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Abstract

Molecular beam epitaxy growth and optical properties of GaN quantum disks in AIN
nanowires were investigated, with the purpose of controlling the emission wavelength of AIN
nanowire-based light emitting diodes. Besides GaN quantum disks with a thickness ranging
from 1 to 4 monolayers, a special attention was paid to incomplete GaN disks exhibiting
lateral confinement. Their emission consists of sharp lines which extend down to 215 nm, in
the vicinity of AIN band edge. The room temperature cathodoluminescence intensity of an
ensemble of GaN quantum disks embedded in AIN nanowires is about 20 % of the low
temperature value, emphasizing the potential of ultrathin/incomplete GaN quantum disks for

deep UV emission.
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The current interest in UV-C emitters is partly motivated by applications such as
surface and skin disinfection as well as air and water purification.[1] These sanitization
applications require UV emission in the 230 - 280 nm range, in order to optimally cover the
DNA absorption band. The direct wide band gap of GaN (3.5 eV) and AIN (6.2 eV) makes
ternary AlGaN alloys particularly attractive to cover these applications, despite the relatively
poor efficiency of current UV-C light emitting diodes (LEDs).[1] To overcome some of the
limitations of layer UV-C LEDs, namely the poor p-type doping and the presence in layers of
extended defects caused by the lack of lattice-matched substrates, 11I-N nanowire (NW)
heterostructures appear as a promising option. The eased elastic strain relaxation in NWs
provided their diameter is small enough [2] combined to the expected increased dopant
solubility paved the way to the recent realization of NW-based UV-C LEDs, including
AIN/AIGaN/AIN NW heterostructures. [3-5]. However, the composition control of thin
AlGaN NW sections required for tuning the active region emission wavelength is
problematic: the random formation of spontaneous GaN/AIN superlattices, which is related to
the nucleation mechanism of successive layers in NWs, makes difficult the realization of
AlGaN quantum wells (QWSs) in NWs, which should be controlled in both thickness and
composition. [6-8]

As recently demonstrated, the growth of short period GaN/AIN superlattices (SPSLs)
allows one to overcome this obstacle. [9,10] Besides allowing one to accommodate the lattice
mismatch between AIN barriers and the active region, the tuning of the mAIN/nGaN section,
were m and n correspond to the number of monolayers (MLs) of AIN and GaN deposited,
respectively, allows one to adjust the composition of the equivalent AlGaN alloy and the
expected wavelength emission down to 225 nm [11] and even 219 nm if using sub-ML (0.8
ML thick) GaN QWs, which exhibit a high luminescence efficiency. [12]

This paradigm seems promising to precisely control the emission energy in NW
geometry and overcome the problematic AlGaN growth issue described here above. However,
a controlled growth at the ML scale of an array of spontaneously nucleated NW is challenging
as every single wire receives additional atomic flux coming from its sidewalls, which is
modulated by the shadow effect of surrounding NWs. In the special case of GaN/AIN NW
heterostructures, the short diffusion length of Al along the side walls with respect to its Ga
counterpart leads to the formation of an AIN shell around the GaN/AIN superlattice core.
[13,14] As a result, the GaN QWs -sometimes denominated quantum disks (QDKS) in this
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specific case- are then experiencing a strain state with an axial component, differentiating
them from the QWs embedded in AIN layers. [13] The goal of the present article was to focus
on the case of ultra-thin —from submonolayer to some MLs — GaN QDKs in such NW
AIN/GaN heterostructures. More precisely, our purpose was to investigate the way their
specific strain state could affect their optical properties and evaluate their potential for UV-C

emission.

