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Titre: Diodes électroluminescentes à nanofils nitrures 

Mots clés: GaN, nanofil, LED, graphène, flexible 

Résumé: Les nanofils nitrures présentent des 
propriétés optoélectroniques extraordinaires et 
sont considérés comme des matériaux 
prometteurs pour des diodes 
électroluminescentes (LEDs), grâce à leur haute 
qualité cristalline, leurs surfaces non-polaires, 
leur bonne flexibilité mécanique, leur rapport 
d’aspect élevé, etc. 
Cette thèse adresse la croissance, la fabrication, 
les caractérisations optiques et électriques et la 
simulation optique des dispositifs à base de 
nanofils nitrures, avec un accent particulier sur 
les LEDs à nanofils. 
Premièrement, cette thèse présente la croissance 
par épitaxie en phase vapeur aux 
organométalliques de nanofils nitrures cœur-
coquille auto-assemblés contenant des puits 
quantiques InGaN/GaN sur les facettes plan m 
avec différentes concentrations d’In. Puis est 
décrite la fabrication de LEDs utilisant ces 
nanofils suivant deux différentes stratégies 
d’intégration (intégrations planaires et 
verticales).   

L’intégration planaire est basée sur des nanofils 
uniques dispersés horizontalement. J’ai proposé 
une plateforme photonique intégrée composée 
d’une LED à nanofil, d’un guide d’onde 
optimisé et d’un photodétecteur à nanofil. J’ai 
également développé un système d’alignement 
des nanofils. 
L’intégration verticale a pour objectif la 
réalisation de LEDs flexibles reposant sur une 
assemblée de nanofils verticaux encapsulées 
dans des polymères. Je montre que ceci permet 
la fabrication de LEDs flexibles 
monochromatiques, bi-couleurs ou blanches.  
Les nanofils épitaxiés sur des matériaux 2D par 
épitaxie de van de Waals sont faciles à décoller 
de leur substrat natif. Avec cette motivation, 
dans la dernière partie de cette thèse, j’ai étudié 
la croissance organisée des nanofils GaN sur du 
graphène micro et nano-structuré utilisant 
l’épitaxie par jets moléculaires. 
 

 

 

Title: Nitride nanowire light-emitting diodes 

Keywords: GaN, nanowire, LED, graphene, flexible 

Abstract: Nitride nanowires exhibit 
outstanding optoelectronic and mechanical 
properties and are considered as promising 
materials for light-emitting diodes (LEDs), 
thanks to their high crystalline quality, non-
polar facets, good mechanical flexibility, high 
aspect ratio, etc. 
This Ph.D. thesis addresses the growth, the 
device fabrication, the optical and electrical 
characterizations and the optical simulations of 
III-nitride NW devices, with a special emphasis 
on the LED applications.  
First, this thesis presents the growth of m-plane 
InGaN/GaN quantum wells with different In 
concentrations in self-assembled core-shell 
nanowires by metal-organic chemical vapor 
deposition. Then, by using these nanowires, 
LED devices based on two different integration 
strategies (namely, in-plane and vertical 
integration) are demonstrated.  
 

The in-plane integration is based on the 
horizontally dispersed single nanowires. I have 
proposed a basic integrated photonic platform 
consisting of a nanowire LED, an optimized 
waveguide and a nanowire photodetector. I 
have also developed a nanowire alignment 
system using dielectrophoresis.   
The vertical integration targets the fabrication 
of flexible LEDs based on vertical nanowire 
arrays embedded in polymer membranes. 
Flexible monochromatic, bi-color, white LEDs 
have been demonstrated. Their thermal 
properties have been analyzed.  
The nanowires grown on 2D materials by van 
der Waals epitaxy are easy to be lifted-off from 
their native substrate, which should facilitate 
the fabrication of flexible nanowire devices. 
With this motivation, in the last part of this 
thesis, I have investigated the selective area 
growth of GaN NWs on micro- and nano- scale 
graphene by molecular beam epitaxy.  
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1. General introduction  

1.1. Context and motivations of my Ph.D. research 

1.1.1. Context 

 Short story of III‐nitride semiconductors and LEDs 

III-nitride semiconductors were first synthesized in 1932 in the polycrystalline form [1]. The 

growth of thin film monocrystalline GaN was demonstrated by hydride vapor phase epitaxy 

(HVPE) in 1969 [2]. The first growth of monocrystalline GaN or AlN was successively 

achieved by metalorganic chemical vapor deposition (MOCVD) and molecular beam epitaxy 

(MBE) in 1971 [3] and 1975 [4], respectively. III-nitride semiconductors have been subject to 

renewed interest since 1989, thanks to the demonstration of the efficient p-doping of GaN by 

Isamu Akasaki’s team [5]. This breakthrough resulted in the first commercialized blue light-

emitting diodes (LEDs) in 1993 and blue laser diodes in 1995 by the company Nichia [6]. 

Today, the III-nitride semiconductors are considered as promising candidates for various 

innovatory applications in the domains of electronics, photonics, and optoelectronics. As the 

third-generation semiconductors, the III-nitride materials show their specific features, 

compared to the semiconductors of the first generation (Si and Ge) and of the second generation 

(GaAs and InP), such as the wide direct bandgap covering the entire visible spectral range from 

mid-ultraviolet to near-infrared,  the high electron mobility and high breakdown voltage.  

The first commercial LEDs were produced in 1962 by using GaAs for infrared light output 

[7]. But the real breakthrough has only been effective during the last 25 years.  Since the new 

century, high-power LEDs have started to enter the market of lighting and replace gradually 

the conventional incandescent and discharge lamps. This progress is mainly due to the 

development of efficient III-nitride based blue and white LEDs. The LEDs have many 

advantages, such as their long lifetime, their small size, their short response and low 

consummation (high efficiency). The cutting-edge blue LEDs yield a wall-plug efficiency 

above 70%. 
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 Evolution of the structure: from thin‐film to nanowire 

The improvements of the device design and in the doping strategies of the III-nitride thin-

film blue LEDs yield the efficiency close to the fundamental limit. Many research interests 

have been attracted to nanowire (NW) structures from the last 2 decades, thanks to the progress 

in the growth technique, which enables the synthesis of the NWs with a high degree of control 

of the composition, doping, and morphology. The NWs are considered as a promising 

alternative of the conventional thin-films thanks to their unique mechanical, optical, and 

electrical properties, stemming from their nanoscale dimension, high surface-to-volume ratio, 

anisotropic geometry, and carrier confinement. For example, the NWs can overcome the misfit 

dislocation and the efficiency droop issues of conventional thin-film LEDs thanks to their high 

crystalline quality and their high surface-to ratio. In addition, they show great prospects of 

high-resolution displays owing to their nanoscale dimension. In particular, InGaN/GaN core-

shell NWs with radial heterostructures present remarkable optoelectronic properties in the 

visible to the near-ultraviolet spectral range. 

1.1.2. Motivations 

Benefiting from their specific features, the III-nitride NWs have many potential applications, 

such as devices with high flexibility, on-chip integrated photonic circuits, biological sensors, 

and high-resolution displays. Despite the numerous advantages of NWs, one main challenge to 

bring NWs into application is the development of an effective and scalable integration 

technology. The integration process should be parallel, applicable to different substrates (rigid 

and flexible) and preserve the NW properties without inducing any damage. The objective of 

my Ph.D. work is to develop a novel technology of a functional integrated photonic platform 

by using the InGaN/GaN NWs as the active elements. There are 2 different integration 

strategies: the in-plane integration and vertical integration. The in-plane integration is based on 

horizontal NWs. NWs with different functionalities can be positioned, nanofabricated, and on-

chip integrated with other components, e.g. a basic photonic platform structure consisting of a 

NW LED and a NW photodetector coupled by a waveguide. The vertical integration relies on 

a vertical assembly of NW layers with different functionalities, e.g. LED layers with different 

emitting colors. This strategy also enables the flexible devices by embedding the standing NW 

arrays into a polymer membrane.  
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1.2. Manuscript organization 

In Chapter 1, I give a general introduction to the context of my Ph.D. research. A brief history 

from the III-nitride semiconductor LEDs to the NWs is reviewed. Under this context, the 

motivation of my Ph.D. work is presented, followed by the manuscript organization and the 

collaborations during my Ph.D. work. 

In Chapter 2, I introduce briefly the III-nitride semiconductors and the nitride NW LEDs. 

The first section presents the properties of the materials to offer basic knowledge for the 

comprehension of this thesis. The second section starts at the nitride thin-film LEDs and 

discusses the issues of this conventional 2D structure. The 3D NW structure is then introduced 

and the state of the art of the nitride NW LEDs is reviewed. 

Chapter 3 concerns the MOCVD growth of the self-assembled nitride core-shell NWs used 

for the device fabrications in my Ph.D. work. By varying the growth temperature, different In 

concentrations are achieved in the m-plane InGaN quantum wells, corresponding to different 

emitting colors of the NW LEDs. I also present the structural and optical properties of these 

NW LEDs. 

In Chapter 4, I report the single NW LED devices based on the in-plane integration strategy. 

Firstly, I demonstrate the electroluminescence (EL) from a single NW LED fabricated by e-

beam lithography, which is the first demonstration of green electroluminescence from non-

polar m-plane core-shell InGaN nanowire. Then I present an integrated photonic platform 

structure consisting of a NW LED, a waveguide, and a NW photodetector with optimized 

optical coupling yield. The last section introduces a technique for the NW alignment, aiming 

at the promising wafer-scale fabrication. A home-made system combining the 

dielectrophoresis and microfluidic enables the NW alignment. 

Chapter 5 contains the flexible array NW LEDs, corresponding to the vertical integration. 

This chapter includes the fabrications and the optical and electrical characterizations of the 

monochromatic, bi-color and white flexible NW LEDs. I investigate the thermal properties of 

the flexible LEDs, including the temperature-dependent EL and the heating performance at 

room temperature. The last section reports the fabrication techniques of the flexible active and 

passive matrices of pixels based on vertical core-shell NW LEDs. 
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In Chapter 6, I present the selective area growth of GaN NWs on micro- and nano- scale 

graphene by MBE. Benefiting from the weak bonds between the NW feet and the substrate of 

this van der Waals epitaxy, the NWs are easy to be peeled off from the native substrate, which 

is a crucial point to facilitate the fabrication of the flexible NW devices. This chapter is 

composed of the substrate preparation, the GaN NW growth and the optical and statistical 

properties of the NWs. 

1.3. Collaborations 

My main Ph.D. research relies on the PLATOFIL (PLAteforme phTOniaue à base de 

nanoFILs) project supported by ANR (Agence Nationale de la Recherche), which is a 

collaborative project carried out by 4 partners: University of Paris-Saclay/C2N (Center for 

Nanoscience and Nanotechnology), CEA-Grenoble/INAC (Institut Nanosciences et 

Cryogénie), Ecole Polytechnique/LPICM (Laboratoire de Physique des Interfaces et des 

Couches Minces), and Université d'Aix-Marseille/IM2NP (Institut Matériaux 

Microélectronique Nanosciences de Provence).  My main research was carried out in C2N. The 

nanofabrications were performed in the cleanroom of CTU (Centrale de Technologie 

Universitaire) IEF-MINERVE. The work about the MBE growth of the GaN NWs on patterned 

graphene relies on the NanoHarvest (flexible nanowire devices for energy harvesting) project 

supported by ERC (European Research Council). The scholarship of my Ph.D. study is offered 

by CSC (China Scholarship Council). My supervisors are Maria Tchernycheva and François 

H. Julien, from C2N/University of Paris-Sud/University of Paris-Saclay.  
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2. III-Nitride semiconductors and nanowire LEDs 

This chapter will start from an introduction of the basic properties of the III-nitride materials. 

Then, the issues of conventional planar 2D nitride LEDs will be discussed briefly, such as the 

efficiency droop at high injection, the effects of the quantum-confined Stark effect (QCSE) and 

of the misfit dislocations. I will discuss how the nanostructured nanowire (NW) LEDs can 

potentially overcome these issues of conventional planar LEDs. At the end of the chapter, the 

general structural, optical and electrical properties and the state of the art of III-nitride NW 

LEDs will be presented. 

2.1. Basics of III-Nitride semiconductors 

2.1.1. Crystalline structure 

Nitride semiconductors (AlN, GaN, InN and their alloys) can crystallize in two 

crystallographic arrangements, namely in wurtzite and zinc-blende structures. The Figure 2-1-

(a) shows a schematic representation of the hexagonal wurtzite phase of GaN, which is the 

dominating crystal structure of III-nitride semiconductors. However, as shown in Figure 2-1-

(c), the zinc-blende crystal exhibiting a cubic symmetry can also be grown under certain 

conditions. The zinc-blende phase is less thermodynamically stable than the wurtzite phase. 

All the III-nitride semiconductors mentioned in the following parts of this thesis are in the 

hexagonal phase. 

 

Figure 2-1 Schematic illustrations of (a) hexagonal wurtzite and (c) cubic zinc-blende crystals stacking along 

the c-axis ([0001]). (b) Definition of the main crystallographic planes of wurtzite III-Nitride semiconductors. 
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The wurtzite structure belongs to the C6v (P6mm) point symmetry group, which is a subgroup 

of the full hexagonal symmetry D6h (P6/mmm). The planes and directions in hexagonal 

structures are conventionally described with four lattice vectors a1, a2, a3 and c, as represented 

in Figure 2-1-(a). The base vectors a1, a2, a3 are separated by an angle of 120°. As shown in 

Figure 2-1-(a), we define a as the base hexagon side length along the [11-20] axis, u as the 

anion-cation bond length along the [0001] c-axis and c as the height of the hexagonal prism. 

The wurtzite structure consists of two hexagonal sublattices (called AB-AB stacking order), 

which are composed of metal atoms (Al, Ga or In) and N atoms, respectively. They are merged 

and shifted by u = 3/8c along the [0001] direction. The ideal wurtzite phase follows the c/a 

ratio of . In practice, u suffers a deviation from this ideal structure, depending on 

the cation nature and ionic radius. The lattice parameters of bulk wurtzite AlN, GaN and InN 

measured at 300K [8] are presented in Table 2-1. 

Table 2-1 Lattice parameters for wurtzite AlN, GaN and InN at 300K [8] 

Lattice parameter AlN GaN InN 

a (Å) 3.112 3.189 3.545 

c (Å) 4.982 5.185 5.703 

u (Å) 1.888 1.950 2.156 

  

 

 

2.1.2. Bandgap structure of wurtzite III-nitride semiconductors 

III-Nitride materials have a wide span of direct band gaps: from 0.6 eV for InN to 3.4 eV for 

GaN and 6.0 eV for AlN, covering the spectral range from infrared to deep UV. These specific 

features make III-nitrides an ideal material group for solid-state lighting. By combining the 

compounds, alloys corresponding to different band gaps can be synthesized. Their band gaps 

and the corresponding lattice constants are shown in Figure 2-2. For an A1-xBxN alloy, the band 

gap can be calculated by the following equation: [8] 

           (Eq. 2-1) 
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where b is the bowing parameter (bAlGaN=0.62, bGaInN=1.43 and bAlInN=4.9[9-11]). 

 

Figure 2-2 Band gaps of AlN, GaN, InN and their alloys as a function of the lattice constant 

 

2.1.3. Spontaneous polarization in wurtzite crystals 

The [0001] and [000-1] directions of a wurtzite crystal are not equivalent. When the metal-

to-N bond vector u points toward the crystal top surface, the material is called metal-polar. On 

the contrary, i.e. if u points towards the substrate, the material is called nitrogen-polar, as shown 

in Figure 2-3. 

Due to the lack of inversion symmetry in wurtzite crystals and to a different electronegativity 

of the metal and N atoms, an intense polarization field along the [0001] c-direction builds up 

in the III-nitride semiconductors. Indeed, every cation-N bond is partly ionic and the 

barycenters of metal and N atoms do not coincide in the unit cell, which results in the creation 

of an electric dipole along the [0001] direction. Thus, the stack of atoms shows a macroscopic 

spontaneous polarization Psp in III-nitride materials. Since this spontaneous polarization 

depends on the cation-nitrogen bond (u/c and c/a values), the magnitude of Psp increases from 

GaN over InN to AlN [12]. The spontaneous polarization values of III-nitride materials are as 

follows: Psp (AlN)=-0.09 C/m2, Psp (GaN)=-0.034 C/m2, Psp (InN)=-0.043 C/m2. 
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Figure 2-3 Schematic illustrations of metal-polar and N-polar of wurtzite III-Nitride semiconductors  

 

Mechanical deformation of the crystal (which can be for example induced by a lattice 

mismatch in a heterostructure) also results in polarization, which is called piezoelectric 

polarization Ppz. The total polarization can be calculated simply by the sum of spontaneous and 

piezoelectric polarizations.  

InGaN/GaN quantum well (QW) heterostructures are largely used in LEDs for a better 

carrier confinement. For conventional III-V materials without any external electric field, the 

electron-hole pairs recombine in a flat QW, as shown in Figure 2-4-(b). This is also the case in 

the nitride QWs grown on a nonpolar a- or m-plane. The low internal field can also be achieved 

in QWs grown on a semi-polar plane. In these QWs, the electron and hole envelope-functions 

are spatially overlapped. However, in a c-plane polar QW, the spontaneous and piezoelectric 

polarizations create an internal electric field, which leads to a spatial separation of carriers, as 

shown in Figure 2-4-(a). This effect is called the quantum confined Stark effect (QCSE). The 

QCSE induces a band-bending and a redshift of the band-to-band transition energy because the 

first electron level in the conduction band and the first hole level in the valence band get closer 

in energy. The spatial separation of the electron and hole envelope functions reduces the 

transition dipole, which results in a large radiative lifetime and in a low efficiency. 
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Figure 2-4 Schematics of the InGaN/GaN quantum wells with their electron and hole envelope - functions in (a) 

polar c-plane LEDs and (b) nonpolar/semipolar LEDs. Adapted with permission from Ref. [13] 

 

2.1.4. Lattice-mismatched heterostructures 

When two materials with different lattice constants are stacked, a mechanical stress is 

brought in the heterostructures. The growing layer in a lattice-mismatched heterostructure can 

be either tensile strained or compressively strained as shown in Figure 2-5. The mechanism of 

the strain relaxation can be either elastic by the surface undulation, or plastic by inducing 

defects in epi-layers.  There are many kinds of defects, which can be induced by the plastic 

relaxations in III-nitride semiconductors: the tensile strain usually leads to a crack propagation, 

and the compressive strain often induces the decohesion of the layer or misfit dislocations. 

Therefore, to reduce the defects in the epi-layers caused by the lattice mismatch between the 

growth substrate and the epitaxial material, the growth substrates should have a similar lattice 

structure and a close lattice parameter. The lattice mismatch parameter r is defined by the 

following equation: 

               (Eq. 2-2) 
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where  and  are the lattice constants of the growth substrate and the epitaxial 

material, respectively. A negative or positive value of r means a compressive or tensile strain 

induced on the epitaxial crystal, respectively.  

 

Figure 2-5 Schematic illustrations of tensile strain and compressive strain of lattice mismatched 

heterostructure. Adapted with permission from Ref. [14] 

 

Due to the high cost of GaN substrates, the most used substrates for GaN heteroepitaxy are 

sapphire (Al2O3), SiC and Si. Their lattice parameters are shown in Table 2-2. Note that if we 

use the lattice constants of GaN and a- Al2O3 in Table 2-2, the lattice mismatch parameter 

calculated by Eq. 2-2 is -33%. But the real lattice mismatch is smaller because the epitaxial 

relation between the GaN and Al2O3 (0001) is and 

, representing a 30º rotation in (0001) between these two crystals. 

Therefore, the lattice mismatch of GaN grown on sapphire yields: 
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Until now, high-quality GaN substrates are still very expensive, which limits the large-scale 

fabrication of the epitaxial GaN on GaN substrates, even though a good layer quality can be 

obtained for this ideal case without the lattice mismatch. The epitaxy of III-nitride materials on 

Si substrate has a strategic importance because Si is still the mainstream material of the 

semiconductor technology. However, instead of the conventional Si (100) orientation, which 

is the most used surface for Si-based technology, the epitaxy of III-nitrides is performed on Si 

(111), which shows a more suitable symmetry. Even though the (111) orientation is chosen for 

the GaN growth, Si shows a relatively large lattice mismatch of 16.9% with GaN, which leads 

to a big strain in epitaxial GaN films. The growth of high-quality GaN on Si substrate is still a 

challenge. 

SiC has a small lattice mismatch to GaN compared to sapphire and Si. GaN growth on SiC 

yields high-quality crystals, however, this substrate is rather expensive. Through decades of 

development, high-quality GaN epitaxial films have also been achieved on sapphire substrates. 

Sapphire is dominating as a substrate material for nitride LEDs due to its relatively low cost, 

large dimension, and high crystal quality. However, the threading dislocations induced by the 

lattice mismatch with sapphire are an important limitation of the efficiency of today’s LEDs.  

The dislocation density of the conventional InGaN thin-film LED on a sapphire substrate is 

around 109/cm2.  

The 2D planar structure of the epitaxial film limits the crystal quality because the strain can 

only be relaxed perpendicularly to the substrate surface. 3D nanostructures, such as nanowires 

(NWs), are an alternative for high-quality crystal grown on lattice-mismatched substrates, due 

to the laterally relaxed strain at the interface between the substrate and the epitaxial material.  

Table 2-2 Lattice parameters of GaN and its substrates 

Material Crystal structure Lattice constant a (nm) Lattice mismatch to GaN (0001) 

GaN Wurtzite 0.3189 0 

a-Al2O3 Wurtzite 0.4758 -16.1% 

6H-SiC Wurtzite 0.3081 3.5% 

Si Diamond-cubic 0.5431 16.9% 

 



Chapter 2 - III-Nitride semiconductors and nanowire LEDs  

 

 

12 

Nan GUAN 

2.2. III-Nitride LEDs 

2.2.1. Conventional thin film III-nitride LEDs 

The structure of a typical thin film III-nitride LED is shown in Figure 2-6-(a). Functional 

thin films are grown on a sapphire substrate along the c-direction. The LED consists of a buffer 

layer, an n-doped GaN layer for electron injection, an InGaN/GaN quantum well active region, 

and a p-doped GaN layer for hole injection. Thin film nitride LEDs have seen an incredible 

development in the past 20 years. Today, the LEDs are commercialized for many applications 

as general lighting, projectors, displays, etc., thanks to the significant increase in the efficiency 

that they offer compared to other light sources. This high efficiency was made possible thanks 

to the improvements of the device design and of the doping strategy. The performance of 

today’s blue LEDs at a moderate injection can reach the internal quantum efficiency above 90 

% and the corresponding wall-plug efficiency of more than 70% [15], which are not far from 

the fundamental limit. 

