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ABSTRACT 

The optical properties of nanowire-based InGaN/GaN multiple quantum wells (MQWs) 

heterostructures grown by plasma-assisted molecular beam epitaxy are investigated. The 

beneficial effect of an InGaN underlayer grown below the active region is demonstrated and 

assigned to the trapping of point defects transferred from the pseudo-template to the active 

region. The influence of surface recombination is also investigated. We demonstrate an efficient 

surface passivation thanks to AlOx deposition for low InN molar fraction value. By contrast, 

for large InN molar fraction, the surface recombination is masked by an increased non-radiative 

recombination, assigned to the formation of additional point defects during the growth of 

InGaN/GaN multiple quantum wells heterostructure. The inhomogeneous luminescence of 

single nanowires at the nanoscale, namely a luminescent ring surrounding a less luminescent 

centre part points towards an inhomogeneous spatial distribution of the non-radiative 

recombination centers (NRCs) tentatively identified to intrinsic point defects created during the 

MQWs growth.   
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1. INTRODUCTION 

Since decades, III-Nitride materials are a subject of continuous basic and technological 

research because of their light emission properties in a wavelength range that spans from 

ultraviolet (UV) to infrared (IR). These sustained efforts have culminated with the realization 

of violet-blue light-emitting diodes (LEDs) exhibiting an internal quantum efficiency (IQE) of 

more than 90% 1. More recently, III-Nitrides materials have become a central focus of research 

to develop microLEDs.2–5 Particularly, InGaN/GaN MQWs-based heterostructures were 

demonstrated as lighting and display sources since they cover the full visible emission range6. 

However, the performances of native color InGaN/GaN microdisplays still need to be 

improved. Indeed, the growth of InGaN presents a number of challenging issues that limit the 

IQE of active layers, particularly in the yellow-red range7. This decreasing IQE for increasing 

InN molar fraction is partly assigned to the degradation of the material structural and optical 

quality caused by the relaxation of the built-up strain in MQWs, because of an increasing 

InGaN/GaN lattice mismatch together with an increasing influence of the quantum confined 

Stark effect. This contributes to the IQE drop at long wavelength emission.  

 Recent researches focused on the elaboration of nanowires (NWs) based microLEDs8–

10. Indeed, for a diameter small enough11,12,  the high aspect ratio of NWs allows one to grow 

heterostructures that are free of extended defects such as dislocations13–16, which are known to 

act as significant non-radiative recombination centres (NRCs)17,18 especially for a density above 

108 cm-2 . However, as a counterpart, this high surface/volume ratio and the presence of surface 

states potentially favours non-radiative surface recombinations.19,20 Besides, the influence of 

point defects, also responsible for reducing the luminescence efficiency of the emitting layers 

should equally affect NW heterostructures. In fact, point defect incorporation is intrinsically 

related to growth conditions. Whatever the growth technique, residual impurities incorporation 

is one source. Such impurities may act as exciton trapping centres, resulting in parasitic 



4 

 

luminescence or non-radiative recombinations. In addition, the thermodynamically-driven 

formation of N or Ga vacancies (VN, VGa) is another source of point defects, directly linked to 

growth temperature and metal/N species ratios. VGa forming complexes with other point defects 

are known to act as NRCs, leading to a decrease in luminescence efficiency and shorter 

recombination lifetime21,22. A special attention was recently paid to the case of VN. In particular, 

it was found that the addition of an InGaN underlayer (UL) grown before the MQWs in 

InGaN/GaN layered heterostructures elaborated by metalorganic vapour phase deposition 

(MOCVD) led to a marked improvement of luminescence23–27. This effect was tentatively 

assigned to the ability of this UL, containing a low In content, to trap VN forming at the GaN 

surface.24 Due to their chemical affinity with In atoms28,29, VN are incorporated and trapped 

inside the InGaN UL by creating complexes with In atoms. Hence, as a consequence of the 

reduced surface defect density, a significant increase of the luminescence efficiency of layered 

LEDs is observed. However, the impact of such an UL in InGaN/GaN NW heterostructures 

elaborated by Plasma Assisted Molecular Beam Epitaxy (PA-MBE) at growth temperatures 

lower than in MOCVD still remains to be investigated.  

