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Abstract

®
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We study the molecular beam epitaxy of AIN nanowires between 950 °C and 1215 °C, well

above the usual growth temperatures, to identify optimal growth conditions. The nanowires are
grown by self-assembly on TiN(111) films sputtered onto Al,Oz. Above 1100 °C, the TiN film is
seen to undergo grain growth and its surface exhibits {111} facets where AIN nucleation
preferentially occurs. Modeling of the nanowire elongation rate measured at different
temperatures shows that the Al adatom diffusion length maximizes at 1150 °C, which appears to
be the optimum growth temperature. However, analysis of the nanowire luminescence shows a
steep increase in the deep-level signal already above 1050 °C, associated with O incorporation
from the Al,O5 substrate. Comparison with AIN nanowires grown on Si, MgO and SiC
substrates suggests that heavy doping of Si and O by interdiffusion from the TiN/substrate
interface increases the nanowire internal quantum efficiency, presumably due to the formation of
a SiN, or AlO, passivation shell. The outdiffusion of Si and O would also cause the formation of
the inversion domains observed in the nanowires. It follows that for optoelectronic and
piezoelectric applications, optimal AIN nanowire ensembles should be prepared at 1150 °C on

TiN/SiC substrates and will require an ex sifu surface passivation.

Supplementary material for this article is available online

Keywords: AIN, nanowires, molecular beam epitaxy, self-assembly, diffusion length, point

defects

(Some figures may appear in colour only in the online journal)

1. Introduction

Ensembles of AIN nanowires (NWs) form attractive quasi-
substrates for hosting optoelectronic devices operating in the
deep ultraviolet (DUV) spectral range [1, 2]. Compared to
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planar substrates, the NW geometry offers enhanced strain
relaxation by deformation at the free sidewall surfaces and
allows growth on both polar and nonpolar facets [3, 4]. This is
useful to prevent cracks [5], to eliminate threading disloca-
tions [6, 7], to enhance dopant incorporation [8, 9], and to
grow heterostructures free of the quantum confined Stark
effect [10]. Uncoalesced NW ensembles also exhibit a higher
light extraction efficiency [11] and can be peeled-off for
transfer onto functional substrates [12]. In addition to its ultra-
wide bandgap, AIN has the highest piezoelectric coefficient

© 2023 The Author(s). Published by IOP Publishing Ltd
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among binary nitride semiconductors. Piezoelectric devices
based on NWs are common building blocks in sensors and
nanogenerators that exhibit flexibility or require conform-
ability [13, 14]. Embedding AIN NWs in these devices could
be advantageous for increasing the operating temperature
thanks to the superior thermal stability of AIN compared to
other piezoelectric ceramics [15].

For these various purposes, it is desirable to fabricate
AIN NW ensembles on a large scale, together with minimal
structural disorder and high chemical purity. We have
recently demonstrated the self-assembly of AIN NW ensem-
bles on metallic TiN films by molecular beam epitaxy (MBE)
[16]. The NWs show intense band-edge luminescence, grow
vertically, and are nearly uncoalesced due to the underlying
TiN layer. In contrast to other fabrication methods, no sub-
strate pre-patterning is required and the TiN nucleation layer
can be deposited on essentially any crystalline substrate
[17, 18]. The TiN film can act as an electrode for carrier
injection and has specific surface properties that can be useful
for reducing the density of self-assembled NWs [19, 20].

Optimum growth of AIN NWs by MBE requires elevated
temperatures. For comparison, homoepitaxial layers on bulk
AIN are typically grown at 1000 °C-1100 °C [21, 22], and
most likely even higher substrate temperatures are needed to
enable the one-dimensional growth mode of catalyst-free
NWs, similar to the case of GaN [23]. Such a high temper-
ature requirement imposes limitations on the choice of sub-
strate. We emphasize that even if a substrate has a high
melting point, solid-state reactions and interdiffusion at het-
erointerfaces can occur at much lower temperatures [24-28].
High substrate temperatures are thus a concern for MBE
growth of AIN NWs directly on GaN NW stems, a popular
approach used so far for DUV devices [9, 29-38], since
thermal decomposition of bare GaN NWs starts already at
850 °C [39]. Although increased stability can be achieved by
encapsulating the NWs in AIN [40], growth above 965 °C has
not yet been reported [36]. In comparison, our AIN NWs on
TiN have been grown at nearly 1200 °C. However, they
feature a pronounced deep-level luminescence, which has
been tentatively attributed to O incorporation from the Al,O;
substrate. It remains to be determined which are the optimal
growth conditions, in particular the substrate temperature, to
balance the formation of intrinsic point defects and the
incorporation of imputities.

