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ABSTRACT:
The present work reports high quality non-polar GaN/Al0.6Ga0.4N multiple quantum
wells (MQWs) grown in core-shell geometry by metalorganic vapor phase epitaxy on the
m-plane sidewalls of 𝑐̅-oriented hexagonal GaN wires. Optical and structural studies
reveal UV emission originating from the core-shell GaN/AlGaN MQWs. Tuning the mplane GaN QW thickness from 4.3 to 0.7 nm leads to a shift of the emission from 347 to
292 nm, consistent with Schrödinger-Poisson calculations. The evolution of the
luminescence with temperature displays signs of strong localization, especially for
samples with thinner GaN QWs and no evidence of quantum confinement Stark effect, as
expected for non-polar m-plane surfaces. The internal quantum efficiency derived from
the photoluminescence intensity ratio at low and room temperature is maximum (~7.3
%) for 2.6 nm-thick quantum wells, emitting at 325 nm and shows a large drop for
thicker QWs. An extensive study of the PL quenching with temperature is presented.
Two non-radiative recombination paths are activated at different temperatures. The low
temperature path is found to be intrinsic to the heterostructure, whereas the process
that dominates at high temperature depends on the QW thickness and is strongly
enhanced for QWs larger than 2.6 nm, causing a drop of the internal quantum efficiency.
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■ INTRODUCTION
Ultraviolet (UV) light emitting diodes (LEDs) have recently emerged to replace
traditional mercury lamps due to their significant advantages, such as long lifetime, fast
switching, compactness and wavelength tuning. LEDs emitting UV-C light are highly
demanded for bactericide applications (water and surface sterilization).1 Compared to
standard blue LEDs, which display extremely high external quantum efficiency (EQE
> 80%), commercial UV LEDs exhibit relatively low EQE values (EQE ≤ 20% for UV-A
and UV-B and ≤ 1% for UV-C).2
A typical UV LED consists of a c-oriented AlGaN p-n junction including AlxGa1-xN/AlyGa1yN

multiple quantum wells (MQWs) in the depletion region. The use of AlGaN nanowires

has been proposed as path to improve the UV light emission efficiency beyond that of
planar devices thanks to the lower density of extended defects, enhanced light
extraction efficiency and the high p-type doping levels attained in nanowire-shaped Alrich AlGaN materials.3–6 For instance, >2.6 times improvement of the EQE has been
demonstrated for top-down etched nanowires in comparison to the same wafer
processed with planar geometry.7 Most of the research efforts on nanowires for UV
emission refer to structures synthesized by molecular beam epitaxy (MBE). The
directionality of the MBE technique allows growing complex axial heterostructures.8,9
On the contrary, very few studies related to UV emission are based on wires grown by
metal-organic vapor phase epitaxy (MOVPE)10–17 technique, which is the most implanted
industrial method for LED fabrication. The gas-phase transport mechanism of MOVPE
growth allows synthetizing core-shell heterostructures, since all the wire surfaces (top
and sidewalls) are exposed to chemical reactants. Core-shell quantum wells (QWs) on
non-polar m-plane {101̅0} wire sidewalls do not present quantum confined Stark effect
2