Using a combination of optical characterization techniques, we highlight the impact of 

an InGaN UL grown before the QWs on the luminescence efficiency of InGaN/GaN NW 

heterostructures elaborated by PA-MBE. We also demonstrate the importance of a surface 

passivation step to avoid surface recombination and show that the surface recombination 

influence decreases when the InN molar fraction in the QWs increases while the role of other 

NRCs becomes prominent, associated with luminescence inhomogeneities at the nanoscale.  

 

 

2. EXPERIMENTAL SECTION 
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The pseudo-templates used in this work consist of ordered arrays of MOCVD-grown 

GaN NWs elaborated by selective area growth (SAG) on a sapphire substrate covered by a 5 

μm, Ga-polar n-doped GaN buffer layer. Prior to the growth, a 40 nm SiN mask is deposited by 

low pressure chemical vapor deposition, and patterned by e-beam lithography, to realize 

homogeneous arrays of holes with different diameters. Then, GaN NWs are grown from these 

holes. Non-negligible lateral growth enlarges the NWs, leading to final diameters that range 

from 135 nm to 280 nm. The NWs spacing is 400 nm. Following introduction in the PA-MBE 

growth chamber, these pseudo-templates are outgassed at 950°C during 45 min before further 

deposition of the MBE-grown section. The list of the samples investigated in this work is 

displayed in Table 1. Sample A, B and C emitting respectively at 480 nm, 590 nm and 615 nm, 

are composed of a 25-nm thick GaN layer, deposited on the pseudo-template, followed by the 

growth of a nominally 50 nm thick InGaN UL with an In content of about 3% and a 20-nm 

thick GaN spacer. The emitting region consisted in In0.15Ga0.85N/GaN, In0.29Ga0.71N/GaN and 

In0.32Ga0.68N/GaN MQWs, respectively. The structure of sample D, emitting at 480 nm, is  

similar to sample A. However, sample D differed from sample A by a slower growth rate of 

0.14 ML/s for the emitting region (0.37 ML/s for sample A). Finally, a 3 nm thick GaN capping 

layer was deposited to encapsulate the MQW structure, before an annealing step of 20 min at 

900°C. Samples A’ and B’ were obtained by the additional deposition of an aluminium oxide 

(AlOx) layer on sample A and B, respectively. Such an AlOx passivation layer was also 

deposited on sample D. In the reference sample without UL, an additional GaN layer of same 

thickness was grown in order to maintain constant for all samples the total thickness of the 

section overgrown by MBE on the template before growth of the MQW section.  
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Sample  InGaN underlayer AlOx deposition QW Emission 

wavelength[gj1] 

Reference No No 480 nm 

A Yes No 480 nm 

A’ Yes Yes 480 nm 

B Yes No 590 nm 

B’ Yes Yes 590 nm 

C Yes No 615 nm 

D Yes Yes 480 nm 

Table 1 : List of samples 

 

3. RESULTS 

To study the InGaN UL impact on the optical quality of the material, 

cathodoluminescence (CL) experiments were carried out at room temperature on a single NW 

from sample C, dispersed on a TEM copper/carbon grid, using an Allalin-type Attolight 

equipment. Hyperspectral mapping was achieved using an incident e-beam of 10kV/10nA.  

