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Abstract  

We demonstrate green emission from InGaN/GaN multiple quantum wells (MQWs) grown on 

m-plane sidewalls of GaN wires. To tune the emission wavelength, InGaN radial wells were 

grown by metal-organic vapor phase epitaxy (MOVPE) at decreasing temperatures ranging 

from 710 down to 620°C to increase the In incorporation. A comprehensive investigation 

combining structural and optical analyses demonstrates that the green emission from the non-

polar m-plane wire sidewalls is achieved for the wells grown at 650°C (namely, for 2.7 nm-

thick wells sandwiched by 11 nm-thick GaN barriers). The observed emission wavelength of 

500-550 nm is consistent with an average In-content of MQWs measured in the range of 24 ± 

4 % by atom probe tomography. Single wires were electrically contacted and the green 

electroluminescence from m-plane facets was established on single wire-LED devices. This 

demonstrates the possibility to produce green emitters with core-shell wire LEDs elaborated 

by industrial and scalable MOVPE technique.  
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The GaN nanowire geometry offers a new 1D-template to develop nitride devices compared 

to standard planar growths of nitride semiconductors. GaN nano/microwires covered with 

InGaN/GaN multiple quantum wells (MQWs) have attracted a lot of interest mainly focused 

on the fabrication of efficient light emitting diodes (LEDs).1 Regardless of the high efficiency 

issue in the nanowire-based LEDs, the 1D-geometry offers key advantages for device 

applications: growth on various low-cost substrates (Si, silica, metal foils, graphene)2–6, high 

quality crystal structure with strain relaxation and/or dislocation bending in the wire foot 

part,7,8 much larger active surface area in the case of core/shell MQWs1,9 and achievement of 

fully flexible and transparent devices by peeling off the nanowires encapsulated in polymer 

films.10–12  

Although the long wavelength emission up to red color has already been achieved by axial 

InGaN/GaN MQWs grown by molecular beam epitaxy (MBE),13–16 such colors are highly 

challenging to achieve by the usual industrial method, i.e. Metal-Organic Vapor Phase 

Epitaxy (MOVPE). The fabrication of wire-based LEDs using core-shell InGaN/GaN MQWs 

grown by MOVPE is now well established for the blue emission.17–19 However, the green 

emission that requires In-rich InGaN/GaN MQWs seems far to be straightforward for the 

core-shell geometry due to the usually lower In incorporation on m-plane surfaces 

corresponding to the wire sidewalls with respect to the usual c-plane orientation. Indeed, we 

observed that the In-content in two different MQW systems grown using the strictly same 

growth conditions results in 2-4 % less incorporation on m-plane than on c-plane surfaces: 

15% vs 18,5% for InGaN20 and 15% vs 17-18% for InAlN.21 According to the literature, 

electroluminescence in long wavelength colors (from green to red) are reported for pencil-

shaped Ga-polar GaN wires grown by MOVPE and covered by InGaN/GaN MQWs. Higher 

In-incorporation in MQWs is observed on the c-plane flat surface corresponding to truncated 

pyramidal shape located on the nanowire apex (the c-plane flat area can be tuned with growth 
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conditions22 and longer wavelength emission is favored when the area of c-facet is reduced23). 

Also, a higher In-content is observed on the boundaries between the hexagonal and the 

pyramidal edges.23 These localized zones with a higher In-content leads to a green/red 

electroluminescence emission at low current injection in nanowire-LED devices, but the light 

tune to the blue color at higher current injection.24,25 Consequently, the long wavelength 

emission is located on the upper part of the Ga-polar GaN wires, whereas the m-plane 

InGaN/GaN MQWs located along wire sidewalls emit a standard blue color that is activated 

at high current injection.25  

This work reports the demonstration of the green luminescence from m-plane MQWs formed 

on the wire sidewalls by MOVPE growth technique. The growth of InGaN/GaN MQWs in a 

core-shell structure at different temperatures (710 – 620 °C) is analyzed. The decrease of the 

growth temperature boosts the In incorporation as evidenced by optical and structural 

analyzes. The MQWs with In-content higher than 20% on the m-plane sidewalls of the N-

polar GaN wires are achieved and used to demonstrate MOVPE-grown single wire LEDs 

emitting green light in the 500 – 550 nm range. 

