nanoscale,
2019, 11, 4578–4584.

35 F. Schuster, F. Furtmayr, R. Zamani, C. Magén, J. R. Morante,
J. Arbiol, J. A. Garrido and M. Stutzmann, Self-Assembled
GaN Nanowires on Diamond, Nano Lett., 2012, 12, 2199–
2204.

36 A. Urban, M. Müller, C. Karbaum, G. Schmidt, P. Veit,
J. Malindretos, F. Bertram, J. Christen and A. Rizzi, Optical
Emission of Individual GaN Nanocolumns Analyzed with
High Spatial Resolution, Nano Lett., 2015, 15, 5105–5109.

37 M. Kraut, F. Pantle, J. Winnerl, M. Hetzl, F. Eckmann,
I. D. Sharp and M. Stutzmann, Photo-Induced Selective
3844 | Nanoscale Adv., 2021, 3, 3835–3845
Etching of GaN Nanowires in Water, Nanoscale, 2019, 11,
7967–7975.

38 Z. Gacevic, D. Gomez Sanchez and E. Calleja, Formation
Mechanisms of GaN Nanowires Grown by Selective Area
Growth Homoepitaxy, Nano Lett., 2015, 15, 1117–1121.

39 H. Li, L. Geelhaar, H. Riechert and C. Draxl, Computing
Equilibrium Shapes of Wurtzite Crystals: The Example of
GaN, Phys. Rev. Lett., 2015, 115, 085503.

40 C. Miskys, J. Garrido, M. Hermann, M. Eickhoff, C. Nebel,
M. Stutzmann and G. Vogg, Structural and Interface
Properties of an AlN Diamond Ultraviolet Light Emitting
Diode, Appl. Phys. Lett., 2004, 85, 3699–3701.

41 G. Van Dreumel, P. Tinnemans, A. Van Den Heuvel,
T. Bohnen, J. G. Buijnsters, J. Ter Meulen, W. Van
Enckevort, P. Hageman and E. Vlieg, Realising Epitaxial
Growth of GaN on (001) Diamond, J. Appl. Phys., 2011, 110,
013503.

42 V. Lebedev, J. Jinschek, J. Kräußlich, U. Kaiser, B. Schröter
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