Three spectra extracted from one hyperspectral mapping at room temperature of the 

single NW are shown in fig 1a). The location of the different layers in the NW are delineated 

in the SEM picture in fig 1c), along with the CL mapping superimposed to the NW SEM picture 

(fig 1b) in order to spatially determine the origin of the luminescence in the NW. Three CL 

emission bands appear at 365 nm (FWHM = 15nm), 390 nm (FWHM = 23 nm) and 615 nm 

(FWHM = 85nm). The 615 nm contribution matches with the InGaN/GaN MQWs position, 

while the 390 nm contribution coincides with the InGaN UL, consistent with a InN molar 

fraction of around 3%. Interestingly, the signal at 365 nm originates from the GaN spacer grown 
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above the UL. By contrast, only weak luminescence comes from the GaN section below the 

UL. In this case, the weak MQW contribution to the CL spectrum 

Fig 1. (a) Room temperature CL spectra extracted from the (b) hyperspectral mapping of a single NW 

(sample C). A SEM image is superposed to the mapping. The red, blue and green colors are assigned to 

the electron excitation mapping in the InGaN QWs, the GaN and the underlayer, respectively. (c) SEM 

image of the studied NW with the approximate location of the different layers in the NW deduced from 

CL mapping. 

 

corresponds to excitation by the electrons retrodiffused by the copper/carbon grid. The weak 

luminescence of the 25 nm thick MBE-grown GaN section on the template is assigned to the 

likely presence of chemical impurities resulting from the transfer from MOCVD to MBE set-

up.  

 

In order to investigate the potential impact of the UL on the MQWs luminescence, we 

performed power dependent micro-photoluminescence (PD-µPL)[gj2] experiments on sample A 

and on the reference, using a 405-nm laser as an excitation source. The laser spot diameter being 

around 3 µm, about 15 NWs of 240-nm diameter were excited during the experiment. The 
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luminescence efficiency is defined as the integrated PL intensity divided by the excitation 

power density. As shown in figure 2a, the luminescence efficiency of the reference sample 

plotted as a function of excitation power density exhibits a plateau for increasing power density 

until a sharp decrease starting at 105 W.cm-2. By contrast, sample A exhibits a higher 

luminescence efficiency whatever the excitation power density value, which directly shows the 

UL benefits. Moreover, the efficiency curve as a function of the excitation power exhibits a bell 

shape, allowing one to identify several regimes. In particular, we observe an increase (slope > 

1) of the luminescence efficiency starting at around 1 W.cm-2. As in the case of the reference 

sample, the luminescence efficiency drastically decreases above 105 W.cm-2. Furthermore, an 

extra set of PD-µPL was performed on sample A, for three different diameter values: 180, 240 

and 275 nm. The corresponding efficiency curves (fig. 2b) exhibit a bell-shape, confirming the 

results shown in fig 2a. Interestingly, one can notice a diameter dependence on the 

luminescence efficiency evolution. Indeed, for the full range of excitation power density, the 

luminescence efficiency is larger as the NWs diameter value decreases. Also, the maximum 

luminescence efficiency is reached at a higher excitation power density value when the NW 

diameter is larger, as a clue that the NRC density is reduced for NW with a small diameter and 

an UL. 
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Fig 2. (a) Room temperature power dependent micro-PL experiments carried out for sample A (light 

blue) and a reference sample (dark blue). (b) Room temperature power dependent micro-PL experiments 

carried out for a sample with underlayer for three diameters values: 180, 240 and 275 nm. The dashed 

lines correspond to PL efficiency maximum. 

 

The internal quantum efficiency, IQE, is often described in the frame of the ABC model: 

 

where n is the generated carrier density, 𝑛0 the residual n-doping carrier density in the material, 

and A, B and C the Shockley-Read-Hall (SRH) (non-radiative), radiative and Auger 

recombination coefficients, respectively. The limitations of this phenomenological model, 

which in general fails to account for the complexity of carrier recombination mechanism, have 

been recently reviewed by David et al30. Moreover, in the case of a population of size-dispersed 

NWs, NRC density variations from wire to wire, could result in a dispersion of A values at the 

scale of single NWs, making the ABC model irrelevant to describe their ensemble. However, 

despite these limitations, the ABC model has the virtue of providing a qualitative view of the 

recombination trends. In particular, in the low power density regime for which n << n0, the 

plateau observed in absence of UL in figure 2a corresponds to a constant IQE equal to Bn0/(A+ 

Bn0), i.e. to a regime governed by both the non-radiative recombination and residual doping n0. 