Self-assembled N-polar c-GaN wires with core-shell InGaN/GaN MQWs were grown by 

MOVPE on nitridated c-sapphire substrates in a close-couple showerhead reactor, as depicted 

in Figure 1(a). Contrary to Ga-polar GaN wires having a pyramidal apex, the N-polar wire 

ones present a flat c-plane facet on the wire top.26 The growth method involves low V/III ratio 

(~50), high flux of silane (~200 nmol/min), high temperature (1050 °C) and high pressure 

(800 mbar).27 The high flux of silane promotes the vertical growth of n+-doped GaN (300 s of 

growth gives ~10 μm length) thanks to the formation of an ultra-thin passivation layer of SiNx 

around the stem of the GaN core.28,29 The silane addition is then stopped so as to grow an 

unintentionally doped GaN (u-GaN) wire (~15 μm for 300 s growth time) as can be seen in 

the schematics of Figure 1(a). This step is followed by the radial growth of seven InGaN 
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quantum wells (QWs) separated by GaN barriers around the GaN wires at 400 mbar. Four 

different samples were grown by varying only the growth temperature of the QWs (710, 685, 

650 and 620 °C) keeping constant the barrier temperature at 885°C. The temperature 

evolution with the growth time for InGaN/GaN QWs is illustrated in Figure 1(b), where the 

decrease in the growth temperature of InGaN QWs is followed by a rapid increase in the 

constant growth temperature of the GaN barriers. The last growth step corresponds to the 70 

nm-thick p-doped GaN shell at 920°C followed by a dopant activation annealing at 700°C 

during 20 min.  

Figure 2 shows scanning electron microscopy (SEM) images (bird and cross-section views) of 

as-grown samples performed at various QW growth temperatures. The wire average density is 

106 wire/cm2, while the diameter and length of the GaN core are in the range of (0.65–1.2 μm) 

and (28 – 33 μm), respectively. Interestingly, the core-shell geometry of InGaN/GaN MQWs 

is preserved for all samples, even for the sample synthesized at the lowest temperature. The 

main difference is the degradation of the SiNx selectivity on the bottom n+-GaN part of the 

wires. Residual over-growths are especially visible for the sample grown at 620°C that can be 

attributed to a lower diffusion length of adatoms.  

Microstructural analyses of the 650°C–QW sample has been carried out by Scanning 

Transmission Electron Microscopy (STEM) using a High Angle Annular Dark Field detector 

(HAADF) to emphasize the chemical contrast (Z-contrast) on the images. The experiments 

have been performed on a FEI OSIRIS microscope operated at 200 kV and equipped with 

four silicon drift detectors to record also Energy Dispersive X-ray (EDX) chemical maps. 

Thin slices of the wires have been cut perpendicular to the growth c-axis by ultra-microtomy 

using a diamond blade.30 Figure 3(a) shows a part of one wire slice where the 7 QWs appear 

in bright, whereas the GaN parts (barriers and p-GaN shell) are in dark. In the high resolution 

enlarged TEM image (Fig. 3(b)), the measured thicknesses of the QWs and barriers are 2.7 
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nm and 11 nm, respectively (except for the first QW, which is somewhat larger), while that of 

the p-doped GaN shell is about 70 nm. Note that some faint white lines visible in Fig. 3(a,b), 

originating from the interface between the GaN core and the first InGaN QW, propagate 

through the whole InGaN/GaN structure. Similar features have been already reported in 

MQWs core-shell structures and have been identified as stacking faults.17,31 Figure 3(c) shows 

the spatial distribution of Ga, In and N from EDX analyses measured inside the red rectangle 

shown in Fig. 3(a), while Figure 3(d) depicts the In profile measured in the dash-line 

rectangle shown in the EDX mapping (Fig. 3(c)) as a function of the position from the 

innermost QW to the last QW. Note that the uncertain values for the thicknesses of the QW 

obtained from the profile is due to the lack of enough spatial resolution in these maps. Thus, 

the average percentage of In content inside the seven QWs obtained by EDX profile is in the 

order of 20 % and stay almost constant in the range of ±2% whatever the QW. We consider 

that this value is underestimated due to the teardrop-shaped volume of the e-beam excitation 

along the slice width leading to overestimation of Ga content coming from the barriers. These 

maps have not enough spatial resolution to detect any In-composition fluctuation that might 

exist at the atomic scale. These observations were therefore combined with atom probe 

tomography (APT) experiments performed on the same sample. APT was performed in a 