In this article, we specifically investigate the impact of
substrate temperature between 950 °C and 1215 °C on the
AIN NW growth kinetics, point defect incorporation and
substrate stability. Above 1000 °C, the TiN film is seen to
undergo grain growth and its surface exhibits {111} facets
where AIN nucleation preferentially occurs. Modeling of the
NW elongation rate measured at different temperatures shows
that the Al adatom diffusion length maximizes at 1150 °C,
which thus appears as the optimal growth temperature. Yet,
analysis of the NW luminescence shows a steep increase in
the deep-level signal already above 1050 °C, which is asso-
ciated with O incorporation from the substrate. Comparison
between AIN NWs grown on Si, MgO and SiC substrate
suggests that heavy Si and O doping due to interdiffusion at

the TiN/substrate interface increases the NW internal
quantum efficiency, presumably by forming a SiN, or AlO,
passivation shell.

2. Experimental section

AIN NWs are grown by plasma-assisted MBE on 400 nm
thick TiN layers. The TiN is reactively sputtered on 2 inch
Al,03(0001) substrates in a magnetron sputtering system
equipped with a Ti target. The substrate is set at a temperature
of 300 °C and biased to 50 V. Sputtering is done for 20 min at
a pressure of 5 x 1073 mbar, using Ar and N, flows of
16 sccm and 4 sccm, respectively, and with a DC plasma
power of 560 W. Similar conditions are used for deposition
on 1 x 1em?MgO(111), 1 x 1 cm? 4H-SiC(0001) and 2 inch
Si(111) substrates. The TiN films are characterized by atomic
force microscopy (AFM) and by electron backscatter dif-
fraction (EBSD). The EBSD patterns reveal a (111) orienta-
tion as confirmed by reflection high energy electron
diffraction (RHEED). Exemplary RHEED patterns are shown
in figure S1 of the Supporting Information (SI). After sput-
tering, the samples are transferred in ultrahigh vacuum to the
MBE chamber where AIN NW growth takes place. The
growth temperature is determined by a pyrometer working at
920 nm and calibrated with the 1 X 1 «» 7 x 7 transition in the
surface reconstruction of Si(111) occurring at 860 °C [41, 42].
The temperature-dependent emissivity of TiN is taken from
[43]. The overall low emissivity of the TiN layer allows high
growth temperatures (here up to 1215°C), by limiting
radiative heat dissipation from the substrate surface facing the
liquid nitrogen-cooled cryo-shroud. Unless indicated differ-
ently, the TiN films are exposed to the N flux when ramping
up the substrate temperature above 900 °C prior to AIN
deposition. AIN growth proceeds for 180 min in N-rich con-
ditions with a N flux of 20nmmin~' and an Al flux of
2nmmin~' and a substrate rotation of 2.2 rpm. The atomic
fluxes are calibrated by measuring the growth rate of GaN and
AIN layers in the N and Al limited regimes, respectively. The
axis of the Al and N cells are 38° tilted with respect to the
substrate normal and both cells are located on opposite sides
in the azimuthal plane of the growth reactor.

Once exposing the substrate to both Al and N atomic
beams at high temperature, the AIN nucleation takes place
after an incubation time as typically reported for self-assem-
bled GaN NWs [44, 45]. This incubation time can be deter-
mined by monitoring in situ the appearance of the first AIN
nuclei by RHEED or the drop in laser reflectance, measured
here at a wavelength of 650 nm with an angle of incidence of
74° [46]. The NW lengths are determined ex situ by cross-
sectional scanning electron microscopy (SEM). The mean
NW elongation rate is eventually deduced by dividing the
average NW length by the growth duration (after subtraction
of the incubation time). The NW growth rate is also extracted
from the oscillations in the laser reflectance signal using a
simple effective medium approach [46], as exemplified in
figure S1 of the SI. To this end, the AIN fill factor f in the
effective layer is determined from ex situ top-view SEM
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images and we assume e = 1 + f(nany — 1), where neg
and ny;y = 2.1 are the refractive indexes of the effective layer
and of AIN, respectively.