Clearly, the addition of an UL leads to an increased efficiency and to a departure from the linear 

regime, as an evidence that either the NRC density was reduced or the residual doping 

increased. However, these observations may also be the result of extraction and/or absorption 

effects, which will be discussed in the TR-PL section below. As the reference and sample A 

 𝐼𝑄𝐸 =
𝐵𝑛(𝑛0+𝑛)

𝐴𝑛+𝐵𝑛(𝑛0+𝑛)+𝐶𝑛
3 
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were grown in similar experimental conditions, it can be reasonably assumed that their residual 

doping is likely the same. Then the supra-linear increase of PL intensity as a function of 

excitation power density can be tentatively assigned to the saturation of NRC-related 

recombination and increasing radiative recombination. For both samples, the sharp decrease of 

the luminescence efficiency at excitation power densities higher than 105 W/cm2 corresponds 

to Auger recombination, taking over the radiative recombination.  

 Additional time-resolved photoluminescence (TR-PL) experiments were performed at 

room temperature on sample A and on the reference, to investigate the effect of the UL on 

recombination dynamics in InGaN MQWs. The 405-nm second harmonic of a 76 MHz pulsed 

Ti:Al2O3 laser output was used as an excitation source. During these measurements, about 15 

NWs were excited under an average power density value of 102 W.cm-2, in order to work in the 

regime where the radiative recombination is dominant. For each sample, the PL intensity was 

measured, and its time evolution plotted for three NW diameter values, namely 180, 240 and 

275 nm (see fig 3). Recombination lifetimes were extracted using a single exponential fit at 

long delays, in order to avoid the influence of Auger recombination, are reported in Table 2).  
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Fig 3. Room temperature TR-PL experiments performed for the reference sample and sample A. 

Measurements were performed for 3 different diameters values: 180 nm (green solid line), 240 nm (blue 

solid line) and 275 nm (orange solid line).  

 

 

 

 

Noticeably maximum PL intensities for sample A are higher than for the reference one, 

whatever the NW diameter value, which is consistent with luminescence efficiency results in 

figure 2b. Moreover, the PL intensities of the reference sample display a similar time evolution 

for all diameters, assessed by similar effective lifetime values, suggesting that the NW diameter 

size does not significantly influence the recombination dynamics in this case. However, the 

opposite can be seen for sample A. In fact, one can notice that the maximum PL intensity is 

larger for smaller NW diameter. Similarly, the lower the NW diameter, the longer the effective 

lifetime is. The effective lifetime being independent of extraction effects, these results, 

consistent with the PD-µPL measurements in fig 2b), cannot be only attributed to a change in 

light absorption and/or extraction efficiency. Moreover, as the surface/volume ratio is 

increasing for decreasing NW diameter, they suggest that either NR surface recombination is 

not primarily dominating the carrier dynamics, in line with the results of Hauswald et al 

concerning GaN NWs31, and/or that the NRC concentration is lower in small diameter NWs. 

To test these hypotheses, an aluminium oxide (AlOx) layer was deposited on sample A by 

Atomic Layer Deposition (ALD) technique. Then, a new set of PD-µPL experiments was 

 Effective lifetime (ns) 

Diameter 

(nm) 
Reference  Sample A 

180 0.66 ± 0.006 1.6 ± 0.007 

240 0.68 ± 0.007 0.89 ± 0.006 

275 0.75 ± 0.011 0.70 ± 0.013 

Table 2 : Recombination lifetimes for reference and sample A as a function of diameter 
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performed on this new sample A’ under the same previous conditions. The comparison of 140-

nm NWs diameter from samples A and A’ emission efficiency versus excitation power density 

curves are presented in fig 4a. Interestingly, for the whole excitation power density range, the 

measured emission efficiency is about 50% larger after surface passivation than before, which 

is tentatively assigned to increased light extraction efficiency, since the refractive index nAlOx, 

of the passivating layer is comprised between nair and nGaN. The Auger losses become effective 

at the same power density (between 103 and 104 W/cm²) in both cases.. By contrast, a significant 

difference appears at low excitation power density. In this range, the emission efficiency after 