CAMECA laser assisted wide angle tomographic atom probe (LAWATAP) under conditions 

similar to those adopted for the analysis of InGaN/GaN m-plane QWs in the previous works 

(the tip preparation perpendicular to the m-plane sidewall surfaces is performed by focused 

ion beam technique).32,31 Fig. 3(e) shows the 2D cross-sectional view of the reconstructed 

positions of the In atoms within all the seven QWs. The similar cross-sectional and top view 

for a 2 nm thick slice of the innermost QW are shown in Fig. 3(f), while the In mapping to 

quantify the In content within the QW volume is depicted in Fig. 3(g). As can be seen, the In-

content is non-uniformly distributed exhibiting a sequence of In-rich and In-poor bands 
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aligned along the a-axis direction possibly related to the local perturbation induced by 

stacking faults.17 Further, the mapping also reveals red zones with high In-content up to 30% 

related to strongly inhomogeneous In-composition in the QW for an average In composition 

estimated about 23%. However, the In profile for a 25 nm x 25 nm cross section along the 

seven QWs shown in Fig. 3(h) exhibits an In-composition around 25% with a variation of 2.5 

% from well-to-well. From this APT analysis, we can estimate an average In-content between 

22(±2)% and 27(±2)% in the QWs, leading to a average value around 24(±4)%. Basically, the 

In profile measured both by EDX and APT techniques evidences a In content higher than 

20% required for green emission originating from m-plane InGaN/GaN core-shell MQWs 

using a growth temperature as low as 650°C to enhance the In incorporation 

The crystal orientation is known to have a significant impact on the MQW growth (growth 

rate and In composition)33, nevertheless no clear tendency about the In incorporation is 

reported in the literature on m-plane surfaces regarding the c-plane orientation34 due to the 

strong dependence on growth conditions.35 In the case of MOVPE, Horenburg et al. recently 

reported that In incorporation is strongly dependent on the strain state of the m-plane 

InGaN/GaN MQW systems by adding an InAlN buffer layer either lattice-matched along the 

c-axis or a-axis.36 The higher In incorporation corresponds to the situation having the c-axis 

lattice matched and an elastic strain along the a-axis. Also, the high growth rate of InGaN 

limits the In desorption resulting in a higher In-content inside the QWs.37 Consequently, the 

In incorporation higher than 20% on m-plane sidewalls certainly results from a high growth 

rate of the InGaN QWs (estimated at 0.7 Å/s) combined with a favorable strain state.  

The optical characterization of all the samples was performed at low temperature (5 K) using 

photoluminescence (PL) and cathodoluminescence (CL) spectroscopy on ensembles of wires 

dispersed on silicon substrates. The PL experiment was performed by exciting wires at 244 

nm using a continuous laser diode with fixed excitation power about 0.5 mW. Figure 4(a) 
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shows the behavior of normalized PL spectra as a function of QW growth temperature. A red 

shift can be observed from 407 to 550 nm for QWs grown at temperatures from 710 to 620 

°C, which can be attributed to an increase of the In incorporation associated with a lower 

growth temperature. The sample with QWs grown at 650 °C exhibits a significantly large 

emission peak centered at 510 nm corresponding to a green emission. Such emission is 

consistent with the estimated In-content (24 ±4%) in the radial QWs for this sample. It can 

also be noted that the maximum of intensity decreases accompanied with a peak broadening 

as the growth temperature decreases to 620°C. Assuming a similar density of dispersed wires, 

the intensity decrease may correspond to the presence of structural defects in the QWs.38 The 

large peak broadening (~ 300 meV) is attributed to the strong inhomogeneity of In observed 

by APT mappings. The peak observed at 3.4 eV (352 nm) is attributed to the near band edge 

of highly n+-doped core GaN segment present in all the samples.27 Figure 4(b) shows 

temperature-dependence PL spectra for the sample with QWs grown at 650 °C. The green 

emission dominates at low temperature, while two other contributions close to 400 and 550 

nm are attributed to the blue residual emission and the yellow band defect emission, 

respectively. The inset of Fig. 4(b) shows the Arrhenius plot of the integrated intensity as a 

function of 1000/T, which allows estimating an activation energy Ea ≈ 22 meV. This value is 

consistent with the reported values for green emission c-plane MQWs,39 which is related to 

localization effects.40 In addition to PL measurements, CL mapping was performed in order to 

understand the spatial localization of the different spectral contributions of the luminescence. 