The presence of point defects in the AIN NWs is studied
by cathodoluminescence (CL) spectroscopy performed at
10K in a Zeiss Ultra55 SEM with an acceleration voltage of
5keV and a beam current of 17 nA. The system is equipped
with a Gatan MonoCL4 for signal collection and a
1200 lines mm ™" grating with photomultiplier tube for signal
detection. All spectra are collected over an area of about
100 um* and corrected with the instrumental response.
Extended defects are examined by cross-section transmission
electron microscopy (TEM) in a Jeol 2100F field emission
microscope operated at 200 kV and equipped with a Gatan
Ultra Scan 4000 charge coupled device. The specimens were
prepared by standard mechanical grinding and dimpling
methods, where final thinning was achieved using a 3kV Ar
ion beam in a Gatan precision ion polishing system at an
incident angle of 3°.

3. Results and discussion

3.1. TiN thermal stability

Although TiN exhibits a melting point of 2900 °C, a major
reshaping of sputtered TiN layers is already observed at
1100 °C—1300 °C [20, 47, 48], which is likely due to the
abundance of defects. Since the AIN NWs are grown at
(1100 4 100) °C, we examine here in detail the morphologi-
cal change in the TiN layer during annealing at these tem-
peratures, thus mimicking the conditions prior to AIN NW
growth.

As illustrated in figures 1(a), left-hand side and 1(c), the
as-sputtered TiN surface is composed of coalesced grains
exhibiting a diameter of ~25 nm. In situ RHEED monitoring
reveals a transmission pattern consisting of diffraction spots
and weak chevrons, associated to a surface morphology
characterized by TiN {100} facets, as discussed in our pre-
vious work [20]. This morphology typical for sputtered TiN
results from the formation of columnar grains which extend
along the [111] direction, perpendicular to the substrate sur-
face, and with some misorientation between each other [49].
As expected, TiN crystallizes in two different in-plane
orientations on sapphire [17, 50-52]. EBSD mapping reveals
the epitaxial relationships of [111]pin||[0001]aL0, and
(110)1in|[[1010]a1,0,, Where the two TiN rotational domains
are shown as orange and yellow areas in figure 1(b). They
exhibit a surface ratio of 1:1 and generally include more than
10 columnar TiN grains. White areas in the same map indi-
cate grains where the average orientation cannot be deter-
mined accurately due to disorder on a scale smaller than the
EBSD resolution.

After 15min of annealing at 1150°C in vacuum, a
reshaping of the TiN film occurs, leading to an overall
reduction in the texture of the film. The TiN surface is now
characterized by coalesced triangular grains having a char-
acteristic length of ~150 nm and{111} top facets, surrounded

by grooves [figure 1(a), center]. The size increase of the tri-
angular facets during annealing results from grain growth, a
process that is driven by the motion of grain boundaries in
order to reduce their strain and areal density [53]. In com-
parison, grain growth was observed already from 650 °C for
TiN reactively sputtered on stainless steel substrates [47].
EBSD mapping of the annealed TiN films now resolves a
clear [111] orientation for nearly all TiN grains. A similar
process is observed when annealing the TiN substrate under
N exposure, although smaller grains are obtained (=40 nm in
diameter) (figure 1(a), right-hand side). It shows that the
presence of N adatoms slows down grain growth, suggesting
that this process is mediated by the surface. Raman
spectroscopy confirmed that the TiN stoichiometry below the
surface remains unchanged after annealing [20]. We propose
that the reshaping is triggered by the formation of N vacancies
at the surface of the TiN grains (including grain boundaries).
These N vacancies will change the surface energy [54]
and will ease the surface diffusion of Ti atoms [55], both
aspects driving the layer transformation and the concomitant
appearance of {111} facets. The surface vacancies can form
due to desorption of two surface N atoms in the form of N, or
as a result of outdiffusion of N via bulk vacancies—a com-
mon defect in sputtered TiN layers [25, 56, 57]. Vacancy-
assisted diffusion has been found to set in at temperatures
above ~900 °C due to its large diffusion barrier (3.8 eV) [58].