AlOx deposition is significantly larger than before, meaning that the surface passivation is 

easing defect saturation. We attribute this to the partial or full suppression of a surface 

recombination channel.  
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Fig 4. Power dependent micro-PL measurements acquired before and after the aluminium oxide layer 

deposition for samples emitting at (a) 480 nm and (b) 590 nm. Solid lines are guides to the eye. The 

dashed lines correspond to the onset of saturation.  

 

In a next step, we investigated the consequences of surface passivation in the case of 

InGaN MQWs with a higher In content. To this end, PD-µPL measurements were performed 

on 140-nm NWs diameter from sample B. After the deposition of an AlOx layer, an extra set of 

PD-µPL experiments were performed on that new sample B’. The emission efficiency vs 

excitation power densities curves are plotted in fig 4b. By comparison with sample A, the 

maximum efficiency for sample B is reached for about two orders of magnitude larger 

excitation power density (103 vs 101 W.cm-2), suggesting that NRC density is increasing with 

In content. The emission efficiency measured after surface passivation is about 80% higher at 

the plateau than before, whatever the excitation power density. In the same way, the Auger 

losses become effective at the same power density (104 W/cm²) in both cases.. Moreover, no 

significant differences of luminescence intensity come up at low power excitation density 

between B and B’, as a clue, on the one hand, that surface recombination is not dominant and 

emphasizing the presence of an extra source of NRCs. However, on the other hand, the 

maximum efficiency for sample B’ is reached for an excitation power density one decade less 

than for sample B (10² W/cm² vs 103 W/cm²) suggesting that surface recombination, even if not 

being the dominant non radiative recombination channel, is present and can be reduced by the 

AlOx layer deposition  
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With the aim of unravelling the impact of diameter on luminescence efficiency at the 

nanoscale, CL mapping experiments of single NWs were performed on sample A’, for the three 

different NW diameters studied before. The spacing between the NWs is 400 nm. The voltage 

acceleration was set to 5 kV.  For each diameter, top-view CL mappings of 500 NWs were 

acquired at room temperature and are presented in fig 5a, 5b and 5c. Interestingly, as shown in 

inset in fig 5a, 5b and 5c, the luminescence is homogeneous for the 180 nm [gj3]diameter, 

whereas a luminescent ring surrounding a less luminescent central part is identified for the 240 

and 275 nm diameters. The CL spectra plotted in fig 5d are acquired in the side and the centre 

of a NW, confirming that the CL intensity in the ring is two times higher than in the centre part. 

Remarkably, no wavelength shift from center to ring is observed, discarding the hypothesis that 

the ring could result from the growth of QWs with a lower In content on semipolar facets32,33.  
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Fig 5. (a-c) Top view CL mappings of 500 NWs, for 180, 240 and 275-nm NWs diameter, respectively 

for sample A’.  The insets show a top-view CL intensity of 2 NWs, for 180, 240 and 275-nm diameter, 

respectively. (d) CL spectra of the side and the centre for one NW from sample A’. (e, f) Luminescence 

ring width distribution for 240 and 275 nm NW diameter.  

A statistical analysis of the luminescent ring width was performed on about 100 NWs 

for the 240 and 275 nm diameter values. The resulting distributions are plotted in figure 5e and 

5f. The average ring width is 90 nm for both diameters, as a clue that the physical phenomenon 

responsible for the ring formation has a common origin in both cases. Accordingly, the 

homogeneous luminescence observed for the smallest NW diameter, is assigned to the fact that 

their diameter value is lower than twice the ring width.  