Figure 4(c) depicts spectrally filtered CL maps of typical wires with QWs grown at 710, 685 

and 650 °C (dark area corresponds to light emission). Firstly, it can be clearly seen that the 

near band edge emission of GaN (350 nm-CL maps) arises from the n+-GaN wire base part, 

while the emission for wavelengths above 400 nm mainly comes from the active regions of 

the wire corresponding to the QWs. The samples with QW grown at 710 and 685 °C emit 
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blue light as detected in the 450 nm-CL maps, contrary to the sample with QW made at 

650°C that emits only green light (visible in the 500 nm-CL maps). This emission at 500 nm 

is consistent with the above-described PL results, showing that the indium content is high 

enough to cause the green emission. The yellow band emission related to deep-defects 

centered at ~550 nm is visible in all samples and is attributed to the upper u-GaN part of 

wires, as previously reported.27 For the QWs grown at 650 °C, the CL mapping at 500 nm 

highlights unambiguously that the green emission comes from the m-plane wire sidewalls. 

Single wire LEDs were fabricated from 650°C-QW sample for optoelectronic 

characterizations following a procedure previously described in Ref. [41]. The wires were 

mechanically detached from their native substrate and dispersed on a SiO2(300nm)/Si 

templates. Because of a relatively large wire diameter, hydrogen silsesquioxane (HSQ) was 

spin-coated and then annealed to provide a SiOx buffer layer supporting metal contacts. The 

wire surface was cleaned from the HSQ residues by wet-etching with diluted HF. Two steps 

of e-beam lithography were performed to define the metal contacts on the shell and on the 

core (Ni/Au for the shell p-contact and Ti/Al/Ti/Au for the core n-contact) followed by a lift-

off procedure. Fig. 5(a) shows an SEM image of a single nanowire device. Finally, micro-

bonding was used to contact the wire-LEDs. The current-voltage (I-V) characteristics of 

single nanowire devices were measured by a Keithley 2636 source meter. Typical room 

temperature I-V curve is shown in Fig. 5(b). It has a rectifying behavior characteristic of an 

LED with a turn-on voltage of about 5 V. This relatively high turn-on voltage is due to the 

Schottky nature of the p-contact (no annealing of the Ni/Au contact was performed, since a 

degradation of the Ni/Au adhesion to the HSQ buffer after annealing was observed in 

previous unsuccessful fabrication runs). The devices show a low leakage under reverse bias 

(at -20 V the reverse current is only 10 nA). This low reverse leakage demonstrates that the 

active region with QWs grown at 650 °C exhibits a good material quality. Room temperature 
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electroluminescence (EL) spectra under different injection currents are shown in Fig. 5(c). A 

measureable EL signal starts to appear around 100 – 150 nA. The spectra are peaked at 534 

nm (2.32 eV) with an important broadening of 221 meV. The observed emission wavelength 

is consistent with the PL results, however the peak broadening is lower than the one observed 

in PL (220 meV for EL vs. 300 meV for PL). This difference is attributed to the additional 

contribution of the yellow band emission tail to the broadening of the PL spectra, whereas the 

yellow band should not be excited in EL experiments. Only a small blue shift of the peak 

wavelength from 544 to 534 nm can be observed for small currents (from 150 to 200 nA) and 

then for currents above 200 nA the peak wavelength and the spectral shape remain 

unchanged. We remind that for previous realizations of red/green luminescence reported in 

the literature using pencil-like nanowires, a strong blueshift of EL was systematically 

observed.25 It was ascribed to the variation of current injection path, which first goes in the In-

rich wire apex and then spreads over the m-plane sidewalls. This strong blueshift is absent in 

the present device. The observed stability of the EL wavelength with current is consistent 

with the attribution of this emission to the m-plane MQWs with unchanged distribution of 

current lines with applied bias.42 The evolution of the external quantum efficiency (EQE) 

defined as the spectrally-integrated EL intensity divided by the injected electrical current with 

injected current is plotted in Fig. 5(d). The EQE first increases following the saturation of 

non-radiative Shockley-Read-Hall recombination, reaches a maximum at 500 nA 

(corresponding to a current density of 0.56 A/cm2, if the total surface of the 6 facets of the p-

GaN shell is assumed to contribute to the current) and then remains relatively stable in the 

analyzed current range. 