When AIN NW growth is attempted at 1150 °C on the
vacuum annealed TiN, immediate nucleation is observed
in situ by RHEED and laser reflectance. In contrast, the
incubation time amounts to (15 +5) min when nucleating
AIN on the TiN annealed under N exposure. At this temp-
erature, in situ RHEED monitoring reveals a transformation to
a reflection pattern consisting of vertical diffraction streaks
prior to AIN nucleation, which is associated to the formation
of TiN {111} facets [20]. We thus conclude that AIN
nucleation preferentially occurs on the {111} TiN facets,
similar to the case of GaN [20]. At lower temperatures
(<1100°C), large {111} TiN facets do not form but AIN
nucleation may still occur at edges between {100} facets. We
note that prolonged exposure of a TiN film to the Al flux does
not result in the incorporation of Al, as verified ex situ by
x-ray photoelectron spectroscopy of the TiN surface. It is
therefore unlikely that Al plays a role in the formation of the
{111} TiN facets during the AIN incubation time.

The morphology of the AIN NWs overgrown on the TiN
films is found to depend on the annealing conditions chosen
for the TiN. As displayed in figure 1(d), thick NWs are
obtained when growth proceeds on the TiN film with large
grains. Thin hexagonal NWs are only observed on the TiN
film annealed under N. We conclude that the AIN nuclei grow
radially on the {111} TiN facets until they reach the edges of
the grains. This view is confirmed by the TEM cross-section
in figure 2(a), showing a thick AIN NW grown on a TiN film
annealed in vacuum. It is clear that the radial growth of the
AIN NW stopped when the NW base reached the TiN grain
boundaries, as schematized in figure 2(b).

Previous measurements have revealed a metal-polarity
for the AIN NWs grown on TiN [16, 59]. In the case of GaN,
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as-sputtered TiN

|«

substrate

AIN growth

TiN annealed under vacuum

TiN annealed under N

0nm

Figure 1. (a) AFM topographs and (b) EBSD maps of TiN films that are as-sputtered, and after annealing for 15 min at 1150 °C in vacuum or
under N exposure. The insets show magnified AFM topographs of the respective samples. Colored regions in the EBSD mapping indicate
TiN grains with the [111] direction normal to the surface and an in-plane orientation as indicated in the right-most map. White areas indicate
grains whose average orientation cannot be determined accurately. (c) Schematic of the sample morphology after annealing and AIN growth.
(d) Top-view SEM images of AIN NWs grown on the annealed TiN films in vacuum (left) and under N flux (right). If not mentioned, the

length of scale bar is 200 nm.

the metal polarity does not allow NW self-assembly [60]. Ga-
polar GaN N'Ws are only obtained in the presence of a mask
that limits the radial growth of the initial GaN nucleus. By
analogy with the GaN case, we can then conclude that grain
boundaries in the TiN layer are the key element inducing the
formation of Al-polar AIN NWs on TiN. This means that the
cross-sectional shape and diameter of the NWs are initially
dictated by the shape and distribution of the TiN grains.
However, a precise control of the morphology of these grains
will be difficult to achieve using sputtering techniques. Per-
haps, a more favorable option would be to grow the AIN NWs
with N polarity, to promote the appearance of NW sidewalls
without the need for in sifu masking. N-polar AIN could be
obtained by changing the surface termination of the TiN film,

e.g. by oxidizing its surface [61]. In the following, grain
growth will be mitigated by systematically annealing the TiN
under N exposure in order to obtain the thinnest possible
AIN NWs.