In order to be able to link the CL efficiency drop at the center of the large wires to a 

change of NRC density, we then used spatially resolved time-correlated cathodoluminescence 

(TC-CL) spectroscopy34. The measurement was achieved using an incident e-beam of 5kV/10 

pA.  The extracted CL lifetime profile along the diameter of a ring-exhibiting NW is shown in 

figure 6. Interestingly, this profile puts in evidence longer lifetime values in periphery, i.e. in 

the ring, than in the centre of the NW, as a further clue of a lower density of NRCs in the ring 

area.   
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In order to get more insight in the formation mechanism of the NRCs responsible for the above 

features, both the influence of NW array pitch and growth rate on the luminescence of the NWs 

were examined. As concerns pitch, an extra CL-mapping was acquired at room temperature for 

180-nm diameter NWs from another area of sample A’. In this area, the NW spacing was 200 

nm. [AC4]One can notice in figure 7a the presence of an inhomogeneous luminescence at the NW 

scale, namely a luminescent ring surrounding a less-luminescent centre. A statistical analysis 

of the luminescent ring width was performed on about 100 NWs from this CL mapping. The 

resulting distribution is plotted in figure 7b. The average ring width is 50 nm. By comparison 

with the CL mapping in fig 5a where the 180-nm NWs diameter exhibits an homogeneous 

luminescence, these results suggests that the pitch reduction leads to an increased NRC density 

in the NW central part, concomitantly with the formation of a thinner luminescent ring in 

periphery.  

 

 

 

 

 

 

Fig 6. CL lifetime values along the diameter for a 275 nm diameter NW from sample A’. 
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As concerns the NW growth rate, figure 7c and 7d show the CL intensity histogram of samples 

A and D, respectively. Interestingly, it appears that the average intensity for sample D (about 

6000 counts) is significantly shifted towards higher intensities, to be compared to about 3000 

counts for sample A’, suggesting that a lower growth rate either reduces the NRC formation 

rate or favours their curing, as it will be further discussed. 

 

4. DISCUSSION 

The enhancement of the emission efficiency in the MBE-grown GaN section above the 

UL points towards NRC transferred from the MOCVD-grown GaN NW template into the 

MBE-grown GaN section below the UL and supports the assumption that the UL trapped a 

fraction of the total number of those NRCs. In absence of extended crystalline defects such as 

dislocations in NWs, the major source of NRCs is expected to consist of extrinsic point defects 

such as Fe, C or complexes associating Ga and nitrogen vacancies, VGa and VN 
35. Accordingly, 

Point defects formed during the MOCVD growth of the GaN NW template and accumulating 

at the surface36 could be a candidate to account for the lack of luminescence in the MOCVD-

grown NW template.  In this scenario, these NRCs can be transferred into the MBE-grown GaN 

Fig 7. (a) Top view CL mappings of about 500 NWs, for 180-nm NWs diameter. The inset shows a 

top-view CL intensity of 3 NWs of 180-nm diameter. (b) Luminescence ring width distribution for 

180-nm NWs diameter separated by a 200-nm pitch. (c-d) CL Intensity distribution for 240-nm NW 

diameter from sample A’ and D grown at (c) 0,37 ML.s-1 and (d) 0,14 ML.s-1 respectively.   
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section and further trapped in the InGaN UL grown onto it. Similar to the case of MOCVD 

layers, the point defect trapping by the UL should occur through the creation of In-point defect 

complexes, preventing their further segregation in GaN spacer and InGaN QWs.  

While clearly supporting the beneficial effect of the UL to decrease the total density of 

NRCs with respect to the reference sample, the PD-µPL data also suggest that surface states, 

unidentified chemical impurities and/or residual  point defect are not fully suppressed. This 

statement is supported on the one hand by the effect of ALD passivation at low excitation power 

observed for samples A and A’, which reveals the presence of surface states. However, on the 

other hand, the higher luminescence intensity observed for smaller diameters in sample A rather 

suggests that another type of NRCs, the number of which decreases with diameter is affecting 

the MQWs luminescence intensity.  