Despite the relative maturity of this technology, certain issues for nitride LEDs remain 

unsolved. The most important one is the efficiency droop at high injection. Figure 2-6-(b) 

shows the external quantum efficiency (EQE) curves as a function of the injected current at 

different temperatures. When increasing the injected current, the EQE first increases as a result 

of the domination of radiative recombination (process proportional to the square of the carrier 

density) over the Shockley-Read-Hall defect recombination (process varying linearly with the 

carrier density). At a certain injection, EQE achieves the optimal point and then decreases in 

higher injection conditions.  This reduction of the efficiency (the so-called “efficiency droop”) 

at high injection is the major limitation in high power LEDs. The principal physical 

phenomenon responsible for the efficiency droop is believed to be Auger recombinations [16]. 

These are three-body processes (mainly, interactions implying two electrons and one hole, but 

also processes mediated by carrier interactions with phonons [17]). The losses due to Auger 

recombinations can only be reduced by reducing the carrier density in the active region.  

The second important problem of thin film LEDs is the so-called green gap, which manifests 

as a decrease of efficiency in high indium content LEDs with emission wavelengths increasing 
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towards green and further to red1. This is due to the increased defect density in In-rich 

InGaN/GaN quantum wells, but also to the enhanced internal field spatially separating 

electrons and holes and increasing the radiative recombination time (QCSE). As reported in 

the previous section, the QCSE can be overcome by growing the quantum wells on non-polar 

planes. However, the growth on a- or m- plane is more difficult to control due to the anisotropy 

of these planes. It also requires r- or m- plane sapphire substrates, respectively, which are not 

the conventional planes of sapphire substrates. Moreover, the lattice mismatch between the 

nitride materials and the substrate (Figure 2-6-(c)) leads to defects in the epitaxial 2D layers, 

which is a fundamental limit of the material quality, as mentioned in the previous section.  

                                                 
1 It should be noted that for conventional III-V LEDs, the green spectral range is also 

characterized with a reduction of efficiency when their wavelength is reduced from red to 

green. It is due to the barrier material changing from direct bandgap to indirect bandgap when 

the bandgap energy is increased.  
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2.2.2. General properties of III-nitride nanowire LEDs 

 Strain relaxation in NWs 

The above-mentioned open issues of thin film LEDs have motivated a strong research effort 

on alternative LED architectures, such as nanostructured LEDs. The main-stream approach 

consists in nanostructuring of the substrate (for example, LED growth on a nanopatterned 

sapphire is today actively explored [21], [22]). It allows to reduce the dislocation density and 

to improve the light extraction while keeping a flat geometry for the active region and contact 

layers [22]. This approach is attractive for LED manufacturers since it requires only moderate 

modifications in the existing LED fabrication technology. Alternatively, one can further exploit 

Figure 2-6 (a) Schematic illustration of the structure of a conventional thin film InGaN LED. Adapted with 

permission from Ref.  [18] (b) EQE curves as a function of the injected current of a conventional thin-film 

InGaN LED at different temperatures. Adapted with permission from Ref.  [19]. (c) Bragg-filtered TEM image 

of the misfit dislocations at the interface of GaN and sapphire substrate. Adapted with permission from Ref.  

[20] 
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the nanostructuring and fully change the device architecture from two-dimensional films to 

three-dimensional NWs.  

NW is a structure with a big ratio of length to width, with a diameter in the range from few 

nanometers to one micron. The fundamental misfit dislocation problem of the planar structure 

can be overcome in NWs. The strain is relaxed laterally at the bottom part of the NWs by a 

deformation over few monolayers at the NW/substrate interface (as illustrated in Figure 2-7-

(b)). For big NW diameters, dislocations may appear at the interface, however, these 

dislocations do not propagate in the crystal volume, but bend to join the lateral surface, and the 

above structure along the NW is defect free. This advantageous feature of the NW structure 

provides a broader choice of substrates: the lattice matching with the underlying material is no 

longer a necessary requirement. Indeed, defect-free GaN nanowire growth has been 

demonstrated on various highly mismatched inexpensive substrates such as sapphire [23], Si 

(111)[24] and Si (001)[25].  

 

Figure 2-7 Schematic illustration of lattice mismatched interfaces. (a) Planar growth for normal hetero-

interface, strain can only be relaxed along one dimension. (b) NW growth, strain can be relaxed laterally, 

allowing 3D strain relaxation. 

 

 NW LED architectures 

NWs can be obtained by either a top-down etching or a bottom-up growth. The top-down 

approach uses lithography and dry etching of a thin film LED to form either needles [26] or 

NWs [27] at well-controlled positions. It yields a NW LED with an axial architecture, i.e. a 
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LED with the InGaN/GaN heterostructure along the wire axis sandwiched between the p-doped 

and n-doped GaN extremities as illustrated in Figure 2-8-(a). This approach benefits from the 

high degree of control over the layer thickness and doping profile achieved in thin film growth. 

Etching also allows to relax the strain and thus to reduce the internal field in axial InGaN/GaN 

heterostructures, which is particularly important for In-rich green LEDs. Moreover, the light 

extraction is increased due to scattering in the array. As a drawback, for the axial geometry, the 

active region intersects the NW surface, which increases the surface non-radiative 

recombination. In addition, dry etching induces surface damage, which however may be healed 

by wet etching and surface passivation [28].  

Compared to the top-down etching, the bottom-up paradigm gives a larger design freedom 

since both axial and radial architectures can be implemented. Radial (also called core/shell) 

LEDs fully exploit the three-dimensionality of the NWs by forming the active region in the 

radial direction (Figure 2-8-(b)). In this case, the InGaN/GaN cylindrical quantum wells are 

formed around an n-doped GaN core and are radially covered with a p-GaN shell. We note that 

a hybrid approach combining a top-down etching of the NWs with a subsequent radial 

overgrowth to form a core/shell active region have also been investigated [29], [30], [31].  

 

Figure 2-8 Schematics of (a) axial and (b) radial NW LED architectures. 

 

Different types of functional nanostructures can be formed by a bottom-up approach such as 

pyramids, walls or NWs. A common property of these nanostructures is the drastic reduction 

of the dislocation density compared to the planar case [32]. Micro- and nano-pyramids have 
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been largely studied for LED application [33], [34], [35], [36]. They have a hexagonal 

pyramidal shape defined by semipolar facets and can be obtained by selective area epitaxy. 

InGaN quantum wells deposited on their facets exhibit a lower internal electric field compared 

to c-plane and can incorporate more In, which is favorable for long wavelength emission [37]. 

The In content is reported to vary over the pyramid facets, which may yield a broad emission 

and can be used to realize phosphor-free white LEDs [38]. Other types of nanostructures such 

as vertical wall-shaped nanostructures [39] also called fins [40] or triangular nano-stripes [41] 

have been demonstrated and are quickly developing. However light-emitting devices based on 

these nanostructures remain today at an early stage [42].  

 Advantages of NWs for LEDs 

NWs present a large number of advantages for three-dimensional LEDs. Thanks to their 

small footprint, NWs can accommodate the strain [43] arising from the lattice mismatch or 

from the thermal expansion mismatch and thus the defect density is reduced. The strain 

relaxation can take place not only at the NW / substrate interface but also inside the active 

region (which is especially beneficial for axial In-rich heterostructures). As discussed earlier, 

this allows avoiding the dislocation formation in thin NWs with diameters of several tens of 

nanometers (cf. Figure 2-7). For thicker NWs, dislocations can be formed at the NW/substrate 

interface, however, they bend to join the free lateral surface and can only be found in the 

immediate vicinity of the NW base [44]. The reduction of dislocations in NWs is predicted to 

lead to an enhancement of the quantum efficiency of NW devices compared to thin films.  

Additional advantages for LEDs are provided by the core-shell geometry. This geometry can 

significantly increase the active area keeping the same device footprint as for a thin film LED 

[45]. This leads to a smaller carrier density in the quantum wells for a given injected current 

and thus to a droop reduction via lowering Auger effects. In addition, analyses of Auger 

coefficients in core/shell m-plane quantum wells revealed values two orders of magnitude 

lower than in c-plane thin film quantum wells [46]. These properties have motivated a strong 

research on core/shell NWs for high-power and high-efficiency LEDs. In addition, for 

core/shell LEDs the active region is usually grown on non-polar m-plane sidewalls, which 

allows suppressing the QCSE in InGaN/GaN quantum wells.  

Finally, improved light extraction can be achieved in NW LEDs. Indeed, the three-

dimensional geometry provides more escape passes for the light generated inside the NWs than 
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for the light generated in a thin film. However, care should be taken about the possible light 

reabsorption. In particular, in core/shell NWs having a several hundreds of nanometers 

diameter, the NW can efficiently guide light and it can be reabsorbed by the quantum wells. 

Depending on the quantum efficiency, the absorbed light can be either reemitted or lost via 

non-radiative mechanisms. For axial NW LEDs, reabsorption is less important and light 

extraction is reported to be improved with respect to thin films [47] [48].  

Accounting for these advantages, NW arrays are today investigated as potential competitors 

to thin film LEDs for general lighting market. Many works focus on the white light emission 

either using phosphor downconversion [49] or by mixing red, green and blue (RGB) colors 

[50]. Optimization of spectrally narrow nitride NW LEDs emitting RGB light [51] is also on-

going for development of all-nitride RGB displays.  

In addition to lighting and display applications, where NW LEDs compete with the standard 

thin film technology, bottom-up NWs also open the way for devices with new functionalities. 

For example, using selective area epitaxy one can exploit the dependence of the In 

incorporation on the NW diameter to tune the emission color of nanowire LEDs grown in the 

same run from blue to red [52] [53]. Such tuning favorable for monolithic RGB integration is 

not possible in thin film devices. Thanks to their small footprint and mechanical flexibility, 

NWs can be transferred on plastic or metal substrates in order to fabricate mechanically flexible 

LEDs [54], [55], [56] as will be discussed in more details in Chapter 5. Single NW LEDs also 

present a unique possibility to achieve bright sub-micrometer emitters that can be integrated 

into a functional photonic circuit [57] [58] as will be discussed in Chapter 4. Vertical single 

NW LEDs can be used for optical stimulation in biomedical applications [59] or can be 

functionalized as a matrix of micro-pixels [60]. 

 Nitride NW elaboration approaches  

Bottom-up NWs can be formed using catalytic growth [61], self-assembled growth [62] or 

selective area growth (SAG) [63], [64]. The two dominating growth techniques for their 

elaboration are metalorganic chemical vapor deposition (MOCVD) and molecular beam 

epitaxy (MBE). However, hydride vapor phase epitaxy (HVPE) has also been used in early 

works [65]. The main difference between these the MOCVD and MBE techniques is that the 

crystal growth requires chemical reaction in the MOCVD case, but it proceeds by physical 

deposition in the MBE case. More details about the MOCVD and MBE growth technologies 
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will be reported in Chapter 3 and Chapter 6, respectively. MOCVD is better suited for 

core/shell LED geometry whereas MBE yields axial heterostructures.  

The NW LED performance critically depends on the wire-to-wire dispersion and intra-wire 

compositional variations. The complexity of the three-dimensional active region of NW LEDs 

makes the growth challenging. SAG allows achieving a good control over the NW size 

distribution which in turn reduces the wire-to-wire fluctuations. However, the homogeneous In 

incorporation within the NW remains an important issue even in organized NW arrays. Multi-

color emission shifting with injection current has been observed not only in self-assembled 

NW LEDs [66] but also in organized NW LEDs [67], [68], [69]. In particular, in NWs with 

intrinsic compositional inhomogeneities, the electroluminescence depends on the contact 

layout [70]. 

2.2.3. State of the art of III-nitride nanowire LEDs 

 Monochromatic NW LEDs in the visible spectral range   

Since the early demonstrations of NW LEDs, these nanostructures are believed to become 

serious competitors of thin films. A large number of research groups, but also start-ups and big 

industrial groups launched research activities on this topic exploring different designs and 

different growth techniques. In the following, a non-extensive summary of the main 

achievements of the past ten years will be reported with a focus on the current progress.   

MOCVD‐grown NW LEDs  

The potential advantages of the core/shell NW LEDs over the conventional planar 

technology were clearly highlighted by Waag et al. [71], the main one being the tremendous 

increase of the active surface. By taking a circular cylinder approximation for NWs and 

assuming that the radial quantum wells are close to the NW surface (i.e. neglecting the p-GaN 

shell), the increase of the active area in a NW LED with respect to the active area in a thin film 

LED of the same chip surface can be calculated as: 

, 

where  is the active area of a NW LED,  is the active area of a thin film LED with an 

equivalent chip surface, R is the NW radius, H is the NW height and F is the fill factor, i.e. the 

ratio of the NW cumulated footprint to the total projected device surface. Thanks to the larger 
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active area, the carrier concentration in the quantum wells of a core/shell NW LED is lower 

with respect to a thin-film device. Therefore, NW emitters should show an efficiency droop at 

a higher current [45] (provided that the current injection in the radial quantum wells is 

homogeneous, which is not always the case in real devices).   

Early works on MOCVD grown core/shell NW LEDs mainly employed self-assembled 

catalyzed [72] or non-catalyzed [73] growth, however, organized growth on sapphire [71] and 

on GaN templates [68] was also reported.  

Non-catalysed GaN NWs with core/shell InGaN/GaN quantum wells (Figure 2-9-(a)) were 

used to fabricate single NW LEDs in our laboratory [73] [66]. In these devices, five radial 

InGaN/GaN quantum wells were grown around the upper part of the GaN NW stems. It was 

shown that the quantum wells are formed not only on the lateral m-planes but also on the top 

c-plane as can be seen in the schematic and in the TEM image of Figure 2-9-(b). Line defects 

propagating perpendicular to the quantum well planes with an enriched In composition were 

evidenced in this type of wires [74]. The NWs were dispersed on SiO2/Si substrates and 

contacted using e-beam lithography as illustrated in Figure 2-9-(c). The In content and the well 

thickness were different on the non-polar (radial) and on the polar (axial) planes. This structural 

dissimilarity, but also the difference in the internal field in the axial and radial quantum wells, 

resulted in different luminescence wavelengths as evidenced by cathodoluminescence [66]. 

The competition of the carrier injection in the axial and radial quantum wells caused the change 

of the electroluminescence color as a function of the injected current and as a function of 

temperature [66]. An electrical model describing the axial and radial junctions as parallel 

connected diodes with different parameters (Figure 2-9-(d)) allowed to explain the observed 

electroluminescence color change. Using self-assembled NWs of a similar geometry, Koester 

et al. [75] demonstrated LEDs based on NW arrays with an emission wavelength of around 

410 nm.  
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Self-assembled NWs suffer from geometrical and compositional fluctuations which have a 

dramatic impact on the electroluminescence. To improve the wire-to-wire homogeneity, SAG 

was applied. Hong et al. [68] demonstrated color-tunable LEDs using SAG of GaN NWs by 

MOCVD with a nanopatterned SiO2 layer on GaN-on-sapphire templates. The LED color 

changed with applied bias from a single broad peak around 690 nm under 3 V to a blue-shifted 

double peak (at 500 nm and 440 nm) under 10 V as shown in Figure 2-10-(a,b). The authors 

explained the electroluminescence color change with a field distribution model. The 

equipotential surface in the highly resistive p-GaN layer was initially flat corresponding to the 

injection in the NW tops and then changed to a curved shape along the NWs promoting the 

injection in the m-plane quantum wells. The internal quantum efficiency (IQE) of the quantum 

well was estimated by temperature-dependent photoluminescence to be around 32%. 

 

Figure 2-9 (a) SEM image of MOCVD grown core/shell NWs; (b) Schematic of the wire internal structure and a 

TEM image of the top region of a wire, evidencing the presence of radial and axial quantum wells; (c) Optical 

microscopic image of a single NW LED in operation; (d) Equivalent electrical circuit of the LED representing 

the axial and radial junctions. Adapted with permission from Ref. [66]. 
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The variation of the emission color with bias [68] may be regarded as an advantage and used 

for LED color tuning, however, for standard narrow-band LEDs, this phenomenon is 

undesirable. Chen et al. [76] demonstrated a NW LED with a stable emission color. Organized 

NWs were selectively grown by pulsed MOCVD on GaN-on-sapphire templates (Figure 2-11-

(a)). The LED turn-on voltage was around 6 V with a broad electroluminescence spectrum 

centered at 463 nm. Contrary to Ref. [68], the emission wavelength was remarkably stable with 

increasing injection (Figure 2-11-(c)), no redistribution of the injected current in the quantum 

wells along the wire axis was taking place.    

 

Figure 2-10 (a) Optical microscopy images of LEDs operating under different applied biases. (b) 

Electroluminescence spectra for biases from 3 to 10 V. (c) Schematic of the LED showing core/shell NWs, the 

planarizing p-GaN layer, and the contacts. (d) Cross-sectional SEM image of a p-doped GaN layer burying 

GaN NWs. Adapted with permission from Ref. [68]. 
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Figure 2-11 (a) SEM image of a NW array. (b) Schematic of the NW structure and contact geometry. Pink 

arrows indicate the possible current flow directions. (c) Electroluminescence spectra when the injected current 

density increases from 16 to 224 A/cm2. Adapted with permission from Ref. [76]. 

 

The OSRAM group [49] extensively described the fabrication and properties of core/shell 

LEDs based on organized NWs (SAG is described in details in [77]). A core/shell NW design 

was adopted to demonstrate both blue and white NW LEDs. A single InGaN quantum well 

grown on both m- and semipolar-facets exhibited an increase of the In content on the semi-

polar planes as revealed by cathodoluminescence mapping. The electroluminescence spectra 

evolved with the injection current showing first a green emission attributed to In-rich semipolar 

quantum wells and then turning quickly to the blue emission from the m-plan quantum wells. 

A further blue shift of the electroluminescence was observed attributed to an In gradient in the 

m-plane quantum wells. The LEDs demonstrated an EQE of 3% for 400 mA/mm2 and a 

maximum wall-plug efficiency of 1.5% at 300 mA/mm2. 

Core/shell NW LEDs were also developed by Glo-AB company using SAG on GaN-on-

sapphire templates with a SiNx mask patterned by nanoimprint [78], [70], [79]. The NWs 

contained a single InGaN quantum well on the m-planes. An In-rich region located in the 

quantum well at the m-plane/semipolar plane junction was evidenced. An electroluminescence 

color switch (see in Figure 2-12-(a)) was reported in these NWs both for single NW LEDs [69] 

and for NW array LEDs [70] by our research team. This color switching was explained with a 

simple electrical model [69]. A core/shell NW was represented by a network of parallel-

connected diodes and the current distribution in this network was calculated for different 

applied biases and different contact layouts. To account for the compositional inhomogeneity, 

a different saturation current was ascribed to the diodes, corresponding to the top-most In-rich 
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part of the core/shell quantum well. The saturation current depends on the quantum well 

bandgap energy following the equation [69]:  

 

and therefore increases in the In-rich regions, where the bandgap is smaller. For an electrical 

circuit shown in Figure 2-12-(c), the current distribution in the individual diodes (Figure 2-12-

(d)) showed that at low bias first the In-rich segment was injected. For higher biases, parallel 

and radial shell resistances started to play an important role and the current concentrated in the 

m-plane quantum well under the injecting p-contact, which resulted in the electroluminescence 

color switching. A similar effect was predicted for an extended contact covering the entire m-

plane [69].   

 

Figure 2-12 (a) Electroluminescence spectra of a single NW LED with a metal contact on the m-plane. (b) SEM 

image of a single wire LED with the injecting contact highlighted in violet. (c) Equivalent electrical circuit of a 

core/shell NW LED. (d) Current distribution in a diode network as a function of the applied bias and diode 

position in the wire. Adapted with permission from Ref. [69].   

 

Later, in our research team, Zhang et al. [70] showed that the emission color of NW LEDs 

exhibiting a compositional inhomogeneity could be controlled by modifying the contact layout. 

Core/shell NW LEDs with an In-rich region in the top part of the m-plane quantum well were 

examined. By removing the ITO contact from the top part of the NWs and by inhibiting the 

conductivity of the exposed p-GaN shell by CHF3 plasma treatment, the undesired long 

wavelength emission could be suppressed. Figure 2-13 shows the electroluminescence spectra 
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of a nominally blue NW LEDs for three different processing schemes: conformal ITO contact, 

ITO contact etched away from the NW top part and the NW top part removed by inductively 

coupled plasma (ICP) etching. Electroluminescence spectra for the same injected electrical 

power were compared. Two distinct emission peaks were observed for the conformal contact. 

The long wavelength peak was strongly suppressed after partial ITO removal and CHF3 plasma 

exposure while the intensity of the blue emission was increased. ICP etching of the NW top 

part completely removed the undesired long wavelength peak, which proved that it originated 

from the top region.  

 

MBE‐grown NW LEDs  

Thanks to its low growth temperature compared to MOCVD, MBE is a technique well suited 

to fabricate In-rich alloys. Therefore, a strong effort was committed to demonstrate and 

optimize MBE-grown NW LEDs emitting in the long wavelength spectral range (from the 

green to the near-infrared (IR)).  

 

Figure 2-13 Comparison of the electroluminescence spectra under the same electrical injected power of 

core/shell NW array LEDs processed with a conformal ITO contact, with a partially etched ITO contact and 

with the NW top part removed by ICP etching. The top row shows SEM images of the corresponding LEDs with 

a schematic drawing of the contact.  
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The pioneers of the MBE NW LEDs is the group of Kishino. Various electroluminescence 

emission colors from green to red were achieved with axial InGaN/GaN multiple quantum 

discs grown in self-assembled GaN NWs on Si substrates illustrated in Figure 2-14-(a,b) [80]. 

Later on, their research interests moved to SAG, which brings new functionalities for 

monolithic integration owing to the more precise control of the NW morphology and of the In 

composition [52]. We note that the SAG NWs have a different morphology with respect to 

self-assembled NWs. As illustrated in Figure 2-14-(c,d), SAG NWs due to their Ga polarity 

exhibit a pyramidal top. The multiple quantum wells grown on SAG wires are deposited on the 

sixfold side faces of the pyramidal top, which are semipolar planes with a low internal field. 

For self-assembled NWs, axial multiple quantum wells grown on the polar c-plane are shown 

in Figure 2-14-(a,b).  

 

Figure 2-14 (a) Schematic and (b) SEM image of self-assembled InGaN/GaN NW LEDs grown on Si substrate. 

Adapted with permission from Ref.  [80]. (c) Schematic and (d) SEM image of SAG InGaN/GaN NW LEDs 

grown on Ti masked GaN substrate. Adapted with permission from Ref. [81]. 

 

By changing the NW diameter by SAG, InGaN quantum wells with different In composition 

were demonstrated within the same growth run [52]. With NW diameters ranging from 143 nm 

to 270 nm, these monolithically integrated NWs emitted light from blue to red. In 2013, a 

monolithic integration of 544 nm, 583 nm and 597 nm emitting InGaN based NW LEDs was 

demonstrated on the same Ti-masked GaN substrate in a single growth [82]. In 2015, a 

monolithic integration of four-color InGaN-based NW LEDs was achieved [53]. Figure 2-15 

illustrates this spectacular realization. The Ti-mask was processed with different diameters of 
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nano-holes in each region. The NWs were encapsulated into a spin-on glass and contacted with 

a transparent ITO layer on top as shown in Figure 2-15-(a). Four electroluminescence colors 

(465 nm, 489 nm, 510 nm, and 579 nm) were emitted from the NWs of different diameters as 

shown in Figure 2-15-(b). A red LED with 670 nm emission wavelength was also fabricated 

using a larger pitch. It is noteworthy that this color control method can also be performed using 

SAG MOCVD growth, although the underlying mechanisms are different and the wavelength 

tunability range (440 nm to 520 nm) is smaller [83].  