3.2. Kinetics of AIN NW growth

During MBE growth of binary nitrides, a large adatom dif-
fusion length for the group III atoms is generally desired to
improve the structural quality of the growing crystal [62].
This is even more important for NW self-assembly where
adatom diffusion on the NW sidewalls substantially con-
tributes to the NW axial elongation rate [63—-66]. Besides
increasing adatom diffusion lengths, a high growth
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Figure 2. (a) Cross-section bright-field TEM image of AIN NWs grown on a vacuum annealed TiN. (b) Schematic of the micrograph shown
in (a) highlighting AIN inversion domains (IDs) and TiN grain boundaries. (c) Dark-field TEM images of an AIN ID taken under g = (0002)
(left) and g = (0002) (right) Bragg conditions. The contrast reversal confirms the different polarities between the ID and the NW matrix. (d)
High-resolution TEM image of a 7 nm wide ID. The magnified Fourier filtered section showing (0002) lattice fringes reveals a lattice shift by

half a unit cell at the ID boundary.
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Figure 3. Top-view (first row) and cross-section (second row) SEM views of AIN NW ensembles grown on TiN annealed under N exposure
at (a) 950 °C, (b) 1150 °C, and (c) 1215 °C. The scale is identical for all images and indicated in (c). The NW incubation times and fill factors

as a function of growth temperature are displayed in (d).

temperature is beneficial to decrease the density of self-
assembled NWs [67].

In the following, we grow AIN NWs in a temperature
range from 950 °C to 1215 °C on TiN films annealed under N
exposure. Top-view and cross-section SEM images of the
obtained NW ensembles are shown in figure 3. Surprisingly,
changing the growth temperature by 250 °C does not induce a
drastic change in the NW density. By increasing the substrate
temperature from 950 °C to 1150 °C, the NW fill factor is
reduced by at most a factor of 2 and the incubation time
increases moderately from O to 15 min, with an apparent
activation energy of 2.1 eV (figure 3(d)). In comparison, the
growth window of self-assembled GaN NWs on Si is nar-
rower (=50 °C [23]) and heavily coalesced ensembles are
typically obtained for such short incubation times observed
here. As already discussed in our previous work [16], this
finding likely results from the reduced propensity of AIN
NWs to coalesce by bundling [68].

At 950 °C [figure 3(a)], the NW ensembles are similar in
morphology to those grown on SiN, and SiO, films [69-71].
The observed inverse tapering of the NWs is also character-
istic for the lack of diffusion between the NW sidewalls and
top facet [72]. By increasing the growth temperature, NW
coalescence reduces along with the decrease in fill factor
[figure 3(b)]. Yet, above 1200°C, the pronounced grain
growth occurring in the underlying TiN layer prior to AIN
nucleation results in wider NWs, that are similar in shape as
the coalesced ones grown on vacuum annealed TiN
[figure 3(c)], eventually leading to an increase in fill factor
despite an increase of incubation time to around 20 min. A
further increase in substrate temperature would probably help
lengthen the incubation time, with consequences on the NW
density [67, 68], but the concomitant formation of large TiN
{111} facets will eventually result in the formation of AIN
blocks instead of thin NWs. The TiN grain growth thus seems
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Figure 4. (a) NW mean elongation rate as a function of growth temperature determined by cross-section SEM and laser reflectance. The inset
shows the NW elongation rate as a function of Al flux. (b) Al diffusion length A on the NW sidewalls (along the [0001] direction) as a
function of temperature, extracted from equation (1) with g = 0.8. In the case of v = 0, the AIN decomposition kinetics from [73] are used in
equation (1), i.e. v = C exp(—Ege/kgT) with C= 1.4 x 10'8 and Egec =5.4eV. The dotted and dashed curves illustrate the two different
mechanisms limiting the Al diffusion length. Simulations according to equation (2) with E4., = 6.0 eV are shown by solid lines.

to hinder the possibility of achieving ultra-low densities of
AIN NWs as obtained for GaN on TiN [20].

By varying the substrate temperature and the Al flux,
NWs of very different lengths are obtained for similar growth
times. The mean NW elongation rate extracted from cross-
sectional SEM images and from the oscillation period in the
laser reflectance signal is plotted as a function of growth
temperature and Al flux in figure 4(a). It evidences a non-
monotonic dependence of the growth rate on the substrate
temperature, similar to the GaN NW case [66]. This behavior
is associated to variations in the Al adatom diffusion length A
at the NW sidewalls along the [0001] direction, so that the
NW elongation rate dL/dt can be described as follows [66]:

dt V3R M
with ® 4 the flux of Al atoms impinging on the NW top facet,
v the desorbing flux of Al atoms from the top facet, R the NW
radius, g < 1 reflecting the difference in chemical potential of
Al between the top facet and the sidewalls [74], and « the
angle between the Al flux and the NW axis (here, o = 38°).
This model applies to Al-limited growth and accounts for
deposition/desorption of Al on the NW top facet as well as
diffusion of Al adatoms from the NW sidewalls to the top
facet.