(QCSE). Therefore, the QW emission is blue shifted and the radiative lifetime is shorter
than in polar c-plane structures with the same QW width. Core-shell systems have been
intensively studied in the case of InGaN/GaN MQWs for the development of wire-based
LEDs in the blue-green spectral range.18–20
Focusing on wires for UV emission grown by MOVPE, we can distinguish core-shell
structures with three types of inner core: AlN10–12, AlxGa1-xN (x<0.35)13,14 and GaN15–17.
Wires with AlN core and core-shell AlGaN/AlN QWs emitting at 260 nm exhibit a 40times enhancement of the photoluminescence (PL) intensity with respect to planar
structures.21 The same core-shell structures with AlN core emitting at 229 nm have also
been demonstrated.11 However, no electroluminescence (EL) has been reported so far,
due to the difficult electrical injection through the AlN inner core. On the contrary, wires
with GaN core allow efficient carrier transport and EL from core-shell AlGaN-based
heterostructures has already been reported: emission at 365 nm has been observed in
core-shell n-i-p AlGaN heterostructures16 and peak emission at 318 nm has been
attained with core-shell AlGaN/AlGaN MQWs grown around a GaN core.17 These studies
represented the first demonstrations of UV-LEDs based on wires grown by MOVPE, but
tuning the emission down to the UV-A range with core-shell GaN wires remains
challenging using the MOVPE approach. A first difficulty is to limit the UV absorption in
the GaN core, but GaN can be eliminated by in situ etching with an H2/NH3 gas mixture.22
Then, a main challenge stems from the large lattice mismatch between GaN and AlN
(3.5% along c and 2.5% along a), which limits the studies to low Al-content AlGaN
wells16,17 or thin GaN wells15 pseudomorphically grown on inner core wire. Further
research on core-shell GaN MQWs is required in order to shift the emission towards
shorter wavelengths while restraining defect formation.
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In this context, this work is a systematical study of the UV light emission originating
from core-shell m-plane GaN/AlGaN MQWs grown by MOVPE on GaN wires as a function
of the well thickness. UV emission in the range of 347-292 nm is achieved by tuning the
QW thickness from 4.3 to 0.7 nm.

■ MATERIAL GROWTH
The growth of self-assembled GaN microwires is carried out in a 3 x 2’’ MOVPE closecoupled showerhead reactor on c-sapphire substrates. The growth process starts by
annealing the substrate at 1050°C under NH3 to prepare the sapphire surface with Altermination, which favors the growth of GaN with N-polarity. Then, a thin SiNx layer is
formed by injecting simultaneously silane (SiH4) and NH3. Then, we inject
trimethylgallium (TMGa) (135 μmol.min−1) and NH3 (2.232 mmol.min−1) diluted in N2
carrier gas flow (8000 sccm) at 1040°C and 800 mbar using a very low V/III ratio (~50),
to nucleate GaN seeds. After 10 s, we add a high silane flux (~200 nmol.min-1) to start
the wire growth exhibiting mainly the N-polarity.23 Under these conditions, the presence
of silane spontaneously forms a thin SiNx passivation layer on the m-plane sidewalls of
the GaN wires, which favors the vertical growth. On the other hand, such a high flux of
silane results in heavily n++-doped GaN (Nd ~ 1020 cm-3), which facilitates current
injection.24 The silane is switched off after 300 s, and the growth of GaN continues for
another 400 s. During this step, the remaining silane concentration in the reactor results
in residual n+ doped GaN wires (Nd ~ 1019 cm-3).25 The two different doped regions (n++
and n+-GaN) will be referred to as bottom and top parts of the wire, respectively. Then, a
50 nm-thick GaN epitaxial lateral shell (named “GaN spacer” hereafter) is grown at a
substrate temperature of 900°C and a pressure of 150 mbar, using NH3 and TMG fluxes
4

of 1500 sccm and 11 sccm, respectively, to get a V/III ratio around 2700. This GaN
spacer allows burying the surface defects of the wire top part induced by the formation
of an ultra-thin SixGayN residual layer.26,27 The same substrate temperature (900 °C) is
kept during the growth of the barriers and QWs, but the growth pressure is decreased to
100 mbar to prevent pre-reaction of trimethylaluminium (TMAl) in the gas phase.
Moreover, the gallium source is changed to triethylgallium (TEGa) to reduce drastically
the growth rate of the QWs. Ten GaN/AlGaN QWs are grown on the m-plane wire
sidewalls using a constant flow of TEG set at 25 sccm and adding a TMAl flux of 30 sccm
for the barriers, which implies much higher V/III ratios (9000 and 6000 for QWs and
barriers, respectively). In this work, the QW growth time is varied (200, 150, 120, 100,
80, 65, 50 and 30 s) to obtain different QW thickness, whereas the barrier growth time is
maintained constant (76 s). To encapsulate the last AlGaN layer, a thin GaN cap of 1.52.5 nm is grown using the same conditions as for the GaN spacer.