 

Figure 2-15(a) Schematic of the NW LED with SAG NW of different emission color. (b) Photographs of the NW 

LEDs in operation and an SEM image of the green LED. Reproduced by permission of the Institution of 

Engineering & Technology from Ref. [53]. 

 

Angular profiles of the emission from the MBE SAG NW LEDs with NWs arranged into a 

photonic crystal were studied on the example of a yellow device [84]. The LED exhibited a 

high directionality with a radiation angle of ±20° due to the light diffraction at the photonic 

band edge. Flip-chip structure NW array LEDs were demonstrated [85]. This configuration 

showed an improvement in the thermal management of NW devices. 

Many other groups have investigated green-yellow NW LEDs using MBE growth. Limbach 

et al. [86] demonstrated a self-assembled InGaN/GaN NW LED grown on a Si substrate. The 

electroluminescence was peaked at 540 nm. Bavencove et al. [87] demonstrated an MBE axial 

InGaN/GaN NW LED showing a spotty polychromatic emission from 566 nm to 585 nm under 

different injection currents. The EQE for a current density of the order of 50 kA cm-2  was 2.7%. 

There are also several reports on red and near-IR MEB-grown NW LEDs. Jahangir et al. 

[88] demonstrated a red NW LED with InGaN/GaN discs on a silicon substrate. The authors 
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found that the post-growth passivation of the NW surface with parylene and SiNx can improve 

the carrier lifetime, leading to a significant improvement of the IQE from 10% to 52%. 

Kishino’s group demonstrated red [82] and IR [81] InGaN/GaN NW LEDs by SAG on GaN 

templates. The red LED showed an emission at 633 nm with an output power of 16 µW at 20 

mA injected current (Figure 2-16). The IR LED produced a weak electroluminescence at 1.46 

µm at room temperature. The In concentration in the active region was 86%. Recently, 

following previous studies of Eu doped quantum dots [89], an alternative approach for the red-

emitting NW LEDs was reported using Eu doped GaN NWs grown on Si substrate by MBE 

[90]. A GaN:Eu segment was grown axially between p-GaN and n-GaN extremities. This LED 

showed 2 main peaks at 620.3 nm and 633.8 nm, originating from the Eu ions. 

 

Figure 2-16 Electroluminescence spectra under different injection currents of a red NW SAG LED. Inset: 

photograph of the LED in operation for 20 mA injected current. Adapted with permission from Ref. [82]. 

 

A strong effort for wavelength tuning was performed by the group of Z. Mi. The growth of 

quaternary AlInGaN insertions in GaN NWs was investigated [91] showing that a spontaneous 

Al-rich shell is formed during the growth, which protects the carriers from recombination on 

surface states. These core/shell structures were embedded into axial p-n GaN NWs to 

demonstrate LEDs with a color tunable from blue to red. Lateral integration of RGB LEDs was 

demonstrated using a three-step approach in which a protective SiO2 mask was deposited 

allowing to form first the blue-emitting NWs, then another area was opened to deposit green-

emitting NWs and finally red-emitting wires were grown during the third growth run [92]. 



Chapter 2 - III-Nitride semiconductors and nanowire LEDs  

 

 

29 

Nan GUAN 

Nguyen et al. [93] demonstrated that a high energy AlGaN barrier shell around the active 

InGaN/AlGaN quantum discs can eliminate the nonradiative surface recombination and 

electron overflow. Recently, Philip et al. [94] also showed the enhancement of the carrier 

lifetime and photoluminescence intensity of a white NW LED by using this core-shell structure. 

The Shockley-Read-Hall non-radiative recombination in NW LEDs can be also reduced by 

octadecylthiol surface passivation [95].  

An alternating current (AC) powered multi-active-region InGaN/GaN NW LED [96] was 

reported. Figure 2-17 shows the NW morphology, its internal structure, and electron 

microscopy images revealing the internal structure. The NWs contained three emitting stages 

connected by a tunnel junction. The tunnel junction design followed the strategy developed for 

thin films. In nitride thin film devices, a tunnel junction is typically based on the polarization-

induced electric field of an AlN [97] or InGaN [98] insertion, which enhances tunneling in a 

GaN p-n junction. One advantage of the tunnel junction for LEDs is the possibility to take an 

ohmic contact for hole injection on n-GaN instead of a high-resistive p-GaN. In addition, it 

enables stacking of multiple LEDs [99] in series to produce a higher emission power for a given 

current. Sadaf et al. [96] have transferred this approach to NW LEDs.  

 

Figure 2-17 AC multi-active-region tunnel junction InGaN/GaN NW LED (a) SEM image (b) Schematic (c) HR-

TEM of tunnel junction dot-in-a-wire LED structure (d) top: High angle annular dark field (HAADF) image, 

bottom: EDXS line profile (e) EDXS elemental mapping image of tunnel junction region showing the In, Ga, and 

N variations. Adapted with permission from Ref.  [96]. 

 

MBE growth of nitride NWs was also demonstrated on metal substrates.  Nitride visible NW 

LEDs were grown on Ti [100] and Mo [101] [102] films, showing a comparable optoelectronic 

performance with respect to those grown on Si substrates. These approaches bring a new 
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pathway for large-scale fabrication of NW devices with improved thermal management, but 

also for mechanically flexible devices. Further description of flexible LEDs will be reported in 

Chapter 5. 

 White nanowire LEDs 

One of the envisioned applications of NW LEDs is general lighting. Two main routes for 

white NW LEDs are today explored: a conventional approach using phosphor down-conversion 

and a direct mixing of RGB emissions from NWs of different composition.  

Phosphor‐converted white LEDs  

The first approach consists in mimicking the well-developed technology of thin film LEDs, 

where an efficient blue LED is covered with a phosphor, which absorbs a part of the blue light 

and reemits a yellow light. By adjusting the relative intensities of the remaining blue emission 

and of the yellow luminescence of the phosphor, one can obtain white light from the two color 

mixture [103]. A white light of a better quality can be obtained by using two different 

phosphors of two colors e.g. yellow and red [104]. The OSRAM team has transferred this 

technology to NW LEDs [49]. In conventional thin film white LEDs, the phosphor is typically 

embedded in a silicone matrix with a bad thermal conductivity, which leads to phosphor 

heating. For NW white LEDs, the phosphor particles were integrated in contact with the active 

NWs. A special procedure was developed to form a phosphor material with a submicron grain 

size, which can be fitted into the space between the NWs. As illustrated in Figure 2-18-(a), the 

phosphor particles fill the space between the NWs, which guarantees an efficient light 

conversion and also a more efficient phosphor cooling. By using red nitrido-silicate and yellow 

YAG:Ce phosphors, white emission (Figure 2-18-(b)) close to the Planckian locus with a 

coordinated color temperature of 6600 K and a color rendering index of 73 was achieved. A 

similar approach employing micro-scale phosphors for down-conversion has been applied to 

demonstrate mechanically flexible white NW LEDs as will be discussed in Chapter 5. 
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Figure 2-18 (a) SEM image in artificial colors of phosphor particles filling the space between NWs. (b) 

Photograph of white NW LEDs in operation. Adapted with permission from Ref. [49]. 

 

Phosphor‐free white LEDs by RGB color mixing 

The energy down-conversion process has a fundamental drawback: the difference in energy 

between the pump and the phosphor emission is lost as heat. This reduces the overall efficiency 

of phosphor-converted devices. Additional losses appear from the light backscattering in the 

phosphor layer and from the sub-100% efficiency of the phosphor converters. These drawbacks 

motivate a continuous research for converter-free white emitters based on mixing RGB colors. 

In principle, thanks to the bandgap tuning over the whole visible range, the InGaN alloy with 

different compositions is well suited for fabricating monolithic white LEDs. A large number 

of investigations aiming at white all-InGaN LEDs by RGB color mixing was performed using 

thin film devices with both quantum wells and quantum dots in the active region [105] 

[106,107] [108]. However, high indium content InGaN layers suffer from a poor crystal quality 

due to a strong lattice mismatch. Therefore, the radiative efficiency of the green and red 

emitters is much weaker compared to the blue ones. Theoretical analyses of a monolithic 

InGaN RGB white source show that, to be competitive with the standard phosphor-converted 

LEDs, a significant improvement of the efficiency of the green and red emitters beyond the 

state-of-the-art is required [109]. Recently, the topic of monolithic RGB integration has gained 

a renewed interest in the development of NW LEDs. Thanks to the efficient strain relaxation 

leading to a lower defect density but also to a lower internal field in NWs, these nanostructures 

are expected to improve the quantum efficiency for red and green InGaN LEDs. Many efforts 

are focused on this objective.  
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The growth technique well suited for In-rich alloy formation is MBE, therefore most of the 

investigations of monolithic white LEDs make use of this growth method. Lin et al. [50] used 

spontaneous NW growth by MBE on a Si(111) substrate to form axial InGaN/GaN quantum 

discs embedded in a GaN p-n junction (Figure 2-19-(a)). The In content in the discs was varied 

within the same NW by changing the growth temperature to achieve blue, yellow and red 

emission. As shown in Figure 2-19-(b), the spatially averaged emission had a white color with 

a correlated color temperature close to 6000 K. However, the spontaneous NW growth resulted 

in compositional variations from wire to wire, therefore a significant fluctuation of the emission 

wavelength was observed at the microscale (Figure 2-19-(c)).   

 

Figure 2-19 (a) Schematic of NW white LED with axial InGaN/GaN quantum discs grown at different 

temperatures. (b) Photograph of a NW array LED emitting white light at 20 mA injection current. (c)  

Microelectroluminescence image at 20 mA revealing wire-to-wire color variations. The scale bar is 10 µm. 

Adapted with permission from Ref. [50]. 

Guo et al. [110] followed the approach of Lin et al. [50], while transferring the growth to 

Si(001) substrate. Three groups of axial quantum discs with different In content were grown 

along the wire axis within an axial p-n junction. A broad visible emission with a correlated 

color temperature ranging from 5500 to 6500 K. The electroluminescence spectra for 

increasing injection current shown in the inset of Figure 2-20-(a) demonstrated a stable spectral 

shape with no spectral shift when varying the injection. The EQE analyses under pulsed 

injection with 1% duty cycle showed that the efficiency droop appeared at higher current 
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densities (around 400 A/cm2) compared to thin film LEDs, however，  no absolute values of 

the EQE were reported.  Armitage and Tsubaki [111] demonstrated white NW LEDs by mixing 

emissions from axially and radially grown InGaN insertions in MBE-grown NWs.  

 

 

Figure 2-20 (a) I-V characteristics of a white NW LED. The insets show the electroluminescence spectra for 

increasing injection current and the LED schematics. Adapted with permission from Ref. [110]. (b) 

Electroluminescence spectra of a white NW LED composed of axially-stacked RGB stages and a schematic of 

the device showing the RGB stages connected with tunnel junctions. Inset shows the photograph of operating 

LED. Adapted with permission from Ref. [96]. 

 

A strong effort towards optimization of white NW LEDs was performed in the group of Z. 

Mi. Surface recombination was identified as the main source of losses and the growth of a 

protective AlGaN shell around the active InGaN/GaN region was optimized [112,113]. A 

complex design using tunnel junctions to connect red, green and blue emitters was proposed 

[96]. The LED architecture is illustrated in Figure 2-20-(b). The tunnel junction design follows 

the strategy developed for thin films [98]. They used a tunnel junction with an InGaN 

interlayer, which is placed in the bottom part of the LED to connect n-GaN to p-GaN segments 

and also between individual blue, green and red LED sections (Figure 2-20-(b)). The multi-

junction LED showed a light-up voltage approximately 2 times higher than the value for a 

single junction LED (around 16 V). Electroluminescence spectra for different injection currents 

and a device photograph are shown in Figure 2-20-(b). The LED produced a nearly white-light 

with a correlated color temperature ~3000 K. 
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2.3. Summary 

In this chapter, I have described the basic properties of nitride semiconductors, the formation 

of nitride NWs and the advantages of these nano-objects for LEDs. The present status of NW 

LEDs is described for quasi-monochromatic and white emitters elaborated both by MOCVD 

and MBE.  

It is still difficult for NW devices to compete with the main-stream thin film LED 

technology. Today, only prototypes of NW LEDs exist showing a lower efficiency compared 

to mature thin film emitters. For general lighting applications, a strong boost of efficiency is 

necessary to become competitive with thin films. For niche applications in challenging spectral 

domains (e.g. green-red nitride LEDs or deep-UV LEDs) it should be easier for NWs to become 

competitive, still, an efficiency improvement is desirable for large-scale deployment of NW 

devices. Despite the existing challenges, NW LEDs bring new functionalities inaccessible with 

thin film devices. One example of such a functionality is the elaboration of blue to red NW 

emitters in a single growth run for RGB all-nitride displays. Another attractive opportunity 

offered by NW LEDs is the realization of flexible inorganic light sources with a high luminance 

and long lifetime for the lighting of displays. 
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3. Growth, structural and optical properties of 

MOCVD nitride core-shell nanowire LEDs 

In this chapter, I discuss the growth and the optical properties of the NWs used in chapters 

4 and 5 for device fabrication. First of all, a brief introduction of metalorganic chemical vapor 

deposition (MOCVD), the epitaxy technology of the NW LEDs used in this chapter, is reported. 

Then, the growth of self-assembled nitride core-shell NW LEDs and the morphological and 

optical properties of the as-grown NWs are presented, where the challenging m-plane 

InGaN/GaN multiple quantum wells (MQWs) with high In concentration are demonstrated. 

Selective area growth (SAG) of NWs will also be briefly presented. Finally, a rigid blue array 

LED based on these SAG NWs, and its electroluminescence (EL) properties are presented.  

The NWs were grown by Agnès Messanvi and Akanksha Kapoor, Ph.D. students under the 

supervision of Christophe Durand and Joël Eymery of CEA in Grenoble, France. My main role 

in this work consists of device processing and testing. However, I have also participated in the 

optical analyses of the NWs.  

3.1. Basic principles of MOCVD 

MOCVD is an epitaxial technique developed in the 1960s, which can realize the deposition 

of semiconductor materials on a substrate of the same or different nature. This technique has 

already been largely used in the semiconductor industry for LEDs, lasers, and high-power 

electronic applications, due to its advantages such as its relatively large area of epitaxy, its high 

growth rate, and a comparatively low cost (with respect to molecular beam epitaxy (MBE)). 

 Contrary to the MBE, which is a technique performing epitaxy physically by using 

molecular jets, MOCVD is governed by the thermodynamic (transport of precursors in a gas 

phase and thermal exchange), chemical (reaction of species in a gas phase) and kinetic  (rates 

of reaction and diffusion) processes at the same time. The precursors bring the species for the 

subsequent crystallization. They are inserted in the reactor and thermally decomposed at the 

sample surface.  Several processes are taking place simultaneously in the reactor:  

 Reaction of the precursors in the gas phase and formation of the intermediary 

products. 
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 Absorption and diffusion of the products on the substrate. 

 Incorporation of the atoms to the crystal. 

 Desorption of the byproducts of the reactions. 

 Evacuation of these byproducts. 

 

The growth of III-nitride semiconductors requires two types of precursors: the ammonia 

(NH3) and the organometals, namely TMGa ((CH3)3Ga), TMIn, TMAl (TEGa can also be 

used). The p-doping and the n-doping can be realized by the addition of CP2Mg and SiH4, 

respectively. The organometals are stocked in a liquid form and sent into the reactor with the 

assist of a carrier gas (N2, H2 or their mixture). The rate of the injected organometals is 

controlled by a regulator and the pressure inside the reactor is adjusted by a pump and a valve. 

The reaction chains of the gases during the GaN MOCVD growth [114] are shown in Figure 

3-1. Ammonia and TMGa are injected in the reactor as gaseous precursors. The growth 

temperature is normally high (i.e. 1000 K- 1400 K). From the literature [114], 32 chemical 

species are considered in the thermodynamic calculations, among which the most important 

gas phase precursors are shown in Figure 3-1 with their reaction chains. As the main GaN 

growth species, GaNH2 is the most stable gas phase precursor which can be formed from 3 

 

Figure 3-1 Reaction chains of the gases during the GaN MOCVD growth. Adapted with permission from Ref. 

[114] 
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different ways as shown in Figure 3-1. GaN gas phase nuclei are then formed on the substrate 

surface, followed by GaN crystal deposition.  

3.2. Self-assembled nitride core-shell NW LEDs with 

different In concentrations 

This section reports on the growth and structural and optical properties of self-assembled 

nitride core-shell NW LEDs, which are the active light emitters used in the following two 

chapters for device fabrications. The growth of InGaN/GaN MQWs in a core-shell structure at 

different temperatures (710 – 620 °C) was performed. The decrease of the growth temperature 

is known to boost the In incorporation, leading to a longer emitting wavelength. However, the 

long wavelength emission is challenging for a core-shell geometry. Indeed, the In incorporation 

on the m-plane surfaces corresponding to the wire sidewalls is typically lower compared to the 

c-plane orientation. The MQW growth with different In concentrations on the m-plane 

sidewalls of the N-polar GaN wires will be presented, combining structural and optical 

analyses. An In-content higher than 20% was achieved. 

3.2.1. Growth of self-assembled nitride core-shell NW LEDs with 

different In concentrations 

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

MOCVD on nitridated c-sapphire substrates in a close-coupled showerhead reactor, of which 

the structure is depicted in Figure 3-2-(b). The NWs were grown with a low V/III ratio (~50), 

a high flux of silane (~200 nmol/min), a high temperature (1050 °C), and a high pressure (800 

mbar) [62]. The vertical growth of n-doped GaN (300 s of growth gives ~10 μm length) was 

promoted by the high flux of silane thanks to the formation of an ultra-thin passivation layer 

of SiNx around the stem of the GaN core[115,116]. The silane addition was then stopped and 

then an unintentionally doped GaN (u-GaN) wire (~15 μm for 300 s growth time) was grown 

as shown in Figure 3-2-(b). This step was followed by the radial growth of seven InGaN 

quantum wells (QWs) separated by GaN barriers around the GaN wires at 400 mbar. Samples 

with different In concentrations were grown by varying only the growth temperature of the 

InGaN QWs while maintaining the growth temperature of the barrier at 885°C [117]. An 

example of the temperature evolution of the samples as a function of the growth time is 
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illustrated in Figure 3-2-(d), where the low growth temperature of the InGaN QWs is followed 

by a high constant growth temperature of the GaN barriers with a rapid temperature increasing 

rate. In the end, a 70 nm-thick p-doped GaN shell was grown at 920°C followed by a dopant 

activation annealing at 700°C for 20 min.  

 

Figure 3-2 (a) 30° tilted SEM image of core/shell InGaN/GaN NWs grown on c-sapphire. (b) Detail of a single 

wire showing the core/shell QW region and its schematics. (c) Transversal cross-sectional STEM-HAADF 

image taken along the c-zone axis showing the shell structure with the MQWs and p-GaN. Adapted with 

permission from Ref. [118]. (d) Growth temperature evolution as a function of the growth time of four samples 

with InGaN quantum wells grown at 620 ºC, 650 ºC, 685 ºC, and 710 °C. The growth temperature of the GaN 

barriers is constant.  Adapted with permission from Ref. [117]. 

 

3.2.2. Structural properties 

Figure 3-2-(a) shows SEM images of a typical as-grown sample. The average wire density 

is estimated to be around 106 wire/cm2, while the diameter and length of the GaN core are in 
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the range of 0.65-1.2 μm and 28-33 μm, respectively. The core-shell geometry of InGaN/GaN 

MQWs was formed for the samples synthesized in a temperature range from 710 ºC down to 

620 ºC, resulting in an increase of the In concentration in the MQWs [117].  

Microstructural analyses of the sample have been carried out by Scanning Transmission 

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

which were realized by Catherine Bougerol from Institut Néel. Thin slices of the wires have 

been cut perpendicular to the growth c-axis by ultra-microtomy using a diamond blade[119]. 

Figure 3-2-(c) shows a part of one wire slice where the 7 InGaN QWs appear in bright, whereas 

the GaN parts (barriers and p-GaN shell) are in dark. The measured thicknesses of the QWs 

and barriers are 2.7 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.  

Blue core-shell NW LEDs with the m-plane InGaN QWs have already been demonstrated 

previously. However, high In concentration InGaN QWs emitting green and yellow light is still 

challenging. By decreasing the temperature, the In concentration is supposed to increase in the 

InGaN QWs. At the lowest growth temperature of the InGaN QWs at 620 ºC, the In 

incorporation is estimated higher than 20% on the m-plane sidewalls. This result is verified by 

the optical characterizations, namely by cathodoluminescence (CL) and photoluminescence 

(PL), which will be reported in the following section. 

3.2.3. Optical properties 

First, PLs at low temperature (5 K) were performed on different samples grown at different 

temperatures to check the In concentration dependence on growth temperature. Ensembles of 

wires were dispersed on silicon substrates and excited by a continuous 244 nm laser. These PL 

measurements were realized just after the NW growth by Akanksha Kapoor in CEA-Grenoble. 

The PL spectra are shown in Figure 3-3-(a). A redshift can be observed from 407 to 550 nm 

for QWs grown at temperatures from 710 to 620 °C, which can be attributed to the increase of 

the In incorporation associated with lower growth temperature. [117]. The CL mappings in 

Figure 3-3-(b) confirm that the emissions are from the non-polar m-planes [117]. 
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In order to understand the spatial localization of the luminescence especially for the samples 

with long emitting wavelengths (corresponding to green, yellow or orange emissions), PL and 

CL were measured on a sample with a green/yellow electroluminescence (EL). The following 

CL and PL measurements in this section were performed during my scientific stay in KAIST 

University in South Korea, in collaboration with Sung-Han Choi and Hyun-Gyu Song. The 

InGaN QWs of this sample was grown at 680 °C and shows a spatially inhomogeneous EL 

color (the EL performance of this sample will be reported in Chapter 4). This chromatic 

inhomogeneity may be caused by the non-uniform temperature distribution on the substrate 

during the growth, which leads to different In incorporation. To better understand the origin of 

different emission, I analyzed single dispersed NWs by CL. In this section, I focus on the NWs 

with the long emitting wavelength, corresponding to the yellow emission (in particular, to 

understand if it comes from the InGaN QWs or from the yellow-band defects of GaN).  