In summary, the detailed experimental analysis correlating structural, optical as well as 

electrical measurements presents the possibility of achieving green emission of m-plane 

InGaN/GaN MQWs grown on GaN wire sidewalls in core-shell geometry by MOVPE. The 
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In-content estimated to be 24% in the wire sidewalls leads to a green electroluminescence 

highlighting the potential of core-shell wire-based LEDs produced by industrial MOVPE 

technique to emit long wavelength light. 
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Figure Caption: 

 

FIG. 1: (a) Schematics of the core-shell MQWs grown on GaN wire sidewalls, (b) Growth 

temperature evolution as a function of growth time showing the decreasing temperature for 

InGaN quantum wells keeping constant the growth temperature of the GaN barriers.   

 

FIG. 2: SEM images of as-grown nanowires with QWs grown at different temperatures: (a) 

620°C, (b) 650°C, (c) 685°C and (d) 710°C. 

 

FIG. 3: Structural characterization of the 650°C-QW sample. (a) Transversal cross-sectional 

STEM-HAADF images taken along the c-zone axis depicting the seven quantum wells 

separating the core and p-GaN, (b) High resolution enlarged STEM-HAADF image showing 

distinctively the InGaN QWs and GaN barriers, (c) STEM-EDX elemental map for spatial 

distribution of Ga, In and N in the core-shell heterostructures, (d) Indium profile as a function 

of position from the 1st QW to 7th QW measured by EDX, (e) APT reconstructed positions of 

In atoms in seven radial MQWs, (f) Focus on APT reconstructed In atoms along cross-

sectional and top view of the innermost QW, (g) 2D map of In composition measured by APT 

extracted from the 1st QW, (h) In composition profile from the 1st QW to 7th QW measured by 

APT. 

 

FIG. 4: Optical characterization. (a) Normalized PL spectra at 5K for all the samples with 

wires dispersed on silicon, (b) PL spectra of the sample with QWs grown at 650°C as a 

function of temperature. The inset shows the experimental values and the fit of the integrated 

intensity vs. 1000/T, (c) SEM images and CL mappings at 350, 400, 450, 500 and 550 nm for 

typical single wires corresponding to QWs grown at 710, 685 and 650 °C.  
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FIG. 5: Wire-LED device based on the 650°C-QW samples. (a) SEM image of a typical 

single wire-LED device with metal contacts, (b) Room temperature I-V curve of the single 

nanowire LED in linear scale, inset shows the I-V curve in logarithmic scale, (c) Room 

temperature EL spectra of the single nanowire LED under different injection currents from 

150 nA to 800 nA (Inset: optical image of the operating single nanowire LED), (d) Room-

temperature EQE of the single wire-LED as a function of injection current. 
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Figure 3 
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Self-assembled c-oriented GaN NWs with lateral m-
plane facets were grown by metal-organic vapor-phase epi-
taxy on c-sapphire substrates. The nþ-doped stems of the
wires were grown at 1040 "C using trimethylgallium and am-
monia precursors along with the silane addition for promoting
the wire geometry. The GaN wire sidewalls were then coated
with 20 InGaN layers grown at 750 "C using triethylgallium
and trimethylindium precursors. The unintentional Si doping
induced by the presence of silane during the axial growth
remains under the atom probe detection limit (<1018 cm#3).
A more detailed description of the growth conditions can be
found in the literature.37,45 The analyzed system was extracted
through FIB milling from the side facets of these InGaN/GaN
core-shell c-axis microwires (see Fig. 1(a) for the extraction
positions). Field emission tips for the correlated analysis were
obtained through standard FIB annular milling.50 A 400 nm Si
capping layer was deposited on the side facets from which
tips were extracted and low beam currents (1–10 pA at 30 kV
or 50 pA at 2 kV and an angle of incidence $4"6 2") were
used in order to limit Ga implantation at the surface and deg-
radation of the samples’ optical properties.49

The three analyzed samples will be referred to from now
on as sample A, sample B, and sample C (Fig. 1). The STEM
characterization was performed on the samples A and C,
while the APT analysis was performed on samples A and B.
The lPL analysis was carried out on sample A before com-
pleting the FIB milling process (namely, on a conical structure
of around 400 nm of apex) and on sample B as a fully devel-
oped field emission tip.