The GaN/AIN NWs heterostructures sample were grown by plasma-assisted MBE on
highly conductive n-type (111)-Si substrate, which leads to the spontaneous nucleation of
(000-1) oriented (i.e. N-polar) NWs. [15] These heterostructures consisted of a 500 nm long
GaN stem, followed by the growth of a 200 nm long AIN section. Next, the GaN/AIN QWs
section was grown by alternated exposure to metal and nitrogen fluxes, allowing eased metal
diffusion on the top surface prior to nitridation of the metallic layer. This technique is used in
order to obtain a better control of the adatom density on the growth front and allows for a
better control of the growth at the ML scale. [12] Two samples were investigated. Sample A
consisted of a 60 periods AIN/GaN superlattice. The GaN QW sequence was (14s Ga / 14s N)
and the barrier sequence (30s Al / 30s N/ 25s Al / 30s N). The N (respectively Al/Ga) flux
was 0.16 ML/s (respectively 0.1 ML/s), deduced from RHEED oscillation calibration. The
same fluxes were used for growing sample B, which consisted of a 40 periods AIN/GaN
superlattice. The GaN QW sequence was 2 X (14s Ga / 14s N) and the barrier sequence 30s Al
/ (30s N/ 25s Al / 30s N). Growth temperature was 800 °C (respectively 750°C) for sample A
(respectively B). The samples were analyzed using scanning transmission electron
microscopy (STEM) in a probe corrected TFS Titan Themis microscope operating at 200 kV.
The observations were realized using high-angle annular dark field (HAADF) detector, the
obtained image contrast being directly dependent on the chemical composition. In order to
increase the signal-to-noise ratio and reduce the sample instabilities, atomic-scale STEM-
HAADF images were obtained following a multi-frame approach with a fast acquisition time
followed by a stack registration to correct spatial drift.[16] Optical properties were assessed
by the mean of cathodoluminescence (CL) which was done in a FEI Inspect F50 scanning
electron microscope (SEM). The signal was detected through a Horiba Jobin Yvon iHR 550
spectrometer equipped with 1800 grooves.mm™ gratings (0.013 nm/pixel) and a Peltier-
cooled Andor Technology Newton DU940 CCD. The beam size was of around 20 nm in
diameter and an acceleration voltage between 10 and 20 kV was applied corresponding to an

interaction region depth larger than 750 nm.



Figure 1a shows a high angle annular dark field (HAADF) scanning transmission
electron microscopy (STEM) image of sample A. The GaN QWs (light contrast) are 1 ML
thick while the AIN barrier is about 7 MLs thick. Both show slight random thickness
fluctuations of one ML. The room temperature cathodoluminescence (CL) performed on an
ensemble of NWSs, shown in figure 1b, is dominated by a peak at 240 nm, assigned to 1 ML
thick GaN QWs. The long wavelength shoulder is consistent with QWs thickness fluctuations.
In particular, the contribution at about 265 nm corresponds to 2 GaN MLs, as will be
discussed later. CL measurement is averaged over ~10.000 NWs, which emphasizes the good
control and homogeneity of GaN QW thickness from wire to wire, thanks to the use of

alternated flux during the growth of the active area.
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Figure 1: a) STEM-HAADF image of the monolayer thin GaN quantum well in AIN barriers
of sample A. b) Room-temperature CL spectrum of sample A.

Taking advantage of the decreasing temperature gradient from wafer center to the edge
in sample B, which is correlated to a continuous increase of the adsorbed Ga amount from the
centre to the edge, GaN QWs of different thickness were grown on the same wafer.
Nevertheless, as a consequence of the negligible Al desorption rate in the 700-800°C growth
temperature range, no significant variations in the AIN barrier thickness are expected. CL
experiments performed on different locations between 15 and 24 mm along the wafer
diameter are plotted in figure 2. Interestingly, four discrete peaks are visible, progressively

red shifting as the growth temperature decreases. These peaks at 239, 267, 289 and 304 nm,
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are assigned to the emission of QW of thickness 1, 2, 3 and 4 MLs. On the same figure are
plotted the room-temperature CL spectra. One can still clearly identify these peaks with
almost no shifts in the emission wavelength, indicative of a reduced CL temperature
quenching, which is assigned to strong exciton localization, possibly mediated by nanoscale
atomic roughness of the GaN QWs.[17,18]

Remarkably the CL spectrum recorded at 15 mm from the wafer center on a bunch of
about 15 NWs exhibits sharp lines superimposed on a band corresponding to the emission of
one ML GaN QWs, without additional CL signature of thicker QWs. This specific

luminescence behaviour will be discussed later.
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Figure 2: Normalized CL spectra of sample B for various positions along the wafer. CL
spectra are averaged over around 10.000 NWs except for the dark brown spectrum (15 mm
position) which corresponds to around 15 NWSs. Thick lines are measured at 5 K. When
present, thin lines are measured at 300 K. The dotted vertical lines correspond to the different
peaks assigned to 1-4 MLs of GaN. Right cartoon represents a wafer slice with the positions

at which CL signal was acquired.