■ RESULTS AND DISCUSSION
Figure 1a shows a 30°-tilted scanning electron microscopy (SEM) image of typical asgrown samples containing self-assembled microwires epitaxially grown on c-sapphire
substrates. The estimated density is ~107 cm-2. The wires exhibit non-regular hexagonal
cross section, they present six m-plane sidewall facets and a mainly flat 𝑐̅-plane top
surface, which is characteristic of wires grown along the N-polar direction.28 Figure 1b
shows an SEM image of a typical single wire mechanically dispersed on a silicon
substrate. The wire length and diameter are typically in the range of 15-20 µm and 0.8-3
µm, respectively. A smooth shell covers only the top part of the wire, since SiNx
passivation of sidewalls limits the lateral growth around the bottom part.29–31 This is
5

illustrated in the scheme in Figure 1c, where the MQW shell growth occurs selectively
only around the n+-doped top part, but a small shell (generally rough and with low
crystal quality) is also present in the wire bottom part due to the low selectivity of the
AlGaN growth on SiNx (see Figure S1 for details). The structural characterization of the
MQWs is performed on a transmission electron microscope operated at 200 kV, in either
transmission (TEM) or HAADF-STEM (High Angle Annular Dark Field- Scanning
Transmission) mode to enhance the chemical contrast (Z contrast) with a rather large
camera length to be sensitive to the structural defects. Longitudinal cross-sections are
prepared by focused Ga-ion beam (FIB) to get ~150 nm-thick slices. Two samples have
been prepared and observed in this way: a first structure containing thick QWs (growth
time 200 s) shown in Figures 2a,b,c and a second sample with intermediate QW
thickness (growth time 120 s) shown in Figures 2d,e,f. In the STEM-HAADF mode, the
GaN core, spacer and QWs appear with bright contrast and the AlGaN barriers are
darker because of the smaller atomic number of Al with respect to Ga. The STEM images
with low magnification (Figures 2a,d) show the high uniformity of core-shell GaN/AlGaN
heterostructures along the wire sidewalls and evidence a low density of extended
defects. Figures 2b,e present the top part of the wires with intermediate magnification
showing the N-polar MQWs on the top flat 𝑐̅-plane surface and semi-polar MQWs on
inclined facets at the top edges of the wire. Figures 2c,f correspond to high-resolution
TEM (HRTEM) off-axis images with a 10° tilt around [101̅0] direction from the [112̅0]
zone axis. From these images, the measured barrier thickness is 5.5±1.5 nm for a growth
time of 76 s, and QW thicknesses of 2.5±0.5 and 4.4±2.4 nm correspond to growth times
of 120 and 200 s, respectively. Therefore, the QW and barrier growth rates are
VQW = 1.3±0.5 nm.min-1 and Vbarrier = 4.3±1.2 nm.min-1. Note that the QW interfaces are
sharper and symmetric compared to the core-shell InGaN/GaN MQWs grown by
6

MOVPE.18 The error bar of the QW thickness comes mainly from QW-to-QW thickness
variation. Especially, a variation as high as 50% is observed for the thicker QW sample
(Figure S1). However, no significant fluctuation of the MQW thickness is observed along
the wire sidewalls for both samples at the observation scale of Figures 2b,e. Considering
this lateral growth rate, a linear interpolation is used to determine the GaN QW
thicknesses of the sample series, obtaining 4.3, 3.3, 2.6, 2.2, 1.7, 1.4, 1.1, and 0.7 nm for
the various QW growth times.
Cathodoluminescence (CL) measurements are performed in order to investigate the
origin of the optical emission. Wires are dispersed on silicon substrates to prevent light
emission from any residual planar growth. Figures 3a,c present SEM images on typical
wires with 4.3 and 2.6 nm-thick QWs and Figures 3b,d their CL spectra as a function of
the wire length (left panel) and their CL intensity map (right panel), both recorded at
low temperature (5 K) with 5 kV acceleration voltage and 1 nA current. Looking at the
spectra, it presents two lines, one peaking around 3.5 eV, which is assigned to GaN, and
the other one at higher energy. This high-energy UV emission, assigned to transitions in
the MQWs, is only detected at the top part of the wires. This result is consistent with the
higher structural quality of the top part of the wire observed in Figure 2 with respect to
the bottom part (Figure S1). Therefore, UV light is mostly coming from the MQWs
forming the shell, i.e. from the m-plane wire sidewalls and not from the polar and semipolar top surfaces. The CL map along the wire (intensity integrated over the full width at
half maximum (FWHM) of the UV emission) shows that the UV emission for the sample
with 2.6 nm QWs is blue shifted by 100 meV with respect to that from 4.3 nm QWs. In
addition, a more pronounced shift (600 meV) is observed for the 0.7 nm-thick QWs
emitting at 4.2 eV (Figure S4) consistent with an emission from core-shell QWs.