Due to the strongly N-rich conditions, we expect
immediate binding of Al impinging on the top facet with N
adatoms and therefore assume v = 0 for simplicity. In contrast
to the NW top facet, the sidewalls are only exposed alter-
nately to the Al and N fluxes, respectively, providing a chance
for Al to diffuse. Taking g = 0.8 (as for GaN NWs [66]) and
the average NW radius of each ensemble determined from
top-view and cross-section SEM images, values of A\ are
extracted from equation (1) and plotted as a function of 7 and

d—L = CDAI(I — v+ igtamoz)

®,, in figure 4(b). Similar to the growth rate, A increases with
temperature up to 1150 °C and decreases above. As detailed
in [66], this non-monotonous trend can be described using
two exponential terms accounting for desorption and incor-
poration of Al adatoms at the NW sidewalls, respectively:

Enucl 7%
kgT ’
(2)

where Eg4. is the energy barrier for Al desorption from the
NW sidewall, kg the Boltzmann constant, Eg = 0.6 eV [75]
the diffusion barrier for Al adatoms on the NW sidewalls
obtained by ab initio calculations, E,, the barrier for AIN
nucleation at the NW sidewalls, and A and B are fitting
parameters.

The low-temperature side of the experimental data is well
reproduced by taking E,, = 5.0 eV, similar to the GaN case
[66]. In this temperature range, A is then limited by the
competing radial growth of the NWs. Above 1150 °C, A is
limited by thermal desorption of Al adatoms from the NW
sidewalls. However, no satisfactory fit can be obtained using
Eg4es < (10 = 1) eV, which is much higher than the decom-
position energy of bulk AIN (~6eV [73, 76]). This suggests
that the initial assumption of »=0 is invalid in the high-
temperature range. For more accurate modeling, we use in the
following v = C exp(—Egec/ksT) with C=1.4 x 10" and
Ejec =5.4eV, as shown in figure S2 of the SI, which corre-
sponds to the decomposition rate of AIN measured in vacuum
[73]. The updated values of A are shown by the open symbols
in figure 4(b). Compared to the initial case, v=0, a sig-
nificant change in diffusion length is only observed above
1150 °C and A can now be modeled with an Al desorption
energy Eg.s = (6.0 £ 1.0)eV. This value is still much larger

A= [A exp(—w) + B®3? exp(
B
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than the desorption energy of Al from AIN(0001) surfaces
(3.8eV [21]), suggesting that no Al adlayer forms at high
temperature at the NW sidewalls. Instead, Al would reach the
top facet by successive adsorption and desorption events
between neighboring NWs, as already observed for GaN NW
growth [77]. In this process, binding between Al and N
adatoms at the NW sidewalls would be the mechanism lim-
iting the Al mass transport to the top facet, in agreement with
an activation energy equal to the decomposition energy of
AIN (5.4—6.3 eV [73, 76]). As a result, the mass transport at
high temperature is intimately related to the sample morph-
ology, substrate rotation speed and cell arrangement, which
would all need to be taken into account for accurate modeling
of the high-temperature AIN NW growth.

Here, (1150 4 20)°C appears as the optimal growth
temperature to favor NW elongation, which is about 100 °C
larger than for homoepitaxy of AIN layers on bulk substrates
[21, 22]. Strikingly, A is negligibly small below 950 °C, the
temperature range in which AIN NWs on a GaN NW template
are fabricated. Hence, for these NWs, the ratio between ver-
tical and radial growth is solely governed by geometrical
parameters of the MBE chamber [78], which typically leads to
tapered NWs [65]. Such NWs should also exhibit large
densities of native point defects.