Figure 3 shows the optical properties at the 20 mm position. Figure 3.a presents CL
spectrum as a function of temperature, highlighting the coexistence of the four QW
thicknesses. Peaks at 360 and 380 nm are attributed to GaN-related recombinations. The
integrated CL intensity around the three lower wavelength peaks, marked with colored stars,
is further plotted as function of the temperature in Figure 3.b. The three peaks present a
similar behavior with room temperature intensity around 20 % of the one at 5 K, confirming
the low quenching of the luminescence and efficient radiative carrier recombination.
Moreover, the loss in luminescence intensity is found to be independent from the GaN well
thickness in the 1 to 3 MLs range.

Low-temperature CL mapping were acquired on an array of NWs which is shown in
Figure 3.c. Figure 3.d shows the mapping at the GaN band-edge emission. NWs can clearly
be distinguished without large variations in CL intensity. Figure 3.e. shows an hyper spectral
map where the RGB color code corresponds to the three peaks marked in Figure 3.a. From
this spectral map, it is concluded that most individual NWs mainly exhibit a single emission
peak corresponding to a specific GaN QW thickness and not to QW thickness variations
within the same NW. These fluctuations from NW to NW are assigned to local fluctuations in
the amount of adsorbed Ga. Indeed, it is well established that the effective Ga flux on top of
the NWs results from a balance between Ga flux directly impinging on top, Ga flux resulting
from side wall diffusion to the top and temperature-dependent desorbing Ga flux from
top.[19,20] In the present case of spontaneously nucleated NWs on Si, random diameter
fluctuations and variable shadow effects associated with random NW spacing are affecting the
local amount of Ga available on NW top and consequently the GaN QW thickness from NW
to NW.
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Figure 3: a) Temperature dependent CL spectra of Sample B at the position denoted “20
mm” in Figure 2. Stars denote the peaks used in (b) and (e). b) Integrated CL spectra as
function of the temperature. The integration bounds are = 5 nm centered at the peak position
indicated in the caption. c) Secondary electron image of the scanned area for (d-e). d) CL
map at 370 nm. e) Hyper spectral CL map of the area. Blue: 240 nm, green: 266 nm, red: 287

nm. Spectral window for maps in (d) and (e) is of + 3 nm.

In order to shed light on the features observed at the 15 mm location, additional CL
experiments were performed on two joined NWs obtained by dispersion of NWs from this
area on a TEM grid. CL spectra displayed in Figure 4.a-b. show a wide variety of thin
emission lines extending down to 215 nm. This collection of sharp line indicates the presence
of nanometric recombination centers able to strongly localize the exciton in a quantum dot
manner. The inset of Figure 4.a, which represents a CL mapping of the two NWs at 228, 239
and 257 nm, allows one to identify areas at the NW scale which emit at these specific
wavelengths. Further STEM- HAADF analysis shown in Figure 4.c confirmed the presence of
incomplete QWs, extending well below the whole NW diameter. The formation of such QWSs

is probably due to enhanced Ga desorption in this region, associated with higher growth



temperature. Accordingly, the emission lines observed below 240 nm (which corresponds to 1
ML) are assigned to the recombination of confined carriers in these incomplete QWSs, with a
lateral size smaller or comparable to the 2.8 nm GaN Bohr exciton radius. Emission lines
above 240 nm are attributed to larger 3D GaN clusters which have also been observed [21].

They are however out of the scope of this study.
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Figure 4: (a) 5K CL spectrum of two single NWs shown in the inset. The color code refers to
different spots emitting at different wavelengths. The peak at 240 nm is assigned to 1 ML thick
GaN QWs. The scale bar in the inset is 200 nm. (b) 5K CL spectrum in another spot,
emphasizing the presence of sharp lines below 240 nm, which are assigned to the presence of
incomplete QWSs. (c) STEM-HAADF image of the incomplete GaN QWs. The scale bar is 5

nm.