7

PL experiments on dispersed wires are carried out using a continuous-wave frequencydoubled solid-state laser (244 nm wavelength, 200 µW excitation power,  50 µm spot
diameter). Figure 4a presents the normalized PL spectra at 10 K for samples with QW
thickness varying from 4.3 to 0.7 nm. The reduction of the QW thickness leads to a
significant blue shift due to the stronger quantum confinement. UV emission down to
292 nm is thereby obtained for the thinnest QWs (0.7 nm). Another result of the
reduction of the QW thickness is the increase of the PL FWHM from 90 meV for 4.3 nmthick QWs to 393 meV for 0.7 nm-thick QWs. This broadening of the emission can be
attributed to several effects including QW thickness fluctuations, interface roughness
and short-range alloy inhomogeneity in the barriers.
Figure 4b shows the PL emission energy as a function of the QW thickness extracted
from the PL data of Figure 4a, where the error bars correspond to the distribution of 3-5
measurements acquired at different positions. This curve is consistent with the absence
of QCSE in non-polar m-plane MQWs, since the increase of the QW thickness leads to a
monotonous decrease of the energy that reaches the asymptotical value of the expected
in bulk GaN band gap at 10 K emission (3.53 eV) as it was previously reported in
GaN/AlGaN32 and GaN/InAlN MQWs15. In this figure, the experimental data (red dots)
are compared with calculations (colored lines plus symbols) performed with the
nextnano3 software33 using the 8-band k.p Schrödinger-Poisson method based on the
material parameters in the Ref. 34. Lattice parameters and elastic coefficients of ternary
alloys are extracted from those of binary compounds by linear interpolation. We
modeled 5 periods of GaN/Al0.6Ga0.4N MQWs with 5.5-nm-thick barriers following a onedimensional approximation. The Al content equal to 0.6 in the barriers provides the best
agreement with experimental data. In terms of strain, three cases are considered. We
calculate the emission for a pseudomorphic growth on GaN (i.e. Al0.6Ga0.4N is fully
8

strained, blue line plus symbols) and on Al0.6Ga0.4N (i.e. GaN fully strained, dark line plus
symbols). Then, to mimic a strain-balanced configuration, a calculation is performed
assuming that the MQW system presents the in-plane lattice parameters of an Al𝑥̅ Ga(1𝑥̅ )N

ternary alloy with the average Al composition of the MQW period, 𝑥̅ . Note that the

increase of the QW thickness from 0.7 to 4.3 nm decreases the value of 𝑥̅ from 0.53 to
0.33 and therefore the associated strain. These different calculations follow well the
general trends of the experimental data and suggest a different relaxation state of GaN
for large QW thicknesses.
A further analysis of the calculations can shine some light on the origin of the emission
broadening. Figure S2 compares the FWHM and the energy difference in the band-toband e1-h1 transition caused by a thickness variation of ±30% and ±40% with respect to
the nominal value (this QW-to-QW thickness variation is observed in Figures 2b,e and
Figure S1). This comparison demonstrates that thickness fluctuations might be the
dominant factor that explains the variation of the FWHM.
Light emission efficiency and non-radiative phenomena are studied by measuring the
evolution of the PL as a function of temperature, using the previously described setup.
Figures 5a,b depict the variation of the PL intensity with temperature for the two
samples with 4.3 and 2.6 nm-thick QWs. As already described in the case of CL (Figure
3), the low-temperature spectra show two main contributions, namely a peak at 3.53 eV
assigned to near band edge emission (NBE) from the Si-doped GaN core and an intense
UV peak at higher energy from the non-polar m-plane QWs. As expected by the Moss–
Burstein effect in heavily Si-doped GaN,35 the GaN NBE is blue shifted with respect to the
donor-bound exciton in non-intentionally doped bulk GaN (3.472-3.475 eV).36,37 The
energy location of the observed NBE emission is consistent with doping levels in the
range of 1019-1020 cm-3.38 As observed in Figure 4a, the MQW luminescence at low
9