3.3. Point defect incorporation

An increase in the adatom diffusion length is typically
expected to reduce point defect incorporation. In the follow-
ing, we examine the band-edge and deep-level CL of the self-
assembled AIN NWs to investigate point defect incorporation.
CL spectra acquired at 10 K on the AIN NW ensembles
grown on TiN/ALO; between 950 °C and 1215 °C are dis-
played in figure 5(a). They feature a band-edge recombination
at 5.99-6.02 eV associated to donor bound excitons (DOX)
and a deep-level luminescence consisting of two contributions
at around 3.4 and 3.8 eV. Deep-level luminescence in AIN is
commonly observed in the presence of Al vacancies and
oxygen impurities [79]. We note that the N-rich conditions
used here likely favor the formation of Al vacancies [80-83]
and that O is a common background impurity in self-assem-
bled GaN NWs grown by MBE [84]. No intense transitions
are seen around 5eV as sometimes reported for AIN NWs
grown on GaN stems [36, 85]. The band-edge is 75-105 meV
wide, which is narrower than for AIN NWs grown on GaN
stems [36, 85] but broader than for direct MBE growth of AIN
NWs on Si substrates (2050 meV) [69, 71], and than for
vapor phase epitaxy of strain-free AIN layers (=1 meV) [71]).
We associate the broad transition in our AIN NWs to the
presence of a large density of ionized donors [86].
Remarkably, the intensity of the deep-level luminescence
is seen to increase as a function growth temperature, with the
contribution at 3.8 eV becoming more dominant. In contrast,
the band-edge luminescence reaches a maximum for growth
at 1050 °C and then decreases with temperature, as depicted
in figure 5(b). The band-edge transition also features its
smallest width at 1050 °C. Incorporation of ionized impurities
thus seems to reach a minimum at 1050 °C and further

increases above. An increased incorporation of Al vacancies
directly above 1050 °C is unlikely since Al desorption was
seen to become dominant only above 1180 °C. Major inter-
mixing between TiN and AIN is not visible in the TEM
images of figure 2(a). Thus, we propose that the increased
deep-level luminescence above 1050 °C results from O
incorporation from the Al,O3 substrate. Interfacial solid-state
reactions have been previously seen for sputtered TiN
deposited on MgO substrates already at 850 °C [25] and a
similar reaction can be expected with sapphire. This is sub-
stantiated by the presence of voids at the Al,05/TiN interface
after growth at 1215 °C, as shown in figure S2 of the SI. O
diffusion from Al,O5 into the grain boundaries of sputtered
AIN layers was also reported, although at higher temperature
(>1500 °C) [28]. Here, the onset of O diffusion (>1000 °C)
would correlate with the beginning of the TiN layer trans-
formation. The O released from the Al,Os; substrate will
diffuse along the TiN grain boundaries before incorporating
into the AIN NWs. A higher O content is expected at high
growth temperature, which will result in the formation of DX
centers instead of neutral shallow donors [87]. The presence
of such DX centers can thus explain the decrease in the band-
edge luminescence intensity above 1050 °C, since excitons do
not bind to DX centers [79].

To test for this hypothesis, additional AIN NWs are
grown at 21150 °C on TiN films sputtered on Si(111), MgO
(111), and SiC(0001) substrates. Solid-state reactions at the
SiC/TiN interface should be negligible up to 1100 °C [25]. In
contrast, strong interdiffusion is observed at the Si/TiN
interface, with deleterious consequences on the AIN NW
morphology (figure S3 in the SI). To mitigate this effect, a 20
nm thick AIN layer is grown by MBE on the Si substrate prior
deposition of a 65 nm thick TiN film. Growth on this substrate
results in vertical AIN NWs, but the presence of voids in the
silicon substrate indicates that Si diffusion in the TiN layer
could not be entirely avoided. As a matter of fact, the NWs
exhibit a star-like cross-section, similar to heavily Si-doped
GaN and AIN NWs [8, 37].