A mechanism accounting for the growth of incomplete GaN QWs is schematized in
Figure 5. For a growth temperature high enough, the weak sticking coefficient of Ga with
respect to Al as well as the stronger Al-N bond with respect to its Ga-N counterpart result in
pure AIN growth and progressive accumulation of Ga on the surface as a consequence of the
low GaN nucleation probability, when the growth front is continuously exposed to a Ga flux.
Eventually, for a Ga adatom density high enough, GaN nucleation is randomly triggered,
followed by the consumption of the Ga reservoir available on the NW top surface. Following
layer completion and further AIN growth, this process is spontaneously repeated, leading to
the formation of a stack of incomplete GaN QWs with random lateral size. This kinetically
driven mechanism is likely responsible for the spontaneous formation of random GaN/AIN
superlattices in NWs in the case of a Ga amount sufficient for growth of complete GaN layers
alternating with AIN.[22]
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Figure 5: (a) Growing AIN NW under a Ga flux exposure leading to progressive Ga
accumulation on top until (b) the onset of GaN nucleation and Ga reservoir consumption, ()

followed by further AIN growth and (d), (e), (f) cycle repetition.

By contrast, in the case of the present study, the growing AIN NWs are periodically
exposed to a Ga flux, as mentioned above. Depending on the growth temperature and,
consequently, on the Ga sticking coefficient, this results in the formation of GaN QWs with a
thickness in the 1-4 MLs range, as shown in figure 2. However, if the amount of Ga
accumulated on the surface turns to be lower than 1 ML, it may lead to the random formation
of incomplete QWs, as shown in figure 4.c, the nucleation of which is periodically triggered
by the abrupt change in Ga adatom density on the growth front resulting from periodical
exposure to Ga flux. The collection of sharp emission lines observed at wavelength lower
than 239 nm in figure 4.b, i.e. lower than the emission peak corresponding to 1 ML thick GaN
QWs, is assigned to the presence of such incomplete, strongly confining QWs of randomly

distributed lateral size, in agreement with the schematic in Figure 5.

One factor a priori influencing the emission energy is the strain state of the system. In
this respect, it is worth noting that the strain state of the GaN QDKs embedded in the
nanowires might be different from that found in equivalent 2D GaN/AIN superlattices (SLS).
In the latter case, an ideal pseudomorphic growth implies a constant biaxial strain. The actual
in-plane parameter value adopted by the SL depends on the substrate nature and the value of
both GaN and AIN layer thickness. It ranges from a value fixed by the thick substrate on
which the system is grown to an average parameter between the values of GaN and AIN if
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one can consider the SL as free-standing, i.e. decoupled from the substrate. In contrast, in the
case of GaN QDKs in a NW, the finite lateral extension of the system (and, in our case, the
additional presence of an AIN shell) will give rise to a more complicated strain distribution. In
order to unravel the differences with respect to the case of infinite 2D layers, we have
performed finite element method (FEM) simulations of the strain field in a realistic model of
the investigated system. Following the results obtained by TEM, we have considered the
geometry shown in Figure 6.a, consisting of a series of GaN disks embedded in a nanowire.
The shell observed in the experiments is accounted for by taking different radii of the disks
and the wire. As the 200 nm long AIN section on top of the 500 nm GaN stem is expected to
be fully relaxed in our samples, in the simulations we assume that the bottom end of the NW
adopts the AIN in-plane lattice parameter. In Figure 6.b we show the strain components along
the wire axis for a NW containing 40 disks (as in sample B). For comparison we also display
in Figure 6.b the results for an equivalent 2D GaN/AIN SL lattice matched to AIN. The results
of Figure 6.b clearly show that the possibility of lateral strain relaxation at the NW surface,
combined with the constraining AIN shell, leads to a completely different picture of the strain
as compared to the 2D SL. These differences are more pronounced for the system of 4 ML
GaN QWs, and are progressively reduced as we decrease the thickness to 1 ML. From the
results in Fig. 6 we have calculated, by means of an appropriate k.p (effective mass)
Hamiltonian, the strain-modified conduction and valence band edge profiles of the structure
along the axis (not shown). Our results indicate that, despite the numerical differences in the
strain, the resulting energy profile is almost the same in both systems, GaN QDKSs and 2D SL.
Accordingly, the local GaN gap is essentially the same for all disks within a NW and differs
from that of the 2D SL by no more than 20 meV. Therefore, the main role to account for the
optical transition energies is expected to be played by the confinement effects within the GaN
disks.
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Figure 6: (a) Geometry of the simulated system of GaN QDKs embedded in an AIN nanowire.