temperature is centered at 3.57 eV for 4.3-nm-thick GaN QWs (Figure 5a) and at 3.77 eV
for 2.6-nm-thick GaN QWs (Figure 5b).
The variation of PL peak energy of the MQW emission as a function of temperature is
shown in the inset of Figures 5a,b. It displays the typical S-shape that is usually
attributed to carrier localization.39–41 An estimation of the localization energy at low
temperature can be deduced from the difference between the experimental data and the
expected location of the emission at low temperature E (T=0K) following the Varshni’s
law:
𝑬(𝑻) = 𝑬(𝟎) +

𝜶𝑇 2
𝜷+𝑻

(1)

where 𝑬(𝑻) is the theoretical evolution of the transition energy as a function of
temperature, and α = 0.59 meV.K-1 and β = 600 K are two empirical constants.42 As
shown in the inset of Figures 5a,b, the mean localization energies are equal to 16±5 and
34±2 meV for the 4.3 and 2.6 nm-thick GaN QWs, respectively. Larger localization
energy is obtained for the 2.6 nm-thick QWs, as expected from the fact that a variation of
thickness induces larger energy shifts in thinner QWs. For QWs <2.6 nm, a higher
localization effect is also expected, but the value of the localization energy is difficult to
extract from temperature-dependent measurements, since the deviations from Varshni
equation are much more significant, as shown in Figure S3. This localization phenomena
could explain emission inhomogeneity observed in low-temperature (5 K) CL maps
(Figures 3 b,d). Interestingly, an additional signature of carrier localization is observed
in local CL measurements for the 0.7 nm-thick QW sample, which exhibit sharp CL lines
in the MQW spectra (Figure S4).
Figures 5c,d show the evolution of the normalized PL intensity I(T) as a function of the
inverse of the temperature in Arrhenius plots for the 4.3 and 2.6 nm-thick GaN QW
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samples (blue dots). The trend does not follow a mono-exponential decay that would be
expected in the case of a single thermally activated non-radiative path. Assuming two
non-radiative processes, I(T) can be described by a bi-exponential decay function43:
𝐸

𝐸

I(T) = I0 / [1 + 𝑎 exp (− k 𝑎T) + 𝑏 exp (− k 𝑏T)] = I0 /(1 + 𝑃𝑎 + 𝑃𝑏 )
B

B

(2)