Figs. 1(c) and 1(g) show high angle annular dark field
(HAADF) STEM images of samples A and C. The observa-
tions were performed under a JEOL ARM 200F microscope
equipped with a Schottky field emitter operating at 200 kV. A
probe diameter of 0.13 nm was used for HAADF images, with
collection angles in the range of 70–250 nm. InGaN QWs can
be easily identified as brighter contrast sections. The typical
barrier thickness is 23 6 2 nm.45 Further, bright lines propagate
along the whole structure perpendicular to the plane of the
QWs. These lines are identified by high-resolution (HR)
STEM (Figs. 1(h) and 1(i)), as SFs along the a-zone axis which

behave as cubic insertions in the hexagonal wurtzite (WZ) ma-
trix28 originated by the strain accumulation and consequent
plastic relaxation during the growth process.37,45

For completing the structural characterization, APT was
used in a complementary fashion with STEM. APT analyses
were performed in a CAMECA laser assisted wide angle tomo-
graphic atom probe (LAWATAP). In Figs. 1(b) and 1(e), side
views of the reconstructed positions of indium atoms obtained
from samples A and B can be seen. Knowing the position and
the chemical nature of each reconstructed atom, a grid in the
reconstructed space can be defined and used for computing at
each node the InN alloy fraction expressed as the ratio nIn/
(nInþ nGa), with ni being the number of atoms of species i. This
allows computing 2D (and 3D) alloy fraction maps as shown in
Figs. 1(d) and 1(f). Cubic volume bins of 1 nm side were first
used for ensuring the presence of a sufficient number of
detected events for each bin and a sub-grid of 0.25 nm was sub-
sequently considered for interpolating the alloy fraction values
of the main grid. These maps, extracted, respectively, from the
5th QW from top of sample A and from the 4th of sample B,
show InxGa1#xN QWs with a sharp interface on the core side
and a roughly linear compositional variation along the growth
axis (these will be denoted as “QWs with triangular composi-
tion profile” in the following; see Figs. S-2 and S-3 of the sup-
plementary material51). The average InN fraction is x% 0.12,
but strong In fluctuations and In segregation lines defined
along the c-axis are present (direction inferred by correlative
APT-STEM analysis). Here, the fraction becomes x% 0.35
(Fig. S-5 of the supplementary material51). The In-rich regions
are possibly related to the c-axis component of the Burgers vec-
tor b¼ 1/6(2–203) related to the SFs23 or, even in the absence
of plastic relaxation, to the higher degree of strain along the
c-axis associated to the pseudomorphic QW growth.45,52

Fig. 2 shows the results of the optical characterization per-
formed on samples A and B. The lPL spectra were acquired at
4 K, under a continuous wave 244 nm laser focused on a spot
of the size of $1 lm at an incident power of around 50 lW.45

In both spectra, it is possible to distinguish different emission
peaks corresponding to different structures and compositions
of the emitting QWs. Sample A was shown to be characterized

FIG. 1. (a) Scanning electron microscopic image of a microwire. Typical positions from where samples were extracted are highlighted. (b) APT reconstructed
positions of In atoms, (c) HAADF STEM images, and (d) 2D InN APT alloy fraction map extracted from the 5th QW from the top of sample A are shown. (e)
The APT reconstruction (In atoms) and (f) the 2D map extracted from the 4th QW of sample B are also reported. (g) HAADF STEM performed on sample C
shows the presence of QWs and SFs as those seen in sample A, while (h) and (i) HR STEM observations give insight into the nature of the SFs.
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Figure 4 
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Figure 5 

 

 

 

 

 

 

 