Nanowires were dispersed on silicon substrates for the CL measurement. The spectrally 

filtered CL-maps at room temperature are depicted in Figure 3-4. The nanowire has a broad 

spectrum from 430 nm to 600 nm besides the band edge emission of GaN, as shown in the CL 

spectrum in Figure 3-4-(b). The band edge emission of GaN corresponding to 365 nm in the 

CL-maps mainly comes from the n-GaN base part. The emission between 440 nm and 485 nm 

 

Figure 3-3 (a)Normalized PL spectra at 5 K of the samples with the QWs grown at 620 °C, 650 °C 685 °C and 

710 °C. Ensembles of wires were dispersed on silicon substrates and excited by a continuous 244 nm laser. (b) 

SEM images and CL mappings at 350, 400, 450, 500 and 550 nm of typical single wires with the InGaN 

quantum wells grown at 710, 685 and 650 °C. Adapted with permission from Ref. [117]. 
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mainly comes from the core/shell part corresponding to the m-plane InGaN/GaN QWs region. 

A decreasing intensity of the CL signal can be observed from top to bottom along the NW in 

the shell, which can be explained by a better quality of the InGaN/GaN QWs on the top part. 

This signal intensity gradient can also be found in the panchromatic CL in Figure 3-4-(a). The 

emission above 495 nm can be observed both on the NW shell and on the n-GaN base. The CL 

signals on the NW base correspond to the yellow defect-band of GaN centered at 560 nm, as 

reported in the literature. [120] The CL signals at 495 -595 nm on the shell are located at the 

top part of the shell, while the bottom part shows almost no emission. If this signal were coming 

from the yellow band of the GaN core or shell, it should have a constant intensity in the entire 

core/shell region. The fact that the yellow emission is concentrated in the upper part of the 

active region (corresponding to the localization of the 440 nm and 485 nm emission from the 

MQWs) indicates that it comes from In-rich region in the QWs. These different spatial 

distributions at different emitting wavelengths may originate from the inhomogeneous In 

incorporation along the NW shell. The broad spectral range comes from the high In fluctuation 

at the In-rich condition. 

 

In addition to CL measurements, I performed PL on the ensemble of standing NWs of the 

same wafer using a laser at 375 nm to avoid the excitation of GaN. First, the power of the laser 

was fixed at a relatively weak value of 33 µW, and the PL spectra were measured at different 

temperatures from 300 K to 10 K (Figure 3-5-(a)). Note that a weak laser power was chosen in 

 

Figure 3-4 (a) Room temperature CL-maps with the SEM image, and (b) CL spectrum of a single nanowire 

horizontally dispersed on a Si substrate excited on its entire length.  
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order to minimize the carrier density. At 300 K, the low energy peak at ~570 nm dominates, 

and the intensity of the high energy peak at ~ 460 nm is in the same order of magnitude of that 

of the low energy peak. This PL spectrum is in good agreement with the CL measurements 

shown in Figure 3-4-(b). When the temperature is decreased, the intensities of both of the low 

and high energy peaks increase due to the reduction of the non-radiative recombinations. The 

high energy peak increases faster and dominates at temperatures lower than 200 K, which can 

be explained by the frozen carriers at low temperature leading to a higher probability to 

recombine outside of the potential minima induced by In-rich regions in InGaN QWs. PLs at 

10 K were measured with different laser powers, as shown in Figure 3-5-(b). From a weak 

power of 3.3 µW to a strong power of 1000 µW, no obvious energy shift can be found neither 

in the high energy peak nor in the low energy shoulder, which proves that the emissions come 

from the m-plane non-polar QWs instead of the polar QWs, due to the absence of the quantum 

confined Stark effect. Furthermore, the yellow EL reported in Chapter 5 also proves that the 

long-wavelength emission arises from the QWs and not from the yellow defect-band of GaN. 

 

Figure 3-5(a) Temperature-dependent PL spectra of an ensemble of standing NWs excited by a laser at 375 nm 

with a fixed power of 33 µW. (b) PL spectra at 10 K with different laser powers from 3.3 µW to 1000 µW. 

 

In conclusion, this section reports the MOCVD growth of the m-plane InGaN quantum wells 

in core-shell NW LEDs on sapphire. By decreasing the growth temperature, a higher In 

concentration was incorporated in the InGaN quantum wells, corresponding to the chromatic 

redshift. A high In-content of more than 20% was reached, which is a significant achievement 

for the m-plane InGaN quantum wells. This variation of the In concentration depending on the 

growth temperature was demonstrated by the structural and optical characterizations on the as-
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grown NWs. These characterizations prove that the long wavelength emission arises from the 

m-plane QWs and not from the defect band of the GaN. For a further understanding of these 

NWs, the EL properties of single NW LEDs and flexible array LED devices will be reported 

in Chapter 4 and Chapter 5. 

3.3. NW blue LEDs based on selective area growth  

Compared to self-assembled NWs, SAG NWs are more favorable for the device fabrication 

due to their better morphological homogeneity (lower dispersion between the wire properties). 

Based on the growth method of the self-assembled nitride NWs mentioned in the previous 

section, SAG core-shell NW LEDs were developed by MOCVD. A brief introduction of the 

SAG growth method of blue InGaN/GaN NW LEDs and EL property of a rigid array LED will 

be reported in this section. 

3.3.1. Nanowire growth 

To control the positions of NWs on the substrate, a dielectric mask should be realized before 

the growth. 50 nm-thick SiNx thin film was deposited by PECVD on the sapphire substrate. To 

form the mask, the substrate was patterned by deep UV lithography and then etched by reactive-

ion etching (RIE).  To obtain a high-quality GaN/sapphire interface, which is crucial to get a 

homogeneous nucleation layer in the opening, an HF wet etching was realized to eliminate the 

residues of the RIE.1  

The first step of the growth is to fill the openings of the SiNx mask, which is crucial for the 

growth selectivity. This filling step requires relatively low temperature (950 ºC) and low 

pressure (200 mbar) to promote the growth of one nanowire in each opening. Then, the core-

shell structure was performed by using the similar growth steps as for the self-assembled NWs. 

The n+-GaN segment was realized under the silane injection with a flux of 258 nmol/min. A 

relatively low pressure (300 mbar - 500 mbar) was used for the growth of the bottom n+-GaN 

                                                 
1 The mask fabrication procedure was optimized during the Ph.D. of A. Messanvi. I have 

contributed to the mask fabrication (doing also the SiNx structuration by e-beam lithography to 

explore smaller mask openings) during the first year of my Ph.D., then their fabrication was 

entirely transferred to CEA-Grenoble. 
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segment to increase the wire density and the height uniformity. On the contrary, for the 

following growth of the u-GaN core, a high pressure (600 mbar) was required to limit the lateral 

growth after stopping the silane. After the growth of the u-GaN segment, 5 InGaN/GaN MQWs 

were grown under a pressure of 400 mbar. The growth of the InGaN quantum wells was carried 

out at 750 ºC with a TEIn flux of 8.1 µmol/min, and that of the GaN barriers was performed at 

900 ºC with TEGa flux of 3.6 µmol/min. The used growth conditions typically yield an In 

concentration in the QWs of ~15% as calibrated on self-assembled NWs. The thicknesses of 

the quantum wells and the barriers are 5 nm and 10 nm, respectively. The radial p-GaN shell 

was grown at 920 ºC under the injection of CP2Mg. In the end, annealing for dopant activation 

in the shell was performed at 750 ºC in N2 for 20 minutes. The SEM image of the as-grown 

NWs on a sapphire substrate is shown in Figure 3-6-(b). The NWs stand straight on the 

substrates keeping periodical distances between the wires following the design of the SiNx 

mask. The NWs show a good wire-to-wire morphologic homogeneity regarding their height 

and diameter. 

3.3.2. Electroluminescence from the rigid SAG NW array blue LED 

I have fabricated rigid NW LEDs using the SAG NW array. The structure of the rigid LED 

is shown in Figure 3-6-(a). Due to the insulating nature of the substrate, one delicate point 

about this fabrication is the realization of the bottom n-contact. ITO/Ti/Au was deposited on 

the sapphire substrate as the bottom n-contact. As the sputtered ITO/Ti/Au layer covers not 

only the sapphire but also the surfaces of the cores and shells of the NWs, the contact layer on 

the NW surfaces has to be removed to avoid the short-circuit of the n- and p- parts. A thin layer 

of photoresist was spin-coated to protect the base of the nanowires and the ITO/Ti/Au layer on 

the NW surfaces was removed by wet etching.  Therefore, a continuous contacting layer was 

formed on the sapphire substrate connecting all the n-GaN bases of the NW array. Then, PDMS 

was spin-coated on the bottom contact to form an electrically insulating layer encapsulating the 

NW array. The top transparent p-contact was made of ITO, and a drop of silver paint was put 

on the ITO to facilitate the contact by a tungsten tip of the probe station.  
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Figure 3-6 (a) Schematic of the rigid SAG NW array blue LED. (b) 45º bird-view SEM image of the as-grown 

SAG NW array. (c) I-V curve (d) photo, and (e) EL spectrum of the rigid SAG NW array blue LED. 

 

Figure 3-6-(c) shows the I-V characteristic of the rigid LED. The I-V curve shows a diode-

like behavior with an opening voltage of ~ 5 V. This relatively high opening voltage can be 

explained by the Schottky nature of the top ITO contact (ITO could not be annealed because 

of the underlying PDMS encapsulation). Figure 3-6-(d) shows the photo of the operating LED 

shining out blue light. It presents a spotty pattern with only a weak percentage of NWs 

producing the EL and color variations visible with a bare eye. As shown in Figure 3-6-(e), the 

EL spectrum is broad, covering the spectral range from 400 nm to 550 nm with the peak 

wavelength at 440 nm. These results are quite disappointing since the SAG procedure should 

yield a highly homogeneous NW array, so I expected to obtain a homogeneous narrow blue 

emission.  

To understand the origin of these problems, I should first note that SAG NWs are not perfect: 

some morphological variations are present, which can be sufficient to induce a variation of the 

In content and of the electrical parameter. In addition to these growth imperfections, it is also 

possible that the PDMS encapsulation is not well suited to be used with an ITO contact. Indeed, 

small deformation of the sample (such as deformation from the vibration) may cause cracks on 
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the ITO due to the enormous difference between Young’s modulus of ITO (116 GPa) and that 

of the PDMS support (360-870 KPa). These cracks in the ITO may lead to a bad current 

spreading in the top contact, which may be the origin of the spotty emission of the LED, as 

shown in Figure 3-6-(d). A different encapsulating polymer with a higher rigidity (e.g. BCB) 

should be used in further optimizations to solve this issue. 

Despite these imperfections, in this realization, I have demonstrated for the first time the EL 

from the N-polar InGaN/GaN SAG NW arrays grown by MOCVD directly on Sapphire. In the 

literature, nitride NW SAG is typically developed on a nitride buffer layer and the NW LEDs 

exhibit Ga polarity. In this context, our realization, although being imperfect, has the merit of 

being original. 

3.4. Discussion and conclusion 

In this chapter, the self-assembled and SAG GaN NWs with InGaN/GaN m-plane MQWs 

were demonstrated by MOCVD. Different In concentrations were achieved in the self-

assembled NWs by changing the growth temperature. High In concentration (＞20%) was 

realized in m-plane MQWs by decreasing the growth temperature. This challenging 

breakthrough was proved by the structural and optical characterizations. Furthermore, ELs 

from single NWs and flexible array NW LEDs were also demonstrated and will be reported in 

Chapter 4 and Chapter 5, respectively. SAG NWs were demonstrated on a sapphire substrate 

with a patterned SiNx mask. The SAG NWs show a better morphology uniformity than the self-

assembled NWs, although some variations still persist. A rigid blue array LED based on the 

SAG NWs was fabricated, and EL emission was measured. The device presented a spotty 

emission and a broad spectrum, showing that the NW SAG and the device processing should 

be further improved to benefit from the SAG approach. Indeed, the expected excellent wire-to-

wire homogeneity of the SAG growth is advantageous for the device fabrications (both for the 

in-plane aligned single NWs and for the flexible array LEDs). Comparing the self-assembled 

and SAG NWs by MOCVD, the growth of self-assembled NWs is less expensive and has 

simpler processes, due to the suppression of the substrate nano-patterning before the wire 

growth. However, the SAG NWs should show their advantage in the wire-to-wire 

homogeneity, which is a crucial feature for many applications requiring high accuracy. As a 
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perspective, the growth of In-rich m-plane SAG NWs can be developed, aiming to reach an 

excellent crystalline quality and a wire-to-wire homogeneity, which may open up a new way 

to develop the high-efficiency solid-state lighting of full visible spectral range. 
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4. Single nanowire LED devices - in-plane 

integration 

In this chapter, I discuss an in-plane integration of NW devices and I present an integrated 

photonic platform based on NW LEDs and photodetectors. The fabrication process and optical 

and electronic characterizations of randomly dispersed single NW LEDs will be first presented. 

Then, an optimized integrated structure composed of NW LED - waveguide - NW photodiode, 

which is the basic block of an integrated photonic platform, will be proposed. For advanced in-

plane integrated chips with more complex functionalities, the NWs are required to be located 

at specific positions. To align single NWs, I have developed a system to assemble the NWs. 

This homemade system uses the dielectrophoretic force from the electrodes and the 

hydrodynamic drag force from the microfluidic to align the NWs. This approach opens a way 

to enable wafer-scale fabrication and multi-functional in-plane integration of NW-based 

optoelectronic devices. 

4.1. Introduction 

4.1.1. Motivation of integrated photonic platforms in the visible 

spectral range based on single nanowire LEDs 

Visible light communication systems are required for life science applications (biosensors, 

molecular diagnostics, microscopy, food inspection, etc.) [121,122]. The technology for visible 

wavelength photonic integrated circuits (PICs) is much less mature than for the infra-red PICs. 

One exploratory approach for visible photonics consists in a monolithic integration of InGaN 

emitters/detectors with GaN-based waveguides all fabricated from thin films on Si [123-125] 

This approach presents the advantage of providing both passive and active elements, however 

it brings many fabrication challenges (such as the realization of a low-loss GaN waveguides, 

etc). For passive photonic circuits in the visible range, SiNx circuitry is gaining increasing 

attention [122,126]. However, to generate and detect light, active elements need to be co-

integrated with the SiNx platform.  
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Thanks to the nanoscale size and bright electroluminescence, single NW LEDs are 

considered as promising building blocks of compact integrated platforms. Hybrid integrated 

platforms [127] with photonic and non-photonic elements are also highly demanded for various 

applications in bio-detection, in optogenetics or optoelectromechanical systems. For example, 

NWs can play the role of active elements to generate and detect the visible light on a 

microfluidic chip. Alternatively, NW emitters can be used for on-chip optical communication 

systems. Therefore, III-nitride NWs represent a promising solution for optical components in 

the visible spectral range that I explore in this chapter. 

4.1.2. State of the arts of integrated photonic platforms based on single 

nanowire LEDs 

An important technological step is the integration of NW emitters with waveguides. Park et 

al. [128] demonstrated coupling between an optically pumped CdS NW and a 2D photonic-

crystal waveguide. Moreover, two colors of light emitted from the CdS/CdSe core/shell NW 

were split into two directions, showing the possibilities for on-chip light manipulation. Next, 

electrically pumped single InGaN/GaN NW LEDs were fabricated by dispersing NWs on top 

of the SiNx membrane photonic crystal and depositing electrical contacts. Figure 4-1-(a) shows 

an SEM image of a fully processed NW LED coupled to a photonic crystal waveguide. NW 

LEDs showed rectifying behavior (Figure 4-1-(b)), and visible emission peaked at 480 nm 

similar to single wire LEDs previously demonstrated in Lieber’s group [61]. 

Electroluminescence from the NW was efficiently guided by the photonic-crystal waveguide 

over about 20 µm as shown in Figure 4-1-(c), which superimposes an optical and SEM images.  

 

Figure 4-1 a) SEM image of a single NW LED coupled to a SiN photonic-crystal waveguide (scale bar 20 µm). 

b) I-V characteristic of the LED. c) Electroluminescence image superimposed to the SEM image for the 

photonic platform in operation (scale bar 5 µm). Adapted with permission from Ref. [128]. 
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Brubaker et al. [57] realized an optical coupling in free space between an LED and a 

photoconductive detector both based on GaN NWs. Axial p-n junction NWs were grown by 

MBE. The NWs were dispersed and closely lying pairs of wires were contacted to fabricate an 

LED (contacts on the p and n-doped segments) and a photoconductive detector (both contacts 

on the n-doped segment). The communication took place in free space as schematized in Figure 

4-2-(a, b). GaN p-n junction NW (without quantum wells) presented a near sub-bandgap 

emission under electrical injection for biases above 20 V as illustrated in Figure 4-2-(c). The 

NW detector showed a high photoconductive gain with a sensitivity down to ~10-7 W/cm2 but 

suffered from a slow switching speed (several tens of seconds). Figure 4-2-(d) shows the 

detector current traces when the LED is consecutively switched on and off with a different 

injected current. The correlation between the photodetector signal and the LED switching was 

demonstrated. However, a continuously increasing baseline was observed due to a slow return 

to equilibrium in NW photoconductive detectors.  
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In Ref. [57] the LED - detector communication was taking place in free space. A waveguide 

for light channeling is expected to improve the LED - detector coupling efficiency. Also, a fast 

photodetector with no persistent photoconductivity effects is also desirable to achieve high-

speed communication. In 2014, an integrated photonic platform consisting of an InGaN/GaN 

NW LED and a p-n NW photodiode interconnected with a SiNx waveguide was demonstrated 

in our research team [58]. MOVPE-grown core/shell InGaN/GaN NWs were used to fabricate 

the LED and the photodiode. As illustrated in Figure 4-3-(a), the LED wires contained 

InGaN/GaN quantum wells whereas the photodiode wires were composed of a thick InGaN 

layer with an increased In composition to achieve a good spectral matching between the LED 

and the detector. The emitter and detector NWs were dispersed on a SiO2/Si template, 

 

Figure 4-2 (a) Schematic illustration of a free-space coupled NW LED / photodetector platform (b) Optical 

microscopy image of the LED – detector couple illustrating the electrical connections (c) Electroluminescence 

spectra of the NW LED for increasing injection current. (d) Photodetector current trace for LED on/off 

switching for different LED currents. Adapted with permission from Ref. [57]. 
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electrically contacted and connected with a multimode SiNx waveguide, which was designed 

as a function of the wire positions, deposited by PECVD and then structured using e-beam 

lithography. Figure 4-3-(a) displays an SEM image of the resulting photonic platform. 

Observation of the platform in operation (Figure 4-3-(b)) demonstrated that the emitted light 

from the NW LED was coupled into a SiNx multimode waveguide as evidenced by the light 

diffraction at the opposite end of the waveguide. At the end of the SiNx waveguide, a NW 

photodetector realized light collection and optical-electrical signal conversion. Calculations of 

the LED to photodiode coupling efficiency estimated that only ∼8.7% of the light intensity is 

coupled to the detecting NW. Despite this low coupling efficiency, the current trace of the NW 

photodiode under zero bias shown in Figure 4-3-(c) demonstrated a clear correlation with the 

LED on/off switching. Contrary to [57], no baseline due to slow photoconductive effects was 

observed in the current trace.  
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One of the challenges of the NW based platform is to position the NWs at specific positions to realize 

their respective functionalities. The alignment of the NWs can be achieved with the assistance of 

electric field, magnetic field, fluid flow, capillary force and so on. The alignment of the NWs 

composed of ferromagnetic and superparamagnetic materials has been demonstrated within 

magnetic fields [129,130]. The alignment of magnetic nanowires suspended within a solution 

can be directed by an external magnetic field. However, the main limitation of this approach is 

that the materials of the NWs must respond to a magnetic field. Freer et al. demonstrated a 

system that aligns the Si NWs by balancing dielectrophoretic, hydrodynamic and surface forces 

[131]. This technique can achieve a 98.5% yield of single NWs assembled over 16,000 

patterned electrodes sites with submicrometre alignment precision. In France, dielectric 

alignment of NWs with an excellent yield was developed in LAAS in a Ph.D. of M. Collet 

 

Figure 4-3 (a) SEM images of the integrated photonic platform consisting of a waveguide-coupled NW LED and 

photodetector with the schematics of the internal structures of the constituting elements. (b) Photograph of the 

full system in operation and a close-up on the NW LED. (c) Current temporal trace of the detector when the 

LED is repeatedly switched on and off. Adapted with permission from Ref.  [58]. 
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[132]. However, these developments addressed symetric NWs, for which the 180° rotation does 

not change their properties, which is not the case of the NW LEDs. For applications with 

asymmetric NWs, such as the core-shell p-n junction NW LEDs, one requires not only to 

control the position but also their orientation. Shibata et al. demonstrated orientation- and 

position-controlled alignment of asymmetric Si microrods using dielectrophoresis and micro-

fluidics[133]. Asymmetric electrodes were used to control the orientation of the asymmetric 

NWs. Over 80% of the Si microrods were aligned in the right orientation. My results on the 

alignment of InGaN/GaN NW LEDs will be presented in section 4.5. 

 

Figure 4-4 (a) Side view of the illustration of dielectrophoretic assembly process where FDEP is the 

dielectrophoretic force, FD is the hydrodynamic drag force, FEDL is the electrostatic force, and FVDW is the van 

der Waals force (b) Optical microscope images of the aligned Si NWs between the electrodes. Adapted with 

permission from Ref.  [131] 

 

4.2. Nanowire structure  

Self-assembled MOCVD grown InGaN/GaN core/shell n-p junction NWs mentioned in 

Chapter 3 are used as active emitters for the fabrication of the single NW LED devices. The 

structure of the NWs is shown in Figure 3-2. By changing the In concentration in the 

InGaN/GaN quantum wells, we obtain the LEDs with different emitting colors.  For this 

specific study, the wavelength is tuned to ~540 nm for the randomly dispersed single NW LEDs 

in Section 4.3, and ~400 nm for the integrated platform and NW alignment in Section 4.4 and 

Section 4.5, respectively. 
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4.3. Randomly dispersed NWs 

NW LED is the key active component of a NW based photonic integrated platform. As a 

first prerequisite, the fabrication process of a single NW LED device should be developed, and 

its optical and electronic properties should be studied before integrating other components with 

different functionalities.  In this section, green core-shell NW LEDs are randomly dispersed on 

a SiO2/Si substrate with alignment marks. Metallic contacts were deposited by electron-beam 

lithography (EBL) to characterize the ELs from single NWs. 