A sequence of 10 disks is displayed here but the calculations are performed for a sequence of

40 disks, as in sample B. All dimensions are obtained from TEM pictures. The thickness of the
AIN barrier between the disks is 7 ML. The thickness of the GaN disks is here 4ML, but

simulations have been performed for thicknesses of 1 to 4 ML. (b) Components of the local

strain (ex and &z, in %) along the NW axis, for the system of 4 ML high disks. GaN strain is

displayed in red, AIN strain in blue. The horizontal lines correspond to the GaN strain in a
2D GaN/AIN SL with the same vertical dimensions. In this 2D SL, AIN is relaxed.
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Figure 7: Literature review of emission wavelength as function of the GaN QW thickness.
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from theoretical simulations. Grey dashed line is a guide for the eye.

The results of the present study for the emission energies are plotted in Figure 7 along
with a review of data reported in the literature, which refer to GaN/AIN superlattices in layers
[11,12,23-33] and NWs [34,35]. In order to have an accurate theoretical value of the optical
transition energies one should calculate the confined states in the system of disks, under the
strain-modified position-dependent band profiles, and probably also include excitonic effects.
This is outside the scope of this work. We have instead estimated them by calculating the
confinement energies of the lowest electron state (those of the hole are virtually zero given its
extremely heavy mass) in a 2D SL (with the strain state extracted from the central disk in the
previous calculations, see Fig. 6) and adding them to the corresponding strain-modified GaN
band gap. Note that the electric field is neglected here, in regards of the small dimension of
the wells. The so obtained results are also displayed in Fig. 7, together with those from other
theoretical calculations [10,36,37]. First, it is noticeable that the estimated transition energies
are in overall agreement with our experimental results. However, it also appears that either for
theoretical results or experimental ones, discrepancies between reported values in literature
are significant. One first reason for these discrepancies is the variability of AIN barrier
thickness. Depending on it, short period GaN/AIN superlattices (SPSLs) can be viewed either
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as digital alloys or as a collection of GaN wells into AIN barriers. As theoretically established
by Sun et al in the case of layers, AIN barriers above a threshold thickness of 7-9 MLs behave
similarly to infinite ones leading to a saturation of GaN QW emission energy. [37] Reports
from the literature do not always precise the AIN barrier thickness so that data points plotted
in Figure 7 refer either to single quantum well (i.e. infinitely thick AIN barriers) or to AIN
barriers as thin as 4 ML in the extreme case reported by Nikishin et al. [25]. Also, the
determination of GaN QW thickness may be problematic. As pointed out by Jmerik et al in
particular, the presence of steps on the surface may lead to local thickening of GaN QW. [23]
Accordingly, GaN QW thickness determination by X-Rays diffraction, which provides an
average value at large scale, leads to non-integer values of the average GaN QW thickness, as
shown in Figure 7, while emission wavelength should be rather governed in this case by the
carrier localization in the thicker GaN QW regions.

Finally, it appears that the data of the present study are in good agreement with the
results reported in literature. Nevertheless, as shown in Figure 7, they lay in the long
wavelength region of the data cloud. Interestingly, this is also the case for the data of Aiello et
al [30] and Wu et al [31], also for NWs. From the above theoretical analysis, it is concluded
that the specific strain state of GaN QWSs in NWs cannot account alone for the trend to red
shift of our data with respect to the average emission wavelength of reported data. Indeed, in
spite of significant differences between the strain state of 2D GaN/AIN SLs and the strain
state of GaN QDKs in NWs, the effect on the transition energies is negligible. Increasing the
AIN barrier thickness from 7 to 14 MLs, while changing the strain profile did not appreciably
affect the value of the GaN QDK transition energies (not shown), which discards the effect of
reduced AIN barrier thickness on the red shift trend of the transition energies observed in the
present study. The residual strain state in the substrate could be a source of data dispersion in
the case of layers, compared to the case of the strain-relaxed AIN section used in this work.
Finally, it is also possible that the recombination energy in GaN QWs or QDKs be affected by
the presence of localized states at the QW/barrier interface, which should be drastically
dependent on experimental growth conditions. .

In summary, we demonstrated that the specific strain state of GaN QDKs embedded in
AIN NWs with respect to their 2D GaN/AIN SLs counterpart has a limited effect on transition
energies. The possible tuning of the GaN QW wavelength emission by controlling the
formation of incomplete GaN QWs exhibiting a marked lateral carrier confinement was put in

evidence, opening the path to the realization of UV-C emitting devices fully covering the 220-
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320 nm range.
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