Chemical impurities such as O associated with Ga vacancies37,  or Ca 38 currently 

invoked to account for non-radiative recombination are unlikely candidates to account for this 

feature. In particular, there is no reason to believe that they should be incorporated preferentially 

in the central part of the heterostructure, as suggested by the TC-CL data shown in figure 6. 

Moreover, if considering a constant flux of chemical impurities only dependent on the MBE 

chamber base vacuum, one should expect a larger amount of incorporated impurities for lower 

growth rate, contrary to results shown in figure 7c. These results suggest that the NRCs 

responsible for this behaviour could be of intrinsic origin rather than extrinsic. Also, the pitch 

variation, which has a clear influence on the luminescence properties of the NWs, should not 

affect the incorporation rate of these chemical impurities in the NWs. Alternatively, VGa or 

residual VN untrapped in the UL or VN incorporated during the growth of the MQWs themselves 

could be a candidate to account for the overall limited PL efficiency of InGaN/GaN NW 

heterostructures. As concerns VN, it has to be reminded that they can easily form at the surface 

of GaN during growth. This also holds in the case of InGaN for which the VN energy formation 
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is found to decrease for increasing InN molar fraction28. The VN formation at the surface of 

InGaN/GaN NW heterostructures is expected to be furthermore eased when using PA-MBE 

growth technique, as it is known that the continuous exposure of the growing surface to a flux 

of neutral N and charged species with a large kinetic energy favours the formation of VN at the 

surface of GaN and InGaN39. The VN formation rate is expected to be even larger in the case of 

InGaN, which is grown at a temperature close to the decomposition temperature. However, 

besides limiting the formation of VGa or VIn ,  metal excess is expected to stabilize N adatoms 

and prevent them from recombining into N2 and desorbing from the surface where VN should 

be left40. It is then possible that the metal excess diffusing from the sidewalls towards the NW 

top and accumulating in the NW periphery41,42 results in N stabilization and reduced VN 

formation probability. The data shown in figure 7 demonstrate that the shadowing effect, 

induced by the pitch reduction, causes a diminution of the ring width. Accordingly, this feature 

is tentatively assigned to a reduction of metal flux diffusing from the side walls associated with 

a limitation of metal excess on top, which could affect metal-assisted N stabilization and 

increase the VN formation probability. However, the metal excess in NW periphery and its 

dependence on pitch value could equally result in a decrease in VGa or VIn formation rate, 

preventing at this stage a firm conclusion on the nature of the NRCs formed during the growth 

of the InGaN MQW heterostructure but definitely pointing towards an intrinsic origin.  

 

5. CONCLUSION  

 In conclusion, our data demonstrate that the luminescence of the InGaN/GaN NW 

heterostructures under study is limited by both surface recombination and at least another kind 

of NRCs. Moreover, the relative importance of both contributions is depending on the diameter 

of the heterostructures and on the InN molar fraction, with an increasing influence of NRCs for 

increasing InN molar fraction. On the basis of data from CL, PL and TR-PL measurements, we 
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showed that the addition of an InGaN UL with a low In content enhances the luminescence 

efficiency of NW-based InGaN/GaN MQWs elaborated by MBE, consistent with the 

effectiveness of a VN trapping mechanism. While most point defects present in the MOCVD 

NW template are thus prevented to migrate into the upper MBE-grown section, the presence of 

an additional source of NRCs likely formed during the growth of InGaN/GaN MQWs was 

identified. Our experimental CL data strongly suggest they are of intrinsic origin and could be 

VGa , VIn or VN generated during PA-MBE growth. Non radiative recombination associated 

with these defects is prevailing over surface non radiative recombination for increasing InN 

molar fraction and could account for the decreasing luminescence efficiency observed in the 

long wavelength emission range. In practice our results are assessing the counter-intuitive 

prediction that small diameter NW-based LEDs are preferable for optimized efficiency.   
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