4.3.1. Fabrication process 

Green NW LEDs were detached from their native substrate by sonication in isopropanol. A 

drop of the NW/isopropanol suspension was dripped on a SiO2 (300 nm)/Si substrate with 

marks to disperse the NWs randomly. To establish a buffer support layer of the metal contacts 

to such big NWs, the NWs were encapsulated into a spin-on-glass of hydrogen 

silsesquioxane (HSQ). The sample was annealed at 400 ºC for 1 hour to transform the liquid 

HSQ into solid SiOx. The HSQ covering the facets of the NWs was etched by diluted HF acid 

to open the surface of the NWs for the contacts. The coordinates of the NWs with respect to 

the marks on the substrate were registered under SEM. Two runs of EBL were executed for the 

contacts by using PMMA positive photoresist. One contact for n-GaN core and three parallel 

contacts for the p-GaN shell were designed for each NW. Ti/Al/Ti/Au 10/20/10/150 nm 

metallization for the n-type contact and Ni/Au 10/200 nm metallization for the p-type contact 

were deposited after each lithography step, followed by a lift-off process. Note that the contacts 

were not annealed to improve the ohmicity because the thermal annealing decreases the 

adhesion of Ni/Au to the substrate (several unsuccessful attempts of annealing led to the 

contacts detachment from the substrate during the micro-wire-bonding necessary for the 

external contacting.). Finally, micro-wire-bonding was performed for the power supply. The 

SEM image of a single NW LED device is shown in Figure 4-5-(a). 
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4.3.2. Device characterization  

I-V characteristics were studied on the three different p-contacts of the single NW LED. As 

shown in the SEM image in Figure 4-5-(a), the contacts No. 1, No. 2 and No. 3 correspond to 

the top, middle, and bottom of the p-GaN shell, respectively. The contact No. 3 was not 

operational (open circuit) probably due to some fabrication problem, while the contacts No. 1 

and No. 2 show a typical diode-like behavior (the I-V curves are shown in Figure 4-5-(b)). 

Both of the contacts No.1 and No.2 have 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). Both contacts show a low reverse 

leakage: at -20V, the current is only 10 nA, which is 3 orders of magnitude smaller than that at 

a positive bias of 20V for contact 1. Compared to the contact No. 1, the contact No. 2 has 2 

orders of magnitude smaller current at the same positive voltage. This behavior can be 

explained by a higher resistance of the p-GaN shell in the middle of the LED than on the top, 

 

Figure 4-5 (a) SEM image of a single NW green LED with three p-contacts on the p-GaN shell and one n-

contact on the n-GaN core. (b) I-V curves of the single NW LED on contacts No. 1 (blue round dots) and No.2 

(pink square dots). (c) EL spectra of the single NW LED on contacts No. 1 at 0.15 µA and No. 2 at 6.5 µA. (d) 

EL spectra of the single NW LED on contact No. 1 under different injected currents from 150 nA to 800 nA. (e) 

EQE in arbitrary units as a function of the injected current of the single NW LED on contact No. 1. 
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which may originate from the doping variation along the shell due to the NW growth 

mechanism. 

As shown in Figure 4-5-(c), the EL spectra of contacts No. 1 and No. 2 were measured at 

0.15 µA and 6.5 µA, respectively. Both of them have a broad spectrum extending from 500 nm 

to 600 nm, corresponding to a relatively large In fluctuation in the QWs. Worthily note that the 

contact No. 2 at 6.5 µA has a similar luminous intensity level as the contact No. 1 at 0.5 µA, 

which indicates that the non-radiative recombination in the middle of the NW shell is more 

important than that on the top. The EL spectra of the contact No. 1 were measured under 

different injected currents from 150 nA to 800 nA. As shown in Figure 4-5-(d), the spectra are 

peaked at 534 nm (2.32 eV). There is a small blue shift of the peak wavelength from 544 nm 

to 534 nm at small currents from 150 nA to 200 nA. No further wavelength shift can be found 

when the injected currents are above 200 nA. The evolution of the EQE as a function of the 

injected current is plotted in Figure 4-5-(e).  The EQE is defined as a number of photons per 

number of injected electrons which is proportional to the spectrally-integrated EL intensity 

divided by the injected electrical current. By increasing the injected current, the EQE first 

increases following the saturation of non-radiative Shockley-Read-Hall recombinations, 

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. 

It is important to note that this is the first observation of a green EL from the m-plane radial 

QWs in NWs. In the previous realization of the green NW LEDs, the green emission comes 

either from axial heterostructures [134,135] or from a localized In-rich region at the top part of 

the NW [136]. In my realization, the EL comes from the radial QWs as confirmed by optical 

studies previously discussed in Chapter 3.   

4.4. Nanowire-based integrated photonic platform with 

optimized optical coupling yield  

Different functionalities can be realized based on a single NW LED mentioned in the 

previous section by horizontal on-chip integration with other components. In this section, an 

on-chip optical communication system will be presented. This system is composed of an LED, 
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a waveguide and a photodiode, which are the basic building blocks of photonic integrated 

platforms. The optical coupling yield of the communication between the LED and the 

photodiode was optimized by the Finite Difference Time Domain (FDTD) simulation. The 

coupling yield was improved from 8.7 % of the initial structure to 65.5 %, 

4.4.1. Design of a NW based LED-waveguide-photodetector platform 

An integrated photonic platform based on nitride NWs was demonstrated in the previous 

work of our research team [58], which realized the communication in the visible spectral range 

(λ~400 nm). This platform is composed of horizontally dispersed NW LED and photodetector 

connected by a SiNx waveguide. It is considered as a primary building block of the future multi-

functional integrated photonic systems for photonic and sensing applications. The NW LED 

and photodetector lay on the SiO2/Si substrate and a half of their thickness was covered by 

spin-on-glass HSQ. A SiNx waveguide with the same top surface level as the NWs was 

deposited on the top of the HSQ layer and connected the NW LED and the photodetector. A 

schematic illustration of the platform is shown in Figure 4-6-(a). The NWs have a hexagonal 

cross-section with a diameter of 1 µm. The end of the NW LED and the beginning of the NW 

photodetector overlap with the two sides of the waveguide over a 1.5 µm long segment. 

 

Figure 4-6 (a) Schematic illustration of the platform geometry used for FDTD simulations. The platform 

consists of a NW LED, a waveguide, and a NW photodetector. (b) Front-view cross-section schematic 

illustration with refractive indexes for materials used in the simulations. (c) The fundamental mode and 3 higher 

order modes of a hexagonal GaN NW with a diameter of 1 µm for the wavelength of 400 nm. The fundamental 

mode was used for the FDTD simulations. 

 

4.4.2. Optimization of the SiNx waveguide 

The first photonic integrated platform realized in the previous work has a 10 µm-wide, 500 

nm-thick SiNx waveguide on a 600 nm-thick SiO2 separating layer. However, the calculated 
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coupling yield between the LED and the photodiode was only 8.7 % [137]. To make a viable 

NW photonic platform, the coupling efficiency needs to be strongly improved. The 

optimization of the light coupling should account for technological constraints related to the 

typical NW dimensions and fabrication procedures. I used FDTD simulations to propose a 

platform design with an optimized coupling yield, which is described in this section. 

 Model for FDTD simulation 

As shown in Figure 4-6-(b), the optical refractive indexes for materials used in the 

simulations are: n (GaN) = 2.562, n (SiO2) = 1.557, n (Si) = 5.57+0.387i, n (SiNx) = 2.07 at 

400 nm wavelength. The spin-on-glass SiOx is assumed to have a refractive index of n (SiOx) 

=1.557. The presence of the InGaN quantum wells in the NW is neglected due to its nanometer 

dimensions and small optical contrast with GaN. The length of the NW LED and the detector 

is 10 µm, and the waveguide between them is 31 µm long (the value taken from the previous 

experimental realization). The waveguide width is varied in this work to optimize the optical 

coupling.  

Both two-dimensional (2D) and three-dimensional (3D) optical models were applied using 

multiphysics Lumerical software[138], which numerically solves the light propagation 

equations using the FDTD method. 2D/3D Maxwell equations are solved in both the time and 

frequency domains. Perfectly matched layers were used as the boundaries to truncate the 

computational regions. The computational regions cover all the volume of the functional 

elements with a margin of ~5 µm. For 3D simulations, the minimum mesh cells per wavelength 

were set as 10. For 2D simulations, auto non-uniform mesh type was used with a mesh accuracy 

level 2. Considering the computational capability, the minimum mesh step is fixed at 0.25 nm 

for both 2D and 3D simulations, giving an accuracy sufficient for this study. As a reference, 

with the above setting, the 3D simulation of the same geometry as in our previous experimental 

platform required a memory of 6 GB for 107 million FDTD Yee nodes. For the 2D simulation 

at the horizontal plane in the middle of the waveguide, a memory of 500 MB was required for 

2.1 million FDTD Yee nodes.  

We define the coupling efficiency as the ratio between the light intensity entering the NW 

detector and the light intensity leaving the NW LED (both integrated over the hexagonal NW 

cross-sections of 1.5 µm diameter before the end facet of the LED and 1.5 µm after the entrance 
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facet of the detector, respectively). More precisely, the coupling efficiency was extracted using 

the transmission, which is calculated by the Lumirical software with the following formula: 

, 

where T(f) is the normalized transmission as a function of frequency, P(f) is the Poynting 

vector normal to the surface, and dS is the surface normal. The coupling efficiency was 

optimized by varying the geometrical parameters of the platform. Considering the 

computational capacity, 2D simulations at the vertical cross-sectional plane in the middle of 

the waveguide were used to evaluate the impact of the SiO2 spacer thickness and to study the 

influence of the spin-on-glass SiOx layer by removing it. 2D simulations at the horizontal cross-

sectional plane in the middle of the waveguide were performed on the system without spin-on 

glass encapsulation to find the optimal width of the SiNx waveguide. For the final coupling 

efficiency calculations, 3D simulations were applied to the geometry optimized using 2D 

simulations and also to the initial geometry from Ref. [58]. 

We note that for the typical NW dimensions used in experiments, the LED and the 

photodetector NWs themselves behave as multimode waveguides. Figure 4-6-(c) illustrates the 

fundamental and several higher order modes in a GaN nanowire with hexagonal shape 

calculated using COMSOL [139] mode solver for 400 nm wavelength. It is difficult to estimate 

precisely which modes are excited in an operating core/shell LED. We are analyzing this 

question both experimentally and by simulations in collaboration with M. Foldyna and L. 

Halagacka from LPICM in order to provide a more realistic approximation. For the present 

light propagation simulations, I used a basic approximation, in which we simulate the light 

generation in the LED nanowire by injecting the fundamental mode in the nanowire 3 µm away 

from the SiNx waveguide input facet.  

 FDTD simulation of the platform with the previous geometry 

First, the 3D FDTD simulation of the LED/photodetector platform with a geometry exactly 

reproducing the experimental realization of our previous work was performed. The thickness 

of the SiO2 layer beneath the NW was 600 nm. The thickness of the spin-on encapsulating layer 

was 500 nm, and the SiNx waveguide thickness was 500 nm with a width of 10 µm. For these 

geometrical parameters, separate COMSOL simulations show that the SiNx waveguide sustains 
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a large number of modes (in particular, many modes with the same vertical profile and a various 

number of lobes in the lateral direction are present). 

 

Figure 4-7 (a) Front-view cross-section schematic showing the cutting positions for 3D simulated cross-sections 

in panels (b) and (c); Light intensity distributions for a (b)  vertical and (c) horizontal cross-section taken at the 

middle of the waveguide (cutting position corresponding to solid red line and dashed green line in (a), 

respectively). Waveguide width is 10 µm; (d) Front-view cross-section schematic of the platform without spin-

on glass encapsulating layer showing the cutting position for cross-section of panel (e). (e) Influence of the 

spin-on-glass layer: intensity distributions in the vertical cross-section layer in the middle of the waveguide 

without spin-on glass encapsulating layer (cutting position corresponding to red solid line in panel (d)). 

 

The simulated intensity distributions in the horizontal and vertical cross-sections in the 

middle of the waveguide are shown in Figure 4-7. The LED-waveguide coupling yield, which 

is defined as the ratio between the light intensity integrated over the waveguide cross-section 

after propagation over 6 µm in the waveguide and the intensity in the NW LED 1.5 µm away 

from the entrance of the waveguide, is 55%. Almost half of the light is lost during the coupling 

from the NW LED to the waveguide. This loss is not due to the reflection at the NW/waveguide 

interface, but, as shown in Figure 4-7-(b), it originates mainly from the partial overlap in the 

vertical direction between the NW and the waveguide due to the spin-on-glass layer beneath 

the SiNx. An attenuation of the light intensity of 3 % is observed along the light propagation in 

the waveguide from 6 µm to 26 µm. This attenuation is due to the divergence of the light exiting 

the NW LED shown in Figure 4-7-(c), which is not guided but coupled to free space modes at 

rather large angles. The numerical aperture of the waveguide is NA=1.81, calculated by the 

following formula , corresponding to a maximal total output 
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angle of 122º. Considering the coupling from the waveguide to the NW detector, a strong loss 

is observed due to the large width of the waveguide, which leads to the leakage of light into 

free space. This loss can be clearly seen in Figure 4-7-(c). The coupling efficiency from the 

waveguide to the detector is 14 %. As a result, the coupling yield of the entire system (i.e., 

from the LED to the detector) of only 8.7% is achieved (in agreement with calculations 

presented in Ref. [137]), which is not sufficient for viable applications. 

This simulation of the platform with the previous geometry allowed me to identify the 

origins of the low coupling efficiency, namely the poor vertical overlap between the NWs and 

the SiNx waveguide due to the spin-on-glass encapsulation and the weak coupling from the 

wide SiNx waveguide to the NW photodetector. Therefore, I have focused my efforts on the 

optimization of the LED-to-waveguide coupling and then on the waveguide-to-photodetector 

coupling to improve the design of future devices.  

 Optimization of the coupling yield with improved design 

As seen in Figure 4-7-(b), the coupling loss from the LED to the waveguide is mainly caused 

by a weak overlap between the NW modes and the waveguide. To decrease this loss, the spin-

on-glass layer beneath the SiNx waveguide should be removed so that the waveguide has a 

thickness equal to the NW diameter (as shown in Figure 4-7-(d)). The vertical cross-sectional 

2D simulation of the platform without the spin-on-glass layer shows a significant efficiency 

improvement of the first coupling, which increases from 55 % to 77.1 %. The intensity 

distribution in the vertical cross-section in the middle of the waveguide is shown in Figure 4-7-

(e). Note that this change of the architecture is feasible for the platform fabrication: the spin-

on-glass supporting layer can be removed by dry etching after the metallic contact deposition 

without any damage of the device, and the SiNx waveguide can be fabricated after this etching 

step. 

Taking into account that the Si substrate is strongly absorbing at 400 nm, I have carried out 

a simulation with different thicknesses of the SiO2 layer to evaluate the impact of the SiO2 

spacer thickness on the losses due to the light coupling and absorption in Si. The results 

demonstrate that for a SiO2 thickness larger than 300 nm, the absorption of the Si substrate 

becomes negligible due to a total internal reflection at GaN/SiO2 interface and the transmission 

of the waveguide is independent on the SiO2 thickness. This means that any thickness above 
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300 nm efficiently decouples the optical platform from the underlying substrate. In the 

following, the 600 nm value was fixed (to be comparable with the previous simulation).  

 

Figure 4-8 (a) Coupling efficiency from LED to the waveguide (black squares) and from LED to the detector 

(red circles) as a function of the waveguide width calculated with a step of 0.1 µm. (b) Coupling efficiency from 

the LED to the detector as a function of the waveguide width around the value of 1.5 µm calculated with a step 

of 22 nm. 

 

A large number of in-plane modes in the SiNx waveguide results in a poor matching with the 

NW photodetector. A significant portion of the light couples from the waveguide to free space 

modes. To increase the coupling yield, the waveguide width should be adjusted also to strongly 

couple light in the lateral direction. For this optimization, the spin-on-glass encapsulating layer 

was omitted, the waveguide height was fixed at 1 µm, and the FDTD simulations were 

performed supposing a rectangular waveguide with variable width. To reduce the computation 

time, a 2D simulation was performed at a horizontal cross-section plane in the middle of the 

waveguide. Although 3D simulation is more rigorous than the 2D one, the 2D simulation gives 

an acceptable accuracy for this specific optimization of width for reducing the light dispersion 

in the lateral direction.  

First, I have studied the waveguide-detector coupling yield as a function of the waveguide 

width. Optimization with a rough step for the width has shown that for a waveguide larger than 

3 µm, there is a strong leakage for the waveguide-to-detector coupling. For a width smaller 

than 1 µm, i.e., smaller than the NW diameter, the coupling efficiency from LED to the 



Chapter 4 - Single nanowire LED devices - in-plane integration 

 

 

64 

Nan GUAN 

waveguide also degrades. I have refined the simulation between these two values taking a 

smaller step of 0.1 µm. As shown in Figure 4-8-(a), from 70 % to 80 % of the light is transmitted 

into the waveguide from the NW LED for this range of widths. It means that the LED-

waveguide coupling efficiency does not vary much when the waveguide is wider than the NW 

LED diameter, as expected.  

Next, the total coupling efficiency from the LED to the photodetector was simulated in a 2D 

configuration as a function of the waveguide width. As shown in Figure 4-8-(a), the best light 

coupling is achieved when the waveguide width is around 1.5 µm. With a waveguide wider 

than 2.5 µm, the transmission drops rapidly because of the multimode nature of the waveguide 

and the leakage to the free space as mentioned previously. To more precisely estimate the 

optimal waveguide width, I have reduced the variation step of the waveguide width to 22 nm 

in a range from 1.25 to 1.75 µm. We note that the control of the waveguide width with a 

precision of approx. 20 nm is within reach of the e-beam lithography. The FDTD simulations 

for the waveguide widths around 1.5 µm were performed as shown in Figure 4-8-(b). A 

coupling efficiency above 59% is calculated for a wide range of widths between 1.3 and 1.6 

µm. The observed non-monotonous fast variation of the coupling efficiency within 2.5 % is 

likely due to the variation of the modal structure of the waveguide and the coupling of 

individual modes to the detector, which is quite sensitive to the waveguide width. With a 

waveguide width of 1.49 µm, the maximal total transmission to the photodetector reaches 61 

%. 



Chapter 4 - Single nanowire LED devices - in-plane integration 

 

 

65 

Nan GUAN 

With the optimized parameters (no spin-on glass encapsulating layer, waveguide width equal 

to 1.49 µm), a 3D simulation was realized. The intensity distributions in the different horizontal 

layers inside the system and the vertical cross-sectional layer in the middle of the waveguide 

are shown in Figure 4-9. The SiNx waveguide shows efficient vertical and horizontal 

confinements of the propagating light. By comparing Figure 4-7-(b) and Figure 4-9-(c), a 

significant improvement at the LED-waveguide coupling was achieved by removing the spin-

on-glass SiOx layer. As shown in Figure 4-9-(b), the leakage caused by the multimode nature 

at the waveguide-detector coupling is mostly reduced thanks to the lateral confinement of the 

waveguide with a reduced width. The final efficiency detected by the NW photodetector and 

calculated using the 3D model is 65.5 %, which is even better than the 2D simulation result 

due to better confinement in 3D structure. 

It’s worthy to note that the distributions in Figure 4-9 have an interference-like profile due 

to the monochromatic plane wave light source used for the simulation. These effects in our 

case are not physical since we are dealing with an LED source which has an important spectral 

broadening and a poor coherence. Nevertheless, the interference effects present in our FDTD 

simulations may impact the calculated transmission. I investigated the influence of the 

interferences on the transmission by changing the phase of the plane wave. I did the calculation 

 

Figure 4-9  (a) Schematic illustration of the 3D FDTD simulation model consisting of NW LED, waveguide and 

NW photodetector with the optimized parameters. (b) Schematic view of layers and the Top-view intensity 

distribution in different horizontal layers (T, M and B: top, middle and bottom layers in the waveguide, 

respectively). S: horizontal layer in SiO2). (c) Side view intensity distribution in the vertical cross-sectional 

layer in the middle of the waveguide. 
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of the transmission for 11 different values of the plane wave phase. The resulting transmission 

varied only weakly from 65.48 % to 65.54 %, as shown in Figure 4-10. I conclude that the 

interference effects, which are artifacts of our calculation method, do not influence the results 

and therefore my optimization is valid.  

 

Figure 4-10 Final transmission into the photodetector curve as a function of the phase of the plane wave source. 

 

In conclusion, by using FDTD simulations, the efficiency of light coupling in a NW LED-

waveguide-NW photodetector integrated photonic platform was optimized from an initial value 

of 8.7 % up to 65.5 %, which is a 7.5 fold increase from the initial structure. The optical losses 

due to the LED-waveguide and waveguide-photodetector couplings were reduced by 

suggesting removing the spin-on-glass encapsulation layer and reducing the SiNx waveguide 

width. For NW devices with a 1 µm diameter, the optimized efficiency is reached for a 1.49 

µm wide waveguide. All the parameters are within reach of nanofabrication capabilities. 

Therefore, the optimized photonic platform with a high light coupling efficiency can be 

implemented. This light source-waveguide-photodetector platform is the main building block 

of the future multi-functional integrated photonic systems for photonic and sensing 

applications.  



Chapter 4 - Single nanowire LED devices - in-plane integration 

 

 

67 

Nan GUAN 

Unfortunately, I did not have enough time in my Ph.D. for the experimental realization of 

this integrated platform with the optimized parameters. It will be done in the future work of 

our research team. As another perspective, aligned NWs, instead of randomly dispersed NWs, 

can be used for future platforms, which facilitates the lithography process and enables the 

wafer-scale fabrication. With this expectation, the alignment technique of the NWs will be 

reported in the following section.  

4.5. Alignment of NWs by dielectrophoresis and 

microfluidic 

The alignment of the NWs is required to enable wafer-scale fabrication and multi-functional 

in-plane integration of NW-based optoelectronic devices. In this section, I present a system for 

NW alignment by dielectrophoresis. A microfluidic chamber was fabricated to assist the NW 

alignment, with which the NWs alignment can be controlled by combining the forces from the 

dielectrophoresis and the flow. 

4.5.1. Principle of the NW alignment by dielectrophoresis 

The dielectrophoresis is a phenomenon of moving a dielectric particle in a non-uniform 

electric field. The electric field induces a dipole moment in the particle. The particle then 

behaves as if its surface is charged at both sides by opposite chargers, which will create the 

Coulomb force depending on the intensity of the electric field, as shown in Figure 4-11.  

 

Figure 4-11 Schematic illustrations of the principle of the dielectrophoresis (a) in a uniform electric field and 

(b) in a non-uniform electric field. Adapted with permission from Ref. [140] 
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Indeed, in a uniform electric field, the Coulomb force with the same magnitude is applied 

on each half of the particle in opposite directions, showing a null force on the entire particle, 

as shown in Figure 4-11-(a). Contrarily, in a non-uniform electric field, the Coulomb forces 

applied on the two parts are not identical. This non-null global force leads to the movement of 

the particle, as shown in Figure 4-11-(b). This force can be defined by the interaction between 

the dipole moment of the particle and the spatial gradient of the electric field. The non-

uniformity of the electric field is the crucial factor of the induced force. The dielectrophoretic 

force induced on a spherical particle is as follows: 

          (Eq. 4-1) 

where R is the radius of the particle,  is the electric field,   is the absolute permittivity 

of the environment medium, and  is the Clausius-Mossotti factor depending on the 

excitation frequency, which is a key element of the dielectrophoretic force. 

The factor  is defined by: 

   (Eq. 4-2) 

where  and  are the complex permittivities of the particle and the environment medium, 

respectively, which can be defined directly by . 

4.5.2. Simulation of the dielectrophoretic force between two metal 

electrodes 

To create a dielectrophoretic force to align the NWs, the electric field can be created by 

direct current or alternating current signals applied between 2 electrodes. From Eq. 4-1, the 

dielectrophoretic force is proportional to the gradient of the square of the electric field, the 

permittivity of the environmental medium (which is isopropanol in the experiment), and the 

Clausius-Mossotti factor.  