The CL spectra of AIN NWs grown on the different
substrates are shown in figure 5(c). The SEM micrographs
next to the spectra confirm that the NW ensembles grown on
MgO and SiC have similar morphologies to those grown on
Al,O3 [see figure 3(b)]. All samples exhibit a similar ratio
between band-edge and deep-level luminescence but drasti-
cally different overall CL intensities. The most intense signal
is obtained for NWs grown on the Si substrate. Due to the
outdiffusion of Si, these NWs are likely to be heavily doped
and may even exhibit a SiN, shell [8]. AIN NWs grown on
Al,O3 and MgO substrates exhibit essentially similar CL
intensities. On the contrary, the weakest signal is observed for
NWs grown on SiC, where outdiffusion is negligible.
Therefore, heavy Si or O doping appears to be beneficial for
enhancing the NW CL intensity, which is counterintuitive
since these donors form DX centers at high concentration
[87, 88]. We thus propose that the enhancement of the CL
intensity results from a reduction of the nonradiative recom-
bination at the NW surface, either due to a passivation of the
surface states by the partial formation of SiN, and AlO, shells
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Figure 5. (a) CL spectra of AIN NWs grown on TiN/Al,O3 between 950 °C and 1215 °C. (b) Normalized intensities of the D°X and the deep-
level luminescence, and FWHM of the D°X luminescence. (c) CL spectra of AIN NWs grown on various substrates at ~21150 °C. TiN
annealed in vacuum is marked by an asterisk. The morphologies of NWs grown on the different substrates are shown in the top-view and

cross-section SEM images next to (c).

[89, 90], or by a screening of the surface electric field
responsible for the field-ionization of the excitons [90, 91].
Along this line, thicker NWs should suffer less from non-
radiative surface recombination, in agreement with the
observed higher band-edge CL of AIN NWs grown on
vacuum annealed TiN/Al,O; [marked by an asterisk in
figure 5(c)] compared to those grown on TiN/Al,O; annealed
under N exposure.

A high incorporation of impurities such as O can also
introduce additional defects like inversion domains [61,
92-97]. Such defects are indeed observed by TEM in many
AIN NWs grown on the vacuum annealed TiN film. As
shown in figure 2(c), the very thin inversion domains are
identified in the dark field mode, based on the contrast
reversal occurring in different Bragg imaging conditions
[98, 99]. High-resolution images [figure 2(d)] also reveal the

expected vertical shift by half a unit cell compared to the
surrounding matrix. Similar defects have been observed for
NWs grown on TiN annealed under N (data not shown). Most
of the inversion domains have diameters between 2 and 10
nm, propagate nearly vertically, and eventually close, as
shown in figure S4 of the SI. O is a likely source for their
nucleation, but Ti cannot be ruled out either [100].

4. Conclusions

We have examined the kinetics of AIN NW growth on
sputtered TiN between 950 °C and 1215°C and the TiN
stability in this temperature range. Above 1100 °C, the sput-
tered TiN films undergo a reshaping process involving grain
growth and the formation of {111} facets, which is
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presumably enabled by the accumulation of N vacancies at
the TiN surface. AIN nucleates preferentially on the {111}
facets and laterally extends until reaching the grain bound-
aries. It follows that the AIN NW cross-section is initially
determined by the size of the underlying TiN grains. Mod-
eling of the mean NW elongation rate shows that the Al
adatom diffusion length maximizes at (11504 20)°C,
reaching a value of around 20 nm. Regardless of the used
substrate, 1150 °C thus appears as the optimal growth temp-
erature for MBE of AIN NWs. However, at this temperature,
the fabricated AIN NWs exhibit an intense deep-level CL and
a broad donor-bound exciton transition, which we associate to
the presence of a large density of ionized impurities.
Increasing the substrate temperature from 950 °C to 1215 °C
actually increases the deep-level luminescence, an effect that
is attributed to the incorporation of O released from the Al,O;
substrate and diffusing through the TiN grain boundaries.
Comparison of the luminescence intensity of AIN NWs
grown on Si, MgO and SiC substrates suggests that heavy Si
and O doping of the AIN NWs due to interdiffusion at the
TiN/substrate interface increases the NW internal quantum
efficiency. This effect may originate from the formation of a
SiN, or an AlO, shell acting as a passivating layer. The
observation of inversion domains in the AIN NWs is also
attributed to O and Si impurities which have segregated at the
TiN surface.

For the fabrication of AIN NW ensembles suitable for
optoelectronic and piezoelectric applications, substrate
degradation above 1100 °C must be avoided. This can be
achieved by growing on SiC and Al,O; substrates buffered
with AIN or, possibly, by replacing the TiN nucleation layer
by more stable transition metal nitrides like ZrN, HfN or NbN
[101]. Moreover, a surface passivation of the AIN NWs such
as given by SiN, or AlO, coatings appears necessary to
enhance their radiative efficiency.
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