Where I0 is the maximum intensity at low temperature, a and b are weighting factors
that apply to each non-radiative recombination path, 𝐸𝑎 and 𝐸𝑏 are the related
activation energies, and 𝑘𝐵 is the Boltzmann constant. Pa and Pb represent the
exponential decay of the two different non-radiative recombination paths. The
extraction of the two energies (Ea and Eb) is performed using a three-step procedure
described in the Supplementary Information (Figures S5-S9). This method reduces the
standard error bars of the fitted parameters with a least square minimization method
(i.e. the root mean square of diagonal elements of the covariance matrix). Figures 5c,d
show the Arrhenius plots including experimental data and the fitting curves considering
separately the Pa and Pb decays from the eq 2. The Pa decay describes the evolution of
experimental data at low temperature, whereas the Pb decay is associated with the high
temperature behavior.
The result of the analysis of temperature-dependent PL experiments for all the samples
is presented in Figure 6. Figure 6a shows the ratio of the QW peak intensities measured
at 300 and 10 K (I300 K/I10 K) as a function of QW thickness. Assuming that recombination
at low temperature is only radiative, I300 K/I10 K corresponds to the IQE under low
injection conditions ( 10 W/cm2).44,45 As shown in Figure 6a, the maximum value is
IQE = 7.3%, obtained for 2.6-nm-thick QWs emitting at 325 nm. By decreasing the QW
thickness, I300 K/I10 K decreases to 1.7% for the thinnest QW sample emitting at 292 nm.
On the other hand, for QW thicknesses larger than 2.6 nm, the ratio suddenly drops to
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values as low as 0.15% for the thicker QW sample. To try to understand this behavior,
we have analyzed the evolution of the parameters of eq 2 (activation energies and
weighting prefactors) as a function of the QW thickness. The results are summarized in
Figures 6b,c and Table S9. The lower activation energy Ea = 15±9 meV (the error bar
corresponds to the standard deviation) remains approximately constant with the QW
thickness. On the contrary, Eb increases from 100 meV for QW thicknesses ≤ 2.6 nm to
values close to 200 meV for the thicker samples (3.3 and 4.3 nm). Unfortunately, the
increase of Eb, which should lead to an increase of the IQE, is compensated by a drastic
increase of the weight prefactor b in these two samples. Note that the activation energy
is the potential barrier that separates carriers from non-radiative recombination
centers, and the prefactors are related to the radiative vs. non-radiative recombination
time.43 Therefore, the effect of higher activation energy can be compensated if the nonradiative recombination time is faster.
To visualize the dominant non-radiative process, the evolution of ratio Pb/Pa =
(𝑏/𝑎)𝑒𝑥𝑝[(−𝐸𝑏 + 𝐸𝑎 )/𝑘𝐵 𝑇] is plotted in Figure 6d as a function of the QW thickness at
different temperatures (130, 160, 200 and 300 K). When the Pb/Pa ratio is equal to 1, the
number of non-radiative recombination is the same for the two processes. This
transition, indicated by the vertical green lines in Figures 5c,d and in Figure 6d, occurs in
the range of 120-170 K. Above T = 200 K, the Pb process mainly controls the emission
decay especially for the two thickest QW samples (3.3 and 4.3 nm), in agreement with
the evolution of the parameters shown in Figures 6c,d.
Bi-exponential decay of the PL intensity with temperature has been previously observed
in III-nitrides. For instance, a study of Al-rich AlGaN films has reported similar
temperature quenching with two activation energies E1 ~ 10 meV and E2 ~ 130 meV,
which were assigned to non-identified point defects and negatively-charged VAl-ON
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complexes, respectively.46 Another study of MBE [0001]-oriented GaN/AlGaN QWs also
reported double activation energies with E1 = 15±3 meV and E2 = 110±15 meV. In this
case, the higher activation energy was tentatively attributed to carrier localization
induced by structural defects or QW thickness fluctuations.47 In the case of nanowires, a
recent study of GaAs/GaNAs/GaAs core-shell heterostructures showed a bi-exponential
decay of the PL intensity with temperature, with E1 = 12 meV and E2 = 63 meV, probably
associated with the presence of gallium interstitials and vacancies.48 In our study, the
non-radiative path activated at low temperature seems to be an intrinsic phenomenon,
which shows no correlation with the QW thickness (Figures 6b,c). On the contrary, the
non-radiative process dominant at high temperature (Pb) can be directly correlated with
the drop of the I300 K/I10 K ratio observed in Figure 6a. Further advanced optical and
structural characterizations are required to identify the physical origin of this nonradiative recombination path.

■ CONCLUSIONS
In conclusion, this paper reports a detailed analysis of the optical and structural
properties of m-plane core-shell GaN/AlGaN MQWs grown on catalyst-free and silane
assisted 𝑐̅-GaN microwires by MOVPE. We have studied the effect of decreasing the GaN
QW thicknesses from 4.3 to 0.7 nm in MQWs with ~5.5 nm-thick AlGaN barriers. HRTEM
images reveal heterostructures with high crystalline quality and sharp interfaces. The
QW emission along the non-polar m-plane wire sidewalls is demonstrated. The
reduction of the QW thickness induces a blue shift of the luminescence down to 292 nm
for the thinnest QWs (0.7 nm). These observations show excellent agreement with 8band k.p Schrödinger-Poisson calculations assuming ~60% Al-content in the barriers.
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Temperature-dependent PL studies performed under low injection conditions (10
W/cm2) showed an S-shape spectral evolution of the luminescence, which is assigned to
carrier localization presumably due to GaN thickness fluctuations. Localization is more
important in thinner QWs. The IQE evaluated from the PL intensity ratio between 300 K
and 10 K is maximum for 2.6-nm-thick QWs (7.3%) emitting at 325 nm. We demonstrate
that the evolution of the QW emission intensity as a function of temperature is well
described by considering two non-radiative recombination paths with different
activation energies, namely Ea = 15±9 meV, approximately independent of the QW
thickness, and Eb, which increases from 100 meV for QW thicknesses ≤ 2.6 nm to values
close to 200 meV for the thicker samples (3.3 and 4.3 nm). We conclude that the low
temperature path is intrinsic to the GaN materials, whereas the high temperature
process is associated with the drop of the internal quantum efficiency. This
understanding constitutes a step forward to the fabrication by MOVPE of wire-based
devices emitting in the UV-A,B domains.
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Figure Caption:

Figure 1. (a) 30°-tilted SEM image of an assembly of 𝑐̅-oriented GaN wires grown on csapphire substrate. (b) SEM image of a single core-shell GaN wire dispersed on a Si
substrate. Images (a) and (b) are obtained with 3 kV electron beam acceleration voltage.
(c) Schematic of GaN wire showing the different doping regions and the m-plane
GaN/AlGaN MQWs core-shell heterostructure.

Figure 2. Images of longitudinal cross sections of GaN/AlGaN core-shell wires with ten
GaN QWs of 4.3 nm (a-c) and 2.6 nm (d-f) thickness: HAADF-STEM images (a,b,d,e) at
different magnifications and off-axis HR-TEM images (c, f) with 10° tilt from the [112̅0]
zone axis along [101̅0].

Figure 3. (a,c) SEM images of typical single wires of samples with 4.3 and 2.6 nm GaN
QWs and (b,d) corresponding CL studies performed at 5 K. (b,d) Left: CL spectra as a
function of the wire length. Right: CL map of the emission integrated over the FWHM of
the QW signal (range indicated in the figure).

Figure 4. (a) Normalized-intensity PL spectra of GaN/AlGaN core-shell wires with QW
thickness varying from 4.3 to 0.7 nm, measured at 10 K from an assembly of wires
dispersed on silicon using a laser at 244 nm wavelength and an excitation power ~10
W/cm2. (b) Red dots represent the emission energy of the samples shown in Figure 4a,
16

as a function of the QW thickness. The error bars indicate the dispersion after 3-5
measurements on different locations of the sample under the same excitation
conditions. The experimental data are compared with 1D nextnano3 calculations of the
band-to-band transition energy e1-h1 for 5x(GaN/5.5 nm Al0.6Ga0.4N) MQWs, assumed
fully strained on GaN (blue line plus symbols), Al0.6Ga0.4N (dark line plus symbols) and
on Al𝑥̅ Ga(1-𝑥̅ )N, with 𝑥̅ being the average Al mole fraction of the MQW(green line plus
symbols).

Figure 5. (a), (b) Temperature-dependent PL spectra of GaN/AlGaN core-shell wires
with 4.3 and 2.6 nm GaN QWs. The inset shows the QW peak emission energy as a
function of temperature. (c),(d) Normalized Arrhenius plot of the maximum PL intensity
of GaN/AlGaN core-shell wires with 4.3 and 2.6 nm-thick GaN QWs. Blue dots are
experimental data and dashed lines represent the evolution resulting from each nonradiative recombination paths, obtained by fitting the experimental data using eq 2. The
processes with low (high) activation energy Pa (Pb) are drawn in yellow (red). The Pa =
Pb point is depicted with a vertical green line.

Figure 6. (a) PL intensity ratio between 300 and 10 K as a function of the QW thickness. (b)
Variation as a function of the QW thickness of: (b) the weighting factors a and b, (c) the two
activation energies Ea and Eb corresponding to the non-radiative recombination processes
described by Pa and Pb. (d) Variation of the Pb/Pa ratio as a function of the QW thickness at
different temperatures (130, 160, 200, and 300 K). The ratio equal to 1 is marked with a
horizontal green line.
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