Simulations by using COMSOL were realized with the assist of Yuan LAI, a Master 1 intern 

of Université Paris-Sud that I have co-supervised. The dielectrophoretic forces of 3 different 

pairs of electrodes were simulated by COMSOL: 

 Electrodes PP: two peaked electrodes  

 Electrodes RR: two round electrodes 
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 Electrodes PR: one round electrode and one peaked electrode 

The width of the electrodes is fixed at 3 µm. The peaked electrodes have the points with an 

angle of 60 º, and the round electrodes have the round tips with the diameter of 3.3 µm. All 

these electrodes were designed accounting for the experimental feasibility and then realized by 

EBL. 

The objective is to calculate the magnitude of the dielectrophoretic forces of the different 

designs of the electrodes. The dielectrophoretic force is expected to be related to the sharpness 

of the electrodes, which determines the non-uniformity of the electric field.  The asymmetric 

electrodes were designed to create asymmetric dielectrophoretic forces to control the 

orientations of the asymmetric NWs. Therefore, the difference of the magnitudes of the 

dielectrophoretic forces between the two electrode sites is an interesting parameter for this 

modeling. 

The model for the simulation is as follows: 

The gold electrode pair is lying on a SiO2/Si substrate and is immersed in isopropanol. The 

thicknesses of SiO2 and Si are 300 nm and 3 µm, respectively. Considering the computing time, 

the simulated area was limited to a spherical space with a radius of 70 µm. A voltage potential 

of 10 V was applied between the two electrodes. Schematic illustration of the model is shown 

in Figure 4-12-(a). 

 

Figure 4-12 (a) Schematic illustration of the model of electrodes for dielectrophoretic force simulation. 

Simulated dielectrophoretic forces of electrodes (b) PP, (c) PR and (d) RR 

 

The dielectrophoretic forces of 3 different electrodes were simulated by COMSOL. We use 

to represent the dielectrophoretic force in the simulation because the other parameters in 

Eq. 4-1 are constant when the environment, the object and the signal frequency for alignment 
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are defined. The objective of this simulation is to study intuitively the distributions of the 

dielectrophoretic forces generated by different electrode pairs. The distributions of the forces 

are shown in Figure 4-12-(b-d). The electrodes PP have 3 orders of magnitudes larger 

dielectrophoretic force than the electrodes RR. This phenomenon can be explained by the 

higher non-uniformity of the electric field induced by the sharper shape of the peaked 

electrodes with respect to the round electrodes. For the asymmetric electrodes PR, the 

difference of the dielectrophoretic forces between the two electrodes is 343% of the force 

magnitude on the round electrode site. This huge difference may help to control the orientations 

of the asymmetric nanowires, such as the core-shell nanowires with a bare n-GaN foot (the 

exact NW geometry was previously described in this chapter for LED devices). Indeed, these 

NWs have a heavily doped n-GaN base with a small diameter and a relatively low-doped top 

part with a larger diameter. This should result in a different complex permittivity for the two 

NW parts. This NW asymmetry coupled with the electrode asymmetry may be used to find 

conditions for NW preferential orientation with all p-n diodes aligned in the same direction. It 

is not straightforward to model the Clausius-Mossotti factor for a realistic NW LED. Therefore, 

instead of pushing further the present modeling, I decided to look for appropriate conditions in 

the experiment by varying the applied voltage magnitude and frequency.    

4.5.3. Fabrication of electrodes for dielectrophoresis and microfluidic 

chamber 

The fabrication of the electrodes for dielectrophoresis and the design of the microfluidic 

chamber was realized in collaboration with Jianchang YAN, a visiting scholar from Chinese 

Academy of Sciences. The chamber was realized in the mechanical workshop of C2N by Pascal 

Marie, an engineer from C2N. 

 Fabrication of electrodes for dielectrophoresis 

The electrodes to create the dielectrophoretic force were fabricated on a SiO2 (300 nm)/Si 2-

inch wafer by electron-beam lithography. UV III positive resist was used for the lithography. 

The deposition of Cr/Au (20nm/20nm) was performed and then followed by a lift-off 

processing. 100 nm SiNx was deposited as an electric isolating layer by plasma-enhanced 

chemical vapor deposition (PECVD). This isolating layer is needed to avoid applying electric 

potential directly on the NWs during the alignment. (I did the first experiments without this 
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SiNx layer and the NWs were damaged by an electrical discharge at the moment of touching 

the electrodes). An O2 plasma was performed for surface cleaning. The SEM images of 

different electrodes are shown in Figure 4-13-(a-d). 

 Fabrication of a microfluidic chamber  

A microfluidic chamber was fabricated to assist the dielectrophoresis alignment of NWs, as 

shown in Figure 4-13-(e, f). The microfluidic chamber is made of stainless steel. The top 

channel wall is made of a transparent quartz slice so that the alignment process can be observed 

by an optical microscope. This quartz slice and the SiO2/Si wafer with the electrodes are sealed 

by an O-ring to form a 700 µm-thick flow channel. A liquid pump is used to make circulate the 

NW-in-isopropanol solution. The rate of flow is controlled by a voltage applied to the pump 

and measured by a liquid flow-meter. 

4.5.4. NW alignment  

The NW alignment can be controlled by balancing the dielectrophoretic force and the 

microfluidic flow.  

 

Figure 4-13 (a) SEM image of the electrode sites for NW alignment by dielectrophoresis. SEM images of (b) RR, 

(c) PP, and (d) PR electrodes. (e) Photo and (f) schematic illustration of the microfluidic chamber assisting the 

dielectrophoresis alignment of NWs. 
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Figure 4-14 Optical microscope images of the alignment process by dielectrophoresis and microfluidics. The 

flow of the NW suspension is fixed (voltage applied to the pump=10 V) and the flow direction is from bottom to 

top. The electric potential between the electrode pairs for dielectrophoresis is set at 15 V, and the signal 

frequency is increased from 5 kHz to 50 kHz (circled in blue line) to assemble the NWs, then decreased to 5 kHz 

(circled in red line) to release the NWs, and finally turned off. 

The wafer with InGaN/GaN core-shell NW array was firstly treated by sonication in 

isopropanol to detach the NWs from their native sapphire substrate and form the NW 

suspension. The NW suspension was circulated by the pump in the microfluidic chamber with 

a fixed voltage of 10 V. AC signals were applied on the electrodes with a fixed electric potential 

of 15 V to create a dielectrophoretic force.  As shown in Figure 4-14, by increasing the signal 

frequency from 5 kHz to 50 kHz, the NWs started to be assembled between the electrode pairs 

from 13 kHz. With a higher frequency, more NWs were assembled between the electrode pairs 

and also on the electrode buses. This phenomenon was also demonstrated by M. Collet, who 

realized the alignment of the semiconductor NWs by the couple of dielectrophoretic and 

capillary forces [132]. The assembled NWs can be released by decreasing the frequency. From 

50 kHz to 5 kHz, more and more NWs were removed from the electrodes. All the NWs were 

removed when the applied bias was switched off. 
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From the optical microscope observation, at 13 kHz and 14 kHz, 7 and 10 sites over 11 total 

observed sites are filled by aligned NWs, respectively. At a frequency higher than 14 kHz, all 

the 11 sites are filled by a single NW or several NWs. Figure 4-15 shows an SEM image of an 

aligned InGaN/GaN NW between a PP electrode pair. A long NW is positioned between the 

electrodes and in addition, two small NW pieces were also attracted. Unfortunately, by doing 

a statistical analysis of all PR electrodes, no orientation preference of the aligned asymmetric 

core-shell NWs was found. Further tests under different bias conditions will be performed in 

the future to optimize the positioning yield and to explore the possibility of the orientation 

control. In addition, a deposition of a magnetic material (e.g. Ni deposition on the NW top part) 

can be explored to combine the dielectrophoretic positioning with a magnetic alignment and 

thus to promote a preferential NW orientation.  

 

Figure 4-15 SEM image of an aligned InGaN/GaN NW between a PP electrode pair 

 

4.6. Discussion and conclusion 

This chapter started from the analyses of the most basic element of the NW based integrated 

photonic platform, the single NW LED, to prove its feasibility and study its optoelectronic 
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properties. Green EL was demonstrated from m-plane InGaN/GaN multiple quantum wells in 

a randomly dispersed single core-shell MOCVD NW LEDs, which not only proves the 

feasibility of a single NW LED device with metal contacts, but also demonstrates the 

challenging In-rich growth in m-plane InGaN quantum wells by MOCVD. Based on this kind 

of single NW devices, an integrated photonic platform consisting of NW LED, waveguide and 

NW photodiode was proposed. This light source-waveguide-photodetector structure is 

considered as the basic building block of an in-plane NW-based integrated photonic platform. 

Within reach of nanofabrication capabilities, the platform structure was optimized by FDTD 

simulations, with a final light coupling yield of 65.5%. To enable wafer-scale fabrication and 

multi-functional in-plane integration of NW-based optoelectronic devices, a NW alignment 

system was then reported. The electrode design was defined by FDTD simulations of the 

dielectrophoretic forces of a different shape. The set-up for dielectrophoretic alignment was 

then developed. This system assembles the NWs by dielectrophoresis with the assistance of a 

microfluidic flow. By balancing the dielectrophoretic force and the microfluidic force, the NW 

alignment can be controlled. A study of the alignment process for different frequencies was, 

realized. Unfortunately, no orientation preference was observed for the aligned NWs by using 

the asymmetric electrodes. As a perspective, the orientation controlled alignment should be 

developed in the future work of our research team. Some techniques have been proposed to 

solve this problem, i.e., to use the asymmetric electrodes under DC signals, to align the 

nanowires with larger asymmetric structures, to coat a metal layer on only one side of the 

nanowires to get an asymmetric permittivity on one nanowire and so on. Once optimized, this 

technology will be well suited for wafer-scale fabrication of in-plane integrated photonic 

platform based on single NWs.  
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5. Flexible array nanowire LED devices - vertical 

integration 

This chapter describes the fabrication and characterization of flexible LEDs based on vertical 

core-shell MOCVD nitride NWs. Firstly, I will present the flexible monochromatic LEDs. This 

technology combines the high flexibility of the polymer, outstanding mechanical and electric 

features of the Ag NW contacts and the extraordinary optoelectronic properties of the nitride 

NWs. Thanks to the high design freedom of this technology, flexible bi-color LEDs and white 

LEDs are also demonstrated. Next, thermal studies of the flexible LEDs will be presented. For 

display applications, preliminary studies of flexible LED matrix arrays will be reported at the 

end of this chapter. 

5.1. Introduction 

5.1.1. The motivation for flexible nanowire LEDs 

As a cutting-edge technology, flexible electronic is now a topic of intense research. Many 

research efforts are put into high-performance flexible devices with a light weight, a small 

thickness, and a good ductility, which are expected to be the specific features compared to the 

conventional rigid electronic devices.  

The flexible light sources have many appealing applications such as foldable, rollable 

lightings as well as curved and bendable displays for wearable devices. Furthermore, 

deformable lighting is highly demanded in advanced biological research, such as bio-medical, 

biological and optogenetic studies. The “Photonics Multiannual Strategic Roadmap 2014-

2020” mentions flexible electronics, flexible light sources, displays and solar cells as key 

emerging technologies with a high-expected growth of the market share. It is noteworthy that 

in the roadmap mentioned above the notion of a “flexible device” is inseparable from an 

“organic device”. Indeed, today’s most used technology of flexible LEDs is organic LED 

(OLED)[141]. OLEDs have already been commercialized for curved displays thanks to their 

low material cost, good flexibility, and relative ease of processing. They also have good 

compatibility with various lightweight flexible substrates such as plastic films, providing good 
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potential for large-scale manufacturing. However, organic devices are facing instabilities 

caused by oxidation, recrystallization and temperature variations, which degrade the electrical 

conductivity of organic layers and interfaces in the active regions. Moreover, organic LEDs 

present limitations in the short visible wavelength range. Indeed, blue OLEDs have a much 

lower luminance (around 102−104 cd/m2)[142,143], lower external quantum efficiency (EQE) 

(e.g., 2−30%)[144] and a shorter lifetime (e.g., up to 3700 h for T50, time to 50% of initial 

luminance of 1000 cd/m2)[145,146] compared to LEDs based on inorganic semiconductors. 

Nitride semiconductors provide the best performance regarding luminance and EQE in the blue 

spectral range. Indeed, InGaN/GaN LEDs demonstrate a high luminance of several 106 cd/m2 

[147-149], an EQE above 80% [150] and a lifetime of more than 100,000 h [149]. 

It is therefore advantageous to use inorganic semiconductors as the active material in flexible 

LEDs. However, the processing and flexible substrate integration are challenging. For future 

commercialization, the manufacturing tools adapted to handle flexible substrates are also 

needed. The inorganic semiconductor devices are mechanically rigid. The fabrication of 

flexible devices from conventional thin film structures is challenging and requires additional 

processing steps to lift-off and micro-structure the active layer. Moreover, the emission 

wavelengths of transferred thin film devices are shifting with the bending radii due to the strain 

induced shifts of the bandgap and to the variations of the piezoelectric field in the quantum 

wells [151]. 

To avoid the micro-structuring step, it is advantageous to shrink the size of the active 

elements and to use bottom-up nanostructures, such as NWs, instead of two-dimensional films 

[118]. Besides the remarkable optoelectronic properties mentioned in Chapter 2, the NWs can 

stand high deformations without plastic relaxation and have a tiny footprint size (up to several 

µm) compared to the typical device bending curvature (in a centimeter to a millimeter scale) 

[152-155]. These properties make NWs an outstanding candidate for flexible LEDs. 

In this chapter, I report the demonstration of flexible LEDs produced from nitride NW arrays 

embedded in a flexible polymer. This approach combines the high flexibility of the polymer 

and the outstanding optoelectronic properties of nitride NWs. With this fabrication technology, 

I have fabricated narrow-band quasi-monochromatic LEDs [156] and phosphor-converted 

white LEDs [157]. Thanks to its large design freedom and modularity, this novel concept also 

allows for the realization of multi-color LEDs by stacking the monochromatic LEDs with 
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different band gaps [156]. We have been putting research efforts also on flexible LED matrix 

arrays. As a perspective, taking advantage of the miniature size of the NWs, high-resolution 

flexible displays can be realized by using the NW LEDs as the active material.  

The growth of NWs used in this chapter was performed in CEA-Grenoble by MOCVD as 

mentioned in Chapter 3. In my Ph.D. work, I followed the fabrication procedure of the first 

flexible NW LED developed by Xing DAI, a postdoctoral fellow in our research team in 2014-

2015. The results from the flexible LEDs fabricated in 2015 presented below were realized 

under her guidance. 

5.1.2. State of the art of inorganic flexible LEDs  

 Flexible LEDs based on 2D thin films 

Conventional inorganic 2D thin-film LEDs show a big limitation in the flexible applications 

due to the mechanical rigidity of the materials and their substrates. Micro-structuring 

fabrication is therefore indispensable to realize the flexible devices. Micro-transfer printing is 

the most used technique to produce flexible LEDs from thin films of the inorganic materials. 

The patterned elements are removed and then transferred from their native substrates onto 

different flexible substrates by a soft stamp. Laser lift-off [59,158-161] or epitaxial lift-off 

[162,163] can be used to help to detach the active material from their native substrates.  

In 2009, Park et al. demonstrated the first flexible III-V LED [164]. Arrays of micro-

structured 2D layers with AlInGaP quantum wells were printed onto plastic and rubber 

substrates. The active layers were lifted-off from the native wafer, transferred onto a different 

substrate and then electrically connected to fabricate a flexible and stretchable display. For 

potential biomedical applications [165], waterproof light-emitting sutures, implantable sheets, 

and illuminated plasmatic crystals and optical proximity sensors were demonstrated by a 

similar method. As the primary semiconductor material for solid-state lighting, InGaN 2D 

layers were also processed to develop flexible LEDs for specific biomedical applications. In 

2013, injectable, cellular-scale optoelectronics for wireless optogenetics was demonstrated by 

Kim et al. [166]. This system achieved a wireless and programmed behavioral control over the 

living animals. The flexible light sources, which is one of the building blocks of this 

multifunctional system, were made from GaN µLEDs. They showed a performance 

comparable to that of the conventional rigid GaN LEDs. 
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However, the thin-film LEDs show a wavelength shift when they are bent[151]. This shift 

originates from the bandgap energy change and piezoelectric field variation induced by the 

strain. Small bottom-up active elements are therefore required to overcome this issue. 

Moreover, the smaller dimension of the active elements leads to a better flexibility. A bottom-

up approach can also avoid the additional processing steps to micro-structure the thin film. For 

example, micro-pyramid arrays with a diameter of tens of microns were transferred onto a 

flexible support to realize a flexible LED by Choi et al. in 2014 [169]. The transfer was 

facilitated by the formation of nano-voids at the hetero-interface with the substrate. Active 

elements with even smaller dimensions can be developed. The bottom-up nanowires are 

thereby considered as alternative active elements of the flexible LEDs. 

 

Figure 5-1(a) Optical images of an array of micro LEDs on polydimethylsiloxane (PDMS) twisted to different 

angles. (b) Light-emitting suture on a thread (diameter 700 µm) in an animal model with a conventional 

suture needle. (c) Stretchable optical proximity sensor made of an array LEDs and photodetectors mounted on 

the fingertip of a glove after immersion into soapy water. (Reprinted from Ref. [167]) (d) An injectable cellular-

scale optoelectronic device consists of various components. (e) SEM of the injectable array of LEDs with a total 

thickness of 8.5 µm. (f) Photograph of the integrated system emitting blue light. (Reprinted from Ref [168]) 
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 Flexible LEDs based on nanowires 

According to the fabrication approaches, flexible LEDs based on inorganic nanowires can 

be sorted into three categories: (i) direct growth of NWs on flexible substrates, (ii) in-plane and 

(iii) vertical transfers of NWs onto flexible substrates.  

Direct growth 

NWs of some semiconductor materials can be directly grown on flexible substrates to 

produce the flexible LEDs. For example, with this straightforward method, the growth of ZnO 

NWs in solution on plastic substrates covered with a conductive layer at low temperature has 

been demonstrated [170]. ZnO NW arrays grown directly on a flexible substrate have been 

used to demonstrate LEDs with a broad visible emission band. In 2008, Nadarajah et al. [171] 

reported single-crystalline ZnO NWs grown on flexible polymer-based indium-tin-oxide (ITO) 

substrates.  

The direct growth of NWs on flexible materials facilitates the process of integration. 

However, the materials are limited to few kinds of semiconductors. For the nitride NWs, the 

main limitation comes from the high growth temperature, which excludes the use of any plastic 

substrate. However, nitride NWs can be directly grown on metal foils. For example, MBE-

grown GaN and AlGaN NWs were demonstrated on refractory metal foils like Ti and Ta [172] 

[173] and InN NWs were grown on brass [174]. The first LED based on NWs grown on metal 

was demonstrated by May et al. in 2016 [173]. For this realization, self-assembled AlGaN NWs 

were grown on Ta and Ti foils by MBE. Within one metal grain, the NWs stand straight along 

the surface normal and have a good radius and height uniformity, as shown in Figure 5-2. With 

an electroluminescence peak emission at around 350 nm, this UV LED showed a comparable 

optoelectronic performance to the NW LEDs grown on monocrystalline silicon substrate. 
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In‐plane transfer  

As an alternative to direct growth, NWs can be transferred and aligned onto an exotic 

substrate to form an in-plane device. The alignment of the dispersed NWs is usually realized 

by the assistance of an electric field, a magnetic field, a fluid flow, capillary forces, and so on. 

The model system of horizontally aligned NWs offers new opportunities for the bottom-up 

approach to nanoelectronics. 

Lieber et al. [175] demonstrated a crossed-NW ultraviolet LED assembled from n-type GaN 

NWs and p-type Si NWs, which are sequentially dispersed on a plastic substrate through the 

orthogonal fluid-directed assembly. This NW LED maintained its emissive property upon 

multiple bending/unbending cycles [175]. However, the complexity of positioning single NWs 

and integrating them with nonconventional substrates restricts their widespread applications. 

Vertical transfer 

NW arrays can also be transferred to flexible substrates preserving their vertical orientation. 

There have been several reports on light emitters based on polymer-embedded NW arrays, 

 

Figure 5-2 SEM images of GaN NWs on flexible (a) Ti foil within different grains of the Ti foil and on (b) Ta 

foil. Adapted with permission from Ref. [173]. 
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where active NW components are first embedded in a flexible film and then lifted-off from 

their native substrate [56] [176] [55] [54] [157]. First realizations used GaN micro-rods [55] 

and GaN/ZnO coaxial nanorod heterostructures [54] synthesized on graphene films. As shown 

in Figure 5-3, active nanorods grown on graphene-covered Si/SiO2 substrate were encapsulated 

in an insulating polymer layer. Then a lift-off process of the nanorods embedded in a polymer 

layer was realized by wet etching of the SiO2 layer. Finally, the whole layer was transferred 

onto a metal coated flexible substrate [54]. In these realizations, a Ni/Au semi-transparent 

conductive layer was used as a top electrode. However, this semi-transparent contact can 

induce losses due to its non-ideal transmittance. 

 

Figure 5-3 (a) Fabrication process of flexible micro-rod LEDs grown on a graphene substrate. (b) Photos of 

working LED under different injected currents. Adapted with permission from Ref. [55]. 

 

The transparency of the top contact can be improved by replacing the Ni/Au layer with a 

conductive material presenting a lower absorption such as Ag NW network. In the following 

parts of this chapter, flexible LEDs with an Ag NW network as a transparent top contact and a 

purely mechanical lift-off procedure will be reported[156], which is the original work of our 

research team. 

 I note that the vertical transfer approach appears to be the most promising one since it allows 

combining the high flexibility of passive polymer films with the high quantum efficiency of 

active nitride NWs. In my work, the flexible LEDs were fabricated from InGaN/GaN core/shell 

nanowires embedded in polymer membranes. Composite polymer/NW membranes were 

contacted using transparent Ag nanowire networks. The assembly of free-standing membranes 

containing NWs with different bandgaps was used to demonstrate a multi-color LED [156]. 

Doping of the polymer material with nanophosphors allowed to achieve white LED by down-
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converting blue emission with yellow nanophosphors [118]. Further details of the fabrication 

and characterizations of these flexible LEDs will be presented in the following sections. 

 

5.2. Nanowire structure 

As mentioned in Chapter 3, MOCVD grown InGaN/GaN core/shell n-p junction NWs were 

used as active emitters for the fabrication of the flexible LEDs. Figure 3-2 shows that the NW 

LEDs have a length of ~ 20 µm and a diameter of ~ 1 µm. They are grown by a self-assembled 

method on a c-sapphire substrate. The NWs have an n-doped base pending to half of the total 

wire length. The length of this heavily n-doped segment surrounded with a passivating SiNx 

layer can be adjusted by the duration of the silane flux addition during the growth. It was chosen 

to be relatively long to avoid short-circuiting the device with the bottom contact. After 

switching off silane, axial growth continues to form the unintentionally doped GaN core 

(residual doping is rather strong, reaching 1018 cm-3). Then, there is a heterostructure composed 

of InGaN/GaN multi-quantum wells grown around the unintentionally doped GaN and a p 

doped GaN shell surrounding the n-GaN core. I note that the active heterostructure is only 

formed around the upper part of the wire, while the heavily doped bottom part remains free 

from any deposition thanks to the passivating SiNx layer on its surface. By changing the In 

concentration in the InGaN/GaN quantum wells (governed mainly by the growth temperature), 

we obtain the LEDs with different emitting bandgaps. In this chapter, blue, green and yellow 

LEDs were used to fabricate monochromatic flexible LEDs, blue and green LEDs were used 

to fabricate bi-color LEDs and blue LEDs were used to fabricate phosphor-converted white 

LEDs.  

5.3. Flexible monochromatic LEDs  

5.3.1. Fabrication of semi-transparent flexible LED 

I used the following steps to fabricate monochromatic flexible NW LEDs: a thin semi-

transparent metallic p-contact deposition, a PDMS encapsulation and peeling-off of the PDMS 

membrane, a metallic n-contact deposition, followed by a top PDMS etching and Ag NWs 
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deposition for the p-contact. By using NWs with different In concentrations, LEDs of different 

colors can be achieved. 

 Thin metallic p‐contact deposition 

Thermally annealed Ni/Au metallization is popularly used as an Ohmic contact to p-GaN. 

For the LED devices, the Ni/Au should be thin to ensure a high optical transmittance of the 

metal contact [177]. To apply this Ohmic contact on the p-part of the NWs, for the first step, a 

photoresist with a thickness covering the n-doped base segment of the NWs is deposited on the 

native substrate of NWs by spin-coating. This photoresist layer isolates the n-part and protects 

it from metallization. Then a short flood exposure (2.8s) of UV light followed by a development 

procedure is performed to remove the excess of the photoresist stuck on the facets of p-GaN.  

A diluted HCl treatment (HCl:H2O=1:4) is used for the removal of the surface oxide of GaN 

before the contact deposition. A thin layer of Ni/Au (4 nm/4 nm) is deposited on the sample 

surface, and a lift-off procedure by acetone follows to dissolve the photoresist and to remove 

the metal deposited between the NWs. Finally, the sample is annealed in an oxygen atmosphere 

at 450ºC to transform the Ni/Au into an Ohmic contact to p-GaN.  Figure 5-4 shows the 

fabrication flow and the SEM image of the Ohmic contact on p-GaN on standing NWs. 

 

Figure 5-4 (a) Fabrication flow illustrating the fabrication of the Ohmic contact to p-GaN shells of NWs. (b)	45° 

tilted SEM image of the standing core-shell NW LEDs with Ni/Au contact partially covering the shell 

(artificially colored in red). 
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 PDMS encapsulation and peeling‐off of the PDMS membrane 

Polydimethylsiloxane (PDMS) membrane is optically transparent, mechanically flexible and 

electrically insulating. These properties make PDMS a suitable material as an encapsulant for 

the flexible LEDs. 

Firstly, liquid PDMS is mixed with a curing agent at a weight ratio of 10:1. Note that to 

remove the bubbles, the liquid PDMS should be put in vacuum for 20 minutes. Then, the NW 

LEDs are embedded in the PDMS by spin-coating at 5000 rpm for 180 s. A PDMS layer with 

a thickness of around 20 µm, which is close to the height of the NWs, is formed at this step. 

To cross-link the PDMS, the sample is baked on a hot plate at 80º for 1 hour. Finally, the PDMS 

membrane with the NWs embedded inside is peeled off and bottom-up flipped from the 

sapphire substrate on an arbitrary substrate.  

As shown in Figure 5-5-(a,b), two techniques are used for the PDMS peeling-off procedure. 

The first technique is to peel off the PDMS mechanically by a micro-scalpel from the sapphire 

substrate. With the help of the micro-scalpel, most of the NWs can be detached from their 

substrate at the foot segment. However, this “manual” technique shows a reduced efficiency 

and requires a lot of experience of the manipulator. It usually takes half an hour to peel-off a 

PDMS layer with a surface of 1 cm2. The second technique is to peel off the PDMS with an 

adhesive tape. I stick the tape on the entire surface of the PDMS and then tear it apart. The 

PDMS layer will be detached from the sapphire substrate and remain on the tape. In the end, 

isopropanol is used to dissolve the gum of the tape for the removal of the PDMS from the tape. 

This technique largely improves the efficiency of the peeling-off procedure. However, some 

NWs cannot be peeled off because of their secure attachment to the sapphire substrate. E.g., in 

Figure 5-5-(c), one NW was embedded in the PDMS, but the surrounding NWs were not 

detached from their native substrate. This effect leads to less active elements in the flexible 

LED and holes in the PDMS membrane which may cause electrical leakage. The adhesion of 

the NW to the substrate can be reduced using a van der Waals epitaxy as will be discussed in 

Chapter 6.  
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Figure 5-5 (a) Schematic of the PDMS peeling-off by µ-scalpel. (b) Schematic of the PDMS peeling-off by 

adhesive tape. (c) SEM image of a PDMS membrane peeled-off by adhesive tape. Some NWs were not detached 

from their native substrate and made holes in the PDMS. (d) Schematic of the fabrication flow to peel-off the 

PDMS with the help of ultrasonic and a thin photoresist layer under PDMS. 

 

For both techniques, to increase the percentage of the detached NWs, an ultrasonic treatment 

can be applied before the PDMS peeling-off. The ultrasound treatment can separate the NW 

from the substrate at the NW foot or partially break the bonding between the NWs and the 

substrate. Furthermore, I have also used a thin layer of photoresist deposited on the sapphire 

substrate before spin-coating the PDMS. This layer was then removed by acetone after the 

PDMS deposition (note that a short UV exposure and development should be applied to the 

sample before the PDMS deposition to remove the residual of the photo-resist on the surface 

of the NWs). This process provides a gap of air between the PDMS and the substrate, which 

can facilitate the peeling-off of PDMS. Schematic of the fabrication flow is shown in Figure 

5-5-(d). 

 Metallic n‐contact deposition 

The PDMS membrane with embedded NWs is transferred on an arbitrary substrate for the 

n-contact deposition. Ti/Al/Ti/Au (10 nm/20 nm/ 10 nm/ 200 nm) is deposited on the PDMS 

surface as the bottom contact of the flexible LED. The n-GaN cores of the NW LED array are 

therefore connected in parallel. Then the back contact is mounted on a metal foil, e.g., copper 

tape or aluminum foil, as a flexible external contact and mechanical support. 
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 Top PDMS etching and Ag NWs deposition for p‐contact 

The PDMS membrane is flipped and etched by reactive-ion-etching of CF4:O2=3:1. This top 

PDMS etching makes the tips of the shells of the NWs to outcrop the surface of PDMS. Then 

Ag NWs (dispersed in isopropanol solvent) are spun coated to form the flexible and transparent 

top contact. Thermal annealing at 200 ºC for 20 minutes can be applied to increase the optical 

transparency and the electrical conductivity of the Ag NW mesh. After annealing, the Ag NW 

mesh has a high transmittance of above 80% and a low resistance of only 18 Ω/sq. Figure 5-6 

shows the Ag NWs connecting the shells of the NW LEDs on the PDMS. Note that a mixture 

of Ag NWs of different dimensions can be used to improve the contact performance: the short 

and thin Ag NWs wrapping the shells of NW LEDs provide a good contact between the Ag 

NWs and individual NW LEDs, the long and thick Ag NWs facilitate the long-range current 

spreading (see the SEM image of the Ag NW mixture in Figure 5-6-(e)).  
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 Thus, a semi-transparent monochromatic flexible LED can be fabricated by the processing 

steps described above. A photo of a semi-transparent flexible LED and a brief fabrication 

process flow are shown in Figure 5-7. 

5.3.2. Fabrication of fully transparent flexible LED 

With a similar fabrication process of the semi-transparent LED, a fully transparent flexible 

LED can also be produced. As shown in Figure 5-7, by replacing the bottom metal contact with 

 

Figure 5-6 (a) SEM image of annealed Ag NW network spun-coat on PDMS/nitride NW LEDs to form the top 

contact to Ni/Au coated p-GaN nanowire shells. (b) Higher-magnification SEM image (shown with red dashed 

rectangle in panel (a)) of a protruding InGaN/GaN nanowire presenting a good coverage by Ag nanowires. (c) 

SEM image of the region highlighted with a green dashed rectangle in panel (a) showing the Ag nanowire 

partial merging after annealing. (d) Optical transmittance of a single-layer Ag nanowire film before and after 

annealing. Adapted with permission from Ref.[156] (e) SEM image of a mixture of the short (length= 12 µm, 

diameter= 20 nm) and long (length= 40 µm, diameter= 60 nm) Ag NWs around NW LEDs. 
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Ag NW networks, the flexible LED becomes fully transparent. A photo of a fully transparent 

LED is shown in Figure 5-7-(h). We can see clearly the background below the flexible LED 

(the cross in the center of the fully transparent LED in Figure 5-7-(h) is the external copper 

back contacts). The measured transmittance of the fully transparent LEDs is 40 % - 60%. 

 

 

Figure 5-7 Schematic of the fabrication process flow of flexible LEDs based on vertical nitride nanowire arrays. 

Panels (a-c) illustrate the fabrication steps for semitransparent LEDs with Ti/Al/Ti/Au and Ag nanowires as the 

back and top contacts, respectively. (d) Photo of a semitransparent LED. Panels (e-g) show the process of fully 

transparent LEDs with Ag nanowires as both back and top contacts. (h) Photo of a transparent LED. Adapted 

with permission from Ref. [156] 

 

5.3.3. Optical and electrical characterizations 

By using the NW LEDs with increasing In concentrations in the InGaN multiple QWs, blue, 

green and yellow flexible LEDs were produced. Their mechanical, optical and electronic 

properties were studied. All these devices show good flexibility. No degradation in current and 

EL emission was observed after several bending cycles at a radius of around 5 mm and after 

more than 30 days storage in ambient conditions. 

 Flexible blue LED 

As shown in Figure 5-8-(a, b, c), the LED has a good mechanical flexibility. At a fixed bias 

of 5 V, under both outward and inward bending, no degradation of either current or EL intensity 

was observed. The current-voltage (I-V) curve was measured. The I-V curve shows a typical 

diode-like behavior with a rectifying feature. As shown in Figure 5-8-(e), the opening voltage 

of the flexible LED is around 3 V and the reversal leakage is weak. At room temperature, the 
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EL spectra of the blue LED under biases from 4 V to 8 V were measured. At 4 V, the EL is 

dominated by the peak at 447 nm. By increasing the voltage, a new peak at 415 nm shows up 

and becomes more pronounced. From the previous studies, it is known that the peak at 415 nm 

originates from the radial QWs, and the peak at 447 nm corresponds to the axial (top) QWs 

containing more In and subject to the internal electric field present on the polar facets. At a 

high injection voltage, because of the non-negligible resistance of the p-doped GaN shell, the 

hole transport in the shell toward axial QWs leads to a potential drop and becomes unfavorable. 

The injection taking place under the contact thus favors the emission from the radial QWs. An 

electrical model explaining this injection distribution was built in Ref. [136] in our research 

team. 

 

Figure 5-8 Photos of an emitting flexible blue LED under a fixed bias of 5 V at the bending curvatures of (a)∞ 

(b)3.5 mm and (c)-2.5 mm. (d) Room temperature EL spectra of the flexible blue LED under biases from 4 V to 

8 V. (e)I-V curve of the flexible blue LED. Adapted with permission from Ref. [156] 

	

 Flexible green LED 

A wafer of nitride NW LEDs with a higher In concentration was used to fabricate a flexible 

green LED. The growth of In-rich MQWs and the analyses of their optical properties have been 

reported in Chapter 3. As shown in Figure 5-9-(a, b, c), a flexible green LED with a good 

flexibility was fabricated. The I-V curve shows a diode-like behavior with an opening voltage 

~ 3.5 V. The EL spectra under different biases from 3 V to 8 V are shown in Figure 5-9-(e). 

The flexible LED emits a green light peaked at 530 nm. 
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 Flexible yellow LED 

Because of the low In incorporation on the m-plane QWs, a long wavelength emission from 

core-shell m-plane InGaN/GaN MQWs is still challenging. As mentioned in Chapter 3, the 

growth temperature of the InGaN/GaN MQWs must be decreased to get higher In 

concentration. I fabricated a flexible yellow LED with the sample grown at 680 ºC, showing 

an inhomogeneous color due to the In fluctuation between different individual NWs. As shown 

in Figure 5-10-(a), the EL emission of this flexible LED is partially yellow and partially green. 

The µ-EL spectra were collected from the yellow region indicated by the red dashed line in 

Figure 5-10-(a). As shown in Figure 5-10-(b), the EL spectra exhibit a broad emission 

extending up to 600 nm under different injection currents from 15 mA to 30 mA. This long 

wavelength emission sets a record for m-plane QWs grown by MOVPE. Unfortunately, up to 

now, we could not stabilize the growth conditions to reproducibly achieve a yellow EL on the 

 

Figure 5-9 Photographs of the flexible green LED : (a) Top-view of a flat device, (b) moderate outward 

bending, and (c) extremely outward bending. (d) I-V characteristic. (e) Room-temperature EL spectra at various 

applied biases from 3V to 8V. Adapted with permission from Ref. [156] 
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entire surface of the LED. The efforts in this direction continue in the framework of a Ph.D. of 

A. Kapoor in CEA-Grenoble.  

 

Figure 5-10 (a) Photo of a flexible LED with yellow/green EL emission. (b)µ-EL spectra in the region indicated 

by red dashed line in (a) under different injection currents. 

 

5.4. Flexible multi-color LEDs 

5.4.1. Fabrication 

The fabrication concept of the NW flexible LED following vertical NW integration allows 

for a large design freedom and modularity. Assembly of free-standing membranes enables the 

combination of materials without constraints related to lattice-matching or growth conditions 

compatibility. As shown in Figure 5-11-(a), by mounting a fully transparent flexible blue LED 

onto a green LED, a green/blue bi-color flexible LED was demonstrated. The bias can be 

applied independently to the two layers of LED to light up one of them, or they can be 

simultaneously biased to produce a broad emission.  

5.4.2. Characterizations  

By applying a voltage of 6 V on the blue LED and 7 V on the green LED simultaneously 

and separately, the EL spectra of the LED were measured. As shown in Figure 5-11-(b), the 

EL spectrum corresponding to the two layers corresponds well to the sum of the individual EL 

spectra of the top and bottom layers. 
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Figure 5-11 (a) Schematic of a flexible green-blue bi-color NW LED. (b) EL spectra of the top blue layer, 

bottom green layer, and both layers. (c) Schematic of a flexible white NW LED by RGB color mixture. 

 

The large design freedom gives to this fabrication concept enormous possibilities to combine 

materials with different functionalities.  As our perspective, a flexible white LED can be 

realized by the RGB color mixture with three layers of red (using, for example, arsenide-

phosphide NWs), green and blue NW LEDs (Figure 5-11-c). The optimization of the 

transparency of the top layers at the emission wavelength of the bottom layer is the key point 

to maximize the efficiency of this stacked LED. In my work, I have only explored mechanically 

stacked devices with individual electrical connections to each layer. Potentially one can 

imaging series-connected LEDs for RGB white light source, which would considerably 

simplify the driving electronics. However, current matching between the operation points of 

the three constituting R, G and B devices would be required in this case, which adds many 

constraints on to the design.   

5.5. Flexible white LED with nano-phosphors 

5.5.1. Fabrication 

A white LED can be produced from a blue LED by phosphor down-conversion of blue light 

and a blue-yellow color mixture. To preserve the device flexibility and to allow for phosphor 

integration between the active NWs, I have replaced conventional phosphors with relatively 

large grains by nano-sized phosphors. Based on a flexible blue NW LED, I fabricated a flexible 

white LED by adding the nano-phosphors inside the blue NW array between the wires and by 

additionally capping the LED surface by a nano-phosphor doped PDMS layer[118,157].  
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As shown in Figure 5-12, the fabrication steps are as follows. The shells of the blue NW 

LED array standing on their sapphire substrate are firstly coated by Ni/Au 5 nm/5 nm. This 

step is followed by a thermal annealing at 450 ºC to form the ohmic contact. The NW array is 

then encapsulated into a nano-phosphor doped PDMS layer by spin-coating. Note that the size 

of the used nano-phosphor particles is smaller than 0.5 µm so that the gaps between the NW 

LEDs can be filled by the nanophosphors. The nano-phosphor powder should be milled before 

being mixed into PDMS to reduce the agglomeration of phosphor particles. The mass ratio 

between the YAG:Ce phosphor and PDMS used for the flexible white LED is 1:20. The PDMS-

NW-phosphor composite film is peeled-off from the sapphire substrate and flipped onto an 

arbitrary host substrate. Ti/Al/Ti/Au is deposited on the n-GaN side as the bottom contact. The 

membrane is then removed from the host substrate and flipped again onto a metal foil. The 

PDMS residues covering the NW tips are etched by RIE. Ag NWs are dispersed on the PDMS 

surface to form the flexible and transparent top contact. Finally, the LED surfaced is capped 

by a nano-phosphor-doped PDMS with a thickness of ~300 µm to enhance the blue-to-yellow 

conversion. 

5.5.2. Characterization 

I characterized the mechanical, optical and electrical properties of the flexible white NW 

LEDs. A reference flexible blue LED with the NWs grown on the same wafer as the white 

LED was fabricated and measured for comparison. 

 

Figure 5-12 Schematic illustration of the fabrication steps of flexible white NW LED 
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 Nano‐phosphor 

YAG:Ce (3.3 %wt) nano-phosphor was mixed in PDMS to convert the blue light to yellow 

for the fabrication of the flexible white LED. The nano-phosphor absorbs the blue LED 

radiation through the allowed 4f1 → 5d1 Ce3+ transition and emits yellow light via the reverse 

mechanism. This nano-phosphor represents a benchmark of LED phosphors. It has a strong 

absorption of the blue light, a fast decay time, which inhibits the saturation quenching and 

exhibits no degradation in time due to the influence of the environment or optical excitation. 

The quantum efficiency of such materials can be higher than 85 %. However, to optimize the 

conversion efficiency and the color rendering, many new materials using other ions (e.g., Eu2+, 

Mn4+) and ceramics (e.g., oxides, halides) are still under research. 

 

Figure 5-13 Emission and excitation spectra of Y3Al5O12:Ce3+ (3.3 % wt.) nanophosphors (excitation and 

emission wavelengths ex and em are indicated in the figures) embedded in (a) PDMS (mass ratio YAG:Ce 

phosphor/PDMS=1:20) , (b) water and (c) acetonitrile. (d) Absolute quantum yield of the YAG:Ce 

nanophosphors. (e) SEM image of the YAG:Ce nano-phosphor particles. 

First, the optical properties of the phosphor were characterized by J. Eymery at CEA-

Grenoble. The wavelength-dependent absolute quantum yield of the YAG:Ce nano-phosphor 

used for the flexible LED fabrication is shown in Figure 5-13-(d). This phosphor has a quantum 

yield of around 60% in the blue wavelength range. Figure 5-13-(e) shows a SEM image of the 
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nanophosphors with a grain size smaller than 500 nm, which is compatible with the space 

around the wires in the assembly to fill the gaps between the NWs. The environment 

dependence of the nano-phosphor was studied via the dielectric effect [178] and different 

agglomeration due to the matrix ionicity and mixing conditions. The emission and excitation 

of the nano-phosphor were measured in PDMS, water and acetonitrile, as shown in Figure 

5-13-(a,b,c). The typical emission (ex502 nm) and excitation (em568 nm) spectra of 

nanophosphors in PDMS are shown in Figure 5-13-(a), with a mass ratio of YAG:Ce 

phosphor/PDMS=1:20. Two broad bands at ~350 nm and ~500 nm can be observed in the 

excitation spectrum. They originate from the 4f (4f1) to 5d (4f0 5d1) transitions in the electronic 

configuration of Ce3+, respectively. The 500 nm peak has two components at ~ 450 nm and 

~500 nm due to the interaction of the phosphors with PDMS or due to agglomeration. Note 

that these bands match with the blue emission of commercial InGaN chips and also match with 

the electroluminescence of our core/shell NW LED used for phosphor pumping in this 

investigation. The emission spectrum is peaked at 568 nm with a large full width at half 

maximum (FWHM) of 0.4 eV. These properties make the nano-phosphor suitable for the 

realization of a white light emitter. 

 Current density‐voltage characteristics 

The curves of current density versus applied voltage (J-V) in linear and log scales are shown 

in Figure 5-14. The white LED has a similar I-V behavior as the blue LED. It has a diode-like 

rectifying behavior with an opening voltage around 3 V. The reverse leakage is weak. Under 

the same bias of ±10 V, the reverse current is one order of magnitude smaller than the forward 

current.  
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 Electroluminescence 

The EL spectra of the white LED and the reference blue LED were measured at room 

temperature. Figure 5-15-(g) shows their EL spectra and the PL spectrum of the nanophosphors 

in PDMS. The EL spectrum of the white LED spreads over a broad wavelength range from 400 

nm to 700 nm covering almost the entire visible spectrum range. The dominant emission in the 

EL spectrum coming from the phosphorous luminescence is peaked at 489 nm and extends up 

to 700 nm, which shows a good correspondence with the PL spectrum of the phosphor. A 

shoulder at 437 nm can also be observed. This emission corresponds to the remaining 

unconverted blue EL of the NW LEDs.  

The mechanical properties of the flexible LED were studied under different bending 

conditions. Figure 5-15-(a, c, d) shows the photographs of the operating flexible white LED in 

a flat configuration and with outward and inward bending conditions at a radius of 5 mm, 

respectively. The white LED shows a cool-white emission color. No significant change of 

either the current or the EL spectrum could be observed during bending. After ten bending 

cycles, no appreciable change appeared in the J-V or EL characteristics compared to the 

original LED performance. No degradation of the current and the EL emission was observed 

after 50 days storage of the LED in ambient conditions without any external encapsulation. 

 

 

Figure 5-14 J-V curve of the flexible white NW LED in linear scale. The inset shows the J-V curve in log scale. 
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 Quality of the emitted light 

The XYZ tristimulus values of the Commission International de l’Eclairage (CIE) 1931 were 

calculated. The XYZ color space values were calculated from the EL spectrum by the CIE 

color-matching functions. The chromaticity coordinates x and y can be obtained as follows: 

 and . The CIE 1931 chromaticity diagram of the flexible white LED is 

illustrated in Figure 5-15-(b), under an injection current of 3.9 A/cm2, corresponding to a bias 

of 5 V. The LED color locates at x = 0.3011, y=0.4688 outshining cool-white light with a 

correlated color temperature (CCT) of 6306 K and with a color rendering index (CRI) of 54.  I 

note that these values are not optimal for lighting applications. A higher CRI and a lower CCT 

 

Figure 5-15 Photographs of the operating flexible white LED under bending radii of (a) infinity (c) 5 mm (d) -5 

mm. (b) CIE 1931 chromaticity diagram of flexible white LEDs under injection current density of 3.9 A/cm2 

(chromaticity coordinates x=0.3011, y=0.4688; CCT= 6306 K; CRI=54). (e) Intensity distribution diagram of 

the flexible white LED (red) and that of a reference ideal Lambertian source (blue) as a function of the emission 

angle. (f) EL spectra of the flexible white LED under biases ranging from 4 V to 9 V. (g) EL spectra under 9 V 

bias of the blue NW LED (blue curve) and of the flexible white LED (green curve), PL spectrum of the 

nanophosphors embedded into PDMS excited at 502 nm wavelength (red curve). 



Chapter 5 - Flexible array nanowire LED devices - vertical integration 

 

 

98 

Nan GUAN 

are desirable for a comfortable perception by a human eye (a good commercial white LED 

generally ranges of 3000 K - 5000 K in CCT and has a CRI scores of 80+). Further efforts to 

improve the balance between the blue and the long wavelength component will be described 

below.  

The EL spectra of the white LED under different biases were measured. Figure 5-15-(f) 

shows the EL spectra under increasing biases ranging from 4 V to 9 V. The spectral distribution 

covers a broad spectral range from 400 to 700 nm with a peak at around 490 nm. The emission 

corresponding to the unconverted blue light from the NW is visible in the spectra as a shoulder 

at 437 nm. No significant shift of the peak wavelength can be observed when changing the 

biases. 

By using a power meter with a calibrated flat spectral response, the intensity distribution 

diagram as a function of the emission angle was measured. As shown in Figure 5-15-(e), the 

white LED has a Lambertian-source-like behavior. At 50% of the peak intensity, the light is 

confined in a 45° angle. 

 EQE 

To estimate the absolute value of the LED power, the white LED was positioned at a distance 

of 1.1 cm in front of a power meter. The sensor of the power-meter has a diameter of 1.6 cm. 

As a result, only the emission with a light cone angle of 72° can be detected. With this set-up, 

I measured the LED emission under the maximal applied bias of 11 V (current density = 20.84 

A/cm2) to be equal to 7.5 mW.  

Figure 5-16 shows the measured external quantum efficiency (EQE) and wall-plug 

efficiency (WPE) as a function of the injected current density. The EQE is defined as 

, where is the number of photons emitted from the white LED and is the 

number of electrons injected into the device. From the EL spectrum of the white LED,  

is calculated by the following formula:  where  is the measured 

optical intensity distribution and  is the photon energy at wavelength λ. The WPE is defined 

as , where  is the optical power of the white LED measured by the power-

meter and  is the injected electrical power. 
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At maximum, the value of the EQE is 9.3%, and that of the WPE is 2.4% under an injected 

current density of 14.6 A/cm2. It should be noted that these values are underestimated because 

of the underestimation of the actual emission power of the LED. Accounting for the limited 

solid angle used in the power measurements and for the intensity distribution diagram shown 

in Figure 5-15-(e), the actual values of the emission power, EQE and WPE should be multiplied 

by a factor of 1.42, i. e. 10.7 mW, 13.2% and 3.4% for the power, EQE and WPE, respectively. 

More accurate measurements using an integrating sphere will be performed in the future. The 

EQE exhibits a droop starting from 14.6 A/cm2 current density (the current density was 

estimated under the assumption that the total surface of the p-GaN shell region of all contacted 

NWs contributes to the current. If no current spreading in the p-doped GaN shell is assumed, 

the droop appears at a higher current density value of 73 A/cm2.) For comparison, the maximal 

WPE and EQE values of the reference blue LED are 4.2 % and 12.6 %, respectively.  

The conversion efficiency of the nano-phosphor can be estimated using the following 

definition:  , where  and  are the WPE values of the 

blue NW LED and of the white LED, respectively. Using their maximal values (

 , ), the estimated nanophosphor conversion efficiency is 

. The absolute quantum efficiency of the YAG:Ce phosphors is reported previously in 

Figure 5-13-(d), showing that the maximal yield of ~60% is achieved at a wavelength of 440 

 

Figure 5-16 Room temperature EQE deduced from the measured optical power versus the injected current 

density (lower scale) and the current per NW (upper scale). The inset shows the WPE. 
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nm. This measured absolute quantum efficiency is consistent with the estimation from the wall-

plug efficiency of the blue and white LEDs. 

 Optimization of the white light quality by changing the phosphors 

Excluding the YAG:Ce yellow phosphor (named P0) mentioned previously, I tested five 

more phosphors (named P1, P3, P5, and P7, offered by Subrata Das from CSIR-NIIST in India) 

to optimize the color of the flexible NW white LED. The details of these phosphors are 

indicated in the second column of Table 5-1. I mixed these phosphors in the PDMS with a 

phosphor to PDMS weight ratio of 1:10. To facilitate the comparison between different 

phosphors with the same blue pump LED, I have not embedded the phosphors in the intra-wire 

space but only used a phosphor-doped PDMS cap on top of the device, which can be removed 

after measurements. Another reason for not mixing these phosphors into the PDMS spin-coated 

between the NW LEDs is their relatively big size (5-10 µm grains) so that they cannot easily 

fit in the gaps between the NWs. The phosphor doped PDMS layers with a thickness of 150 

µm or 300 µm were fabricated and then mounted onto a flexible NW blue LED, which acts as 

the pumping source.  
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With the same blue LED pump, I measured the EL spectra of the light converted by each 

phosphor by changing the removable phosphor doped PDMS capping. Since the pump 

spectrum depends on the injected current, the EL spectra were measured at two different 

currents of 200 mA and 300 mA. Note that at 200 mA, the pumping LED has a more significant 

green component than at 300 mA. This phenomenon can be explained by the different current 

distributions in the axial and radial QWs of the core-shell NW LEDs under different injected 

current levels, as shown by the electrical model which has been developed by G. Jacopin in our 

research team.[136] In addition, I also measured the EL spectra with two layers of phosphor 

consisting of an orange phosphor P7 mounted on a yellow phosphor P3 with the objective to 

have a broader spectrum than only with one layer of phosphor (this strategy has been previously 

developed by OSRAM in rigid NW LEDs [179]).  

 

Figure 5-17 Spectra of different phosphors mixed in PDMS pumped by a blue flexible LED at different injected 

currents. (a) 300 µm-thick PDMS at 200mA, (b) 300 µm-thick PDMS at 300 mA, (c) 150 µm-thick PDMS at 

200mA, (d) 150 µm-thick PDMS at 300 mA. 
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The measured EL spectra at 200 mA and 300 mA with 150 µm-thick and 300 µm-thick 

phosphor doped PDMS layers are depicted in Figure 5-17. The chromaticity coordinates (CC), 

CCT and CRI are shown in Table 5-1 along with the descriptions of each phosphor. The 

objective is to achieve a natural white light source (CCT=4000 K - 4500 K) with a CRI as high 

as possible. From Table 5-1, the 300 µm-thick phosphor doped PDMS layers have the CCT 

closer to the natural white than the 150 µm-thick PDMS for the phosphors P0, P1, P3, and P5. 

The thin phosphors have cooler colors because of the insufficient conversion of the blue pump. 

The P7 has a relatively low CRI because of the lack of the green/yellow components: there is 

only the orange peak and the unconverted blue component in the spectra as shown in Figure 

5-17.  

Compared to the previously reported white LED fabricated with P0 (phosphor was 

embedded into the membrane and a 300 µm-thick PDMS cap was used, but the phosphor mass 

ratio was lower), we observe an improvement. By increasing the mass ratio of phosphor: PDMS 

from 1:20 to 1:10, the chromaticity coordinates are shifted from (0.3011, 0.4688) to (0.3877, 

0.4306) at the injected current of 300 mA, which is the best performance among all the 

phosphors for this blue pump. The LED shows a warmer white light with a CCT of 4160 K, 

compared to the previous CCT of 6306 K. The CRI is also improved from 54 to 76, thanks to 

the stronger conversion of the blue pump. The P3 in a 300 µm-thick PDMS has a comparable 

performance to P0, with a CCT of 4147 K and a CRI of 70.  

As expected, compared to the LED with only P3, the blue light converted by phosphors P7 

stacked on P3 shows a warm white color, for which the CCT is 2993 K at 300 mA. This 

improvement is due to the additional long-wavelength components converted by the orange 

phosphor P7. This double-layer phosphor has a relatively good CRI of 85. This technology of 

the mixture of different phosphors may open a new gate for the flexible warm white LEDs. 
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5.6. Thermal study of flexible LEDs  

There is a big interest to study the EL performance of the flexible NW LEDs at different 

temperatures. One can indeed question the ability of the flexible LEDs to operate at extreme 

temperatures, (e.g., a very low cryogenic temperature or a high temperature). We can find out 

the physical properties of the nanostructured nitride NWs from their temperature-dependent 

performance, by comparison with the conventional thin-film nitride LEDs. Furthermore, the 

self-heating problem and the related reliability issue is an important topic for flexible LEDs 

and an essential issue for large-scale applications. The PDMS surrounding the active NW LEDs 

is not a good thermal conductor which may cause overheating of the devices. The overheating 

leads to a shorter lifetime and a lower efficiency of the LEDs. With these motivations, I 

performed thermal studies of the flexible LEDs presented below. The first part describes the 

temperature-dependent EL of the flexible LEDs, and the second part aims at investigating the 

heating performance of the flexible LED working at room temperature under different injected 

currents. 

 Temperature‐dependent EL of the flexible LEDs 

I fabricated a flexible blue NW LED and measured its temperature-dependent EL spectra, 

as shown in Figure 5-18-(a). An S-shaped (decrease-increase-decrease) temperature 

dependence of the peak energy is observed with increasing temperature at a fixed injected 

Table 5-1 Properties of the phosphors mixed in the PDMS with a blue NW LED pump 
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current of 200 mA. The peak energy red-shifts in the temperature range of 18 K-60 K, blue-

shifts for 60 K-120 K and red-shifts again for 150 K-300 K, corresponding to the red, blue and 

green dashed circles in Figure 5-18-(a), respectively. Similar behavior has also been observed 

in planar thin-film InGaN LEDs. Cao et al. proposed a mechanism to explain this temperature 

induced S-shaped peak energy shift in a blue InGaN LED with a planar thin-film structure 

[180]. This explanation can also be applied to the NW structure. In the low-temperature range 

below 60 K (circled in red in Figure 5-18-(a)), the carrier dynamic is frozen. With increasing 

temperature, the thermal energies of the carriers increase, and more carriers recombine in the 

localized states (originated from the fluctuations of the In composition), leading to a red-shift 

of the energy peak. It is worth knowing that no peak energy shift can be observed in the thin-

film green InGaN LEDs at low temperature because of the higher In fluctuations. The carriers 

have a high possibility to recombine at the localized states even at low-temperature thanks to a 

large number of localized states. In the temperature range of 60 K-120 K (circled in blue in 

Figure 5-18-(a)), with increasing temperature, the carriers have less chance to relax to lower 

energy states before recombining, due to the shorter carrier lifetime, which leads to a blue-shift 

of the energy peak. In the high-temperature range of 150 K-300 K (circled in green in Figure 

5-18-(a)), the peak energy shift of 72.4 meV is mainly due to the temperature-dependent shift 

of InGaN band gap (according to the Varshin law, the calculated temperature induced band gap 

shift of GaN is 57.3 meV from 150 K to 300 K).  

 

Figure 5-18 (a) Temperature-dependent EL spectra of the flexible blue NW LED at a fixed injected current of 200 

mA. (d) Normalized integrated EL light intensity as a function of 1/T at a fixed injected current of 200 mA. (c) EL 

spectra under different injected currents at 20K.  

 

The temperature-dependent integrated EL light intensity is plotted in Figure 5-18-(b). With 

decreasing temperatures, the integrated light intensity increases and then decreases, which 
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shows the same tendency as the planar structure [180]. From 300 K to 80 K, the intensity 

increases thanks to the reduction of the non-radiative recombinations. At lower temperature, 

the carriers cannot reach the local potential minima induced by alloy fluctuations and 

recombine near defects in the QWs, leading to the intensity droop. Note that the intensity drop 

of the blue NW LED towards low temperatures is 2 times smaller than that of the blue thin-

film LED reported in ref. [180]. This smaller droop can be explained by the reduction of the 

defects in the QWs in NWs compared to QWs on 2D substrates. 

Figure 5-18-(c) shows the EL spectra of the flexible LED at different injected currents at 20 

K. The intensity of the blue peak increased strongly with increasing injected current, which can 

also be observed in thin-film InGaN LEDs reported in Ref. [181].  

 

Then, I fabricated a second flexible NW LED for the temperature study. This flexible LED 

emits blue-green light. I measured the µ-EL spectra at a fixed injection current of 8 mA under 

different temperatures from 360 K to 5 K. As shown in Figure 5-19-(a), the emission is 

composed of a high energy peak (around 3 eV), a broad emission around 2.2 eV and a peak at 

2.6 eV (which shows up as a shoulder at room temperature, but becomes pronounced at low 

temperature). The origin of the 2.2 eV broad contribution is not clear. Although the electrical 

 

Figure 5-19 (a) Temperature-dependent EL spectra of the second flexible blue-green LED under a fixed 

injection current of 8 mA. (b) Normalized integrated EL intensity curves of the entire spectrum (green curve) 

and of the peaks at 409 nm (black curve) and 476 nm (red curve). 
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pumping of the yellow band of GaN is not efficient, it may come from some defect emission. 

Alternatively, it may correspond to some In-rich clusters at the lower part of the core/shell 

active region. In the following, we focus on the other two peaks exhibiting a lower broadening.   

When the temperature is higher than 200 K, the emission is dominated by the high energy 

peak at 3 eV (λ=409 nm) and by the defect band. Both peaks at 2.6 eV (λ=476 nm) and at 3 eV 

increase when the temperature decreases. At temperatures lower than 200 K, the low energy 

peak at 2.6 eV becomes well separated from the defect background and starts to dominate the 

spectrum. Normalized integrated EL intensity curves of the entire spectral range and of the 

individual peaks of low and high energies are plotted separately in Figure 5-19-(b). The high 

energy 3 eV peak shows a similar behavior as previously reported for the flexible blue NW 

LED (see Figure 5-18-(b)), while the 2.6 eV peak has a different dynamics.  From 360 K to 

100 K, the EL intensities of the peaks at high and low energies increase sharply. This behavior 

can be explained by the reduction of the nonradiative recombinations in the MQWs and the 

improved carrier confinement in the active region at low temperature. The low energy peak 

shows a strong intensity increase when going from 300 K to 100 K, which is probably related 

to a high number of nonradiative defects in In-rich QWs. Below 100 K, the EL intensity of the 

low energy peak shows a more stable behavior (i.e. a weaker decrease) than that of the high 

energy peak with decreasing temperatures [182]. A tentative explanation can be the following. 

For the high-energy peak, which corresponds to a lower In content in the QWs, there are only 

a limited number of localized states due to small fluctuations of In concentration in the MQWs. 

At low temperature, only part of the carriers can be transferred into the low-energy states. Many 

carriers escape from the localization centers and recombine near the defects. This carrier 

relaxation reducing the carrier capture leads to the EL intensity reduction at low temperature. 

Contrarily, for the low-energy peak, there are more localized states in the active region due to 

the higher fluctuations of the In concentration with respect to the high energy peak. This large 

number of localized states offer to the carriers more opportunities to be captured at the low 

energy states. The reduction of the carrier capture is, therefore, less significant than the high-

energy peak at low temperatures, which translates in a weaker dependence of the intensity on 

temperature.  
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 Heating of the flexible LEDs 

To evaluate the Joule heating effect in flexible LEDs,  I fabricated a flexible blue LED and 

stuck it on a copper tape as a flexible holder. For the thermal study, the flexible LED was 

mounted on two different substrates: one substrate is a 4 mm-thick copper plate considered as 

a good heat sink, and the other substrate is a 3 mm-thick piece of plastic considered as a bad 

heat evacuating medium. Thermal maps of the LED on these two substrates under different 

injection current were taken by an infrared camera when the LED worked at room temperature. 

As expected, at the same injection current, the flexible LED has a higher temperature on the 

plastic substrate than on the copper substrate (see Figure 5-20-(c)). On the same substrate, the 

flexible LED heats more at a higher injection current. At 350 mA, the maximal temperature of 

the flexible LED is 48 ºC on the copper substrate and 60 ºC on the plastic substrate, 

respectively. The thermal resistance is defined as , where  is the temperature 

of the LED,  is the reference temperature which is the ambient temperature in this case, 

and P is the driving power. By using the maximal temperatures and the V-I curves shown in 

Figure 5-20-(c), the thermal resistances of the flexible LED on copper and plastic substrates 

can be calculated:  and  , respectively. These 

values are close to those of the thin-film GaN LED chips mounted on a heat slug (19.87 ºC/W, 

10.78 ºC /W and 6.77 ºC /W for the one-chip, two-chip and four-chip packages, respectively 

[183]). We conclude that despite the low thermal conductance of the PDMS matrix, the NW 

base is in thermal contact with the copper tape, which allows for a reasonable heat evacuation.  

The temperature distribution is not homogeneous on the active surface of the LED and 

follows the spatial inhomogeneity of the EL intensity of the LED. The center image in Figure 

5-20-(d) shows the overlap of the color photo of the LED on the copper substrate at 300 mA 

(inset of Figure 5-20-(c)) and its grey-scale thermal map, providing an intuitive comparison of 

the distributions of the temperature and the illuminating intensity of the LED. At 300 mA, the 

photo and the thermal map of the working LED on the copper substrate are converted into 8-

bit grey images with the same resolution, as shown in the left and right photos in Figure 5-20-

(d), respectively. The grey level distributions of these two images show similar trends in both 

x- and y- axis, which proves the coincidence of the distributions of the temperature and EL 
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intensity of the flexible LED. This phenomenon can be explained by the inhomogeneity of the 

current injection leading to an inhomogeneous Joule heating on the LED surface.  

 

 

5.7. Perspectives: flexible matrices of pixels 

The NW LEDs are considered as a promising candidate for next-generation high-resolution 

displays, thanks to the tiny size of the individual NW emitters. Similarly to conventional 

displays, two addressing schemes can be used to realize the flexible pixels based on vertical 

 

Figure 5-20 Thermal maps of a flexible LED working with different injection currents mounted on (a) 4 mm-

thick copper and (b)3 mm-thick plastic substrates. (c) Maximal temperature of the flexible LED on copper and 

plastic substrates under increasing injection current. The inset on the left is the V-I curves of the LED on copper 

and plastic substrates. The inset on the right shows a photo of an operating flexible LED. (d)Grey-scale images 

of an operating LED on the copper substrate at 300 mA and its thermal map with temperature profiles taken 

along the horizontal and vertical axes passing through device center. The image in the middle is the overlap of 

the color photo of the LED and the grey thermal map.    
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core-shell NW LEDs: passive-matrix addressing (Figure 5-21-(a,b)) and active-matrix 

addressing (Figure 5-21-(c,d)). 

 

5.7.1. Flexible passive-matrix LEDs 

The passive-matrix is a technology that uses a grid of crossed contact lines connecting the 

p- and n-parts of the LEDs separately. An intersection of two contacts controls each pixel. This 

addressing scheme means that only a+b control signals are required to address a display with 

a×b pixels. 

I developed a fabrication technique of the flexible passive-matrix LED based on the vertical 

NW arrays embedded in a PDMS layer. To form the pixels, metal columns are used as the 

 

Figure 5-21 Schematic illustrations of the pixels based on vertical core-shell NW LEDs: (a) Bird’s eye view and 

(b) top view of the passive-matrix LED. (c) Bird’s eye view and (d) top view of the active-matrix LED 
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bottom contacts of n-GaN, and perpendicularly, the top p-GaN contacts are formed using Ag 

NW rows on the other side of the PDMS.  

 

I fabricated the monochromatic flexible passive-matrix LEDs with a pixel size of 1×1 mm2. 

The fabrication process is shown in Figure 5-22-(a). A metal shadow mask was used to realize 

the bottom metallic columns. For the top contact rows, the top surface of the PDMS was firstly 

 

Figure 5-22 (a) Schematic illustration of the fabrication process of a flexible passive-matrix LED. (b) Schematic 

of a flexible passive-matrix LED. (c) Photo of a flexible passive-matrix LED mounted on a plastic substrate (red 

dashed line indicates the working area). (d) Photos of a flexible passive-matrix LED with different operating 

pixels. The red and blue crosses represent the addressed rows (top contacts) and columns (bottom contacts), 

respectively. 
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protected by a shadow mask made of a thermal adhesive tape. Then, the Ag NW network was 

dispersed by Ag NWs/isopropanol spray using a spray rod. The shadow mask of the thermal 

adhesive tape was removed at the end after heating the sample to 120°c, and the pattern of the 

Ag NW contacts was therefore formed. Each pixel can be controlled by an intersection of the 

bottom and top contacts. A photo of the real device is shown in Figure 5-22-(c), in which the 

working area is circled by a red dashed line. Figure 5-22-(d) shows the operating pixels with 

different addressing signals.  

There are two main issues in this realization of a flexible LED display: the light within each 

pixel is spotty, and the light intensity of the pixels declines along the same row. These problems 

originate from the bad current spreading in the Ag NW mesh dispersed by the spray rod.  In 

particular, the loss of intensity in the row can be ascribed to a high series resistance of the 1 

mm wide Ag NW contact. To solve these issues, the top contact should be further optimized, 

which will be done in the Ph.D. work of N. Amador in our research team. 

5.7.2. Flexible active-matrix LEDs 

Different from the passive-matrix (each pixel maintains its state passively without being 

driven by circuitry and controlled by the intersections of the perpendicular lines of p- and n- 

contacts), each pixel of an active-matrix LED is controlled individually. The active-matrix 

LED must be attached to a thin-film transistors (TFTs) matrix to address the individual pixels 

actively, which means individual contacts must be produced to each pixel. 

 



Chapter 5 - Flexible array nanowire LED devices - vertical integration 

 

 

112 

Nan GUAN 

I developed the fabrication technique of the active-matrix LED by using vertical core-shell 

NW arrays. As shown in Error! Reference source not found.-(a,b), the transparent top contact 

is realized by the Ag NW mesh continuously dispersed on the PDMS top, covering the whole 

surface of the display. Patterned metal contacts are used as the bottom contacts for addressing. 

I fabricated a flexible active-matrix LED with a pixel size of 1×1 mm2
, as shown in Error! 

Reference source not found.-(c). The bottom metallic contacts were performed by using a 

shadow mask with a matrix of openings of 1×1 mm2. The next step is to attach this LED to 

flexible TFTs to finalize the display, which is planned in collaboration with E. Jaques from 

IETR (institut d’électronique et de télécommunications de Rennes). First preliminary tests have 

shown that the individual pixels can be driven by an organic TFT with an injected current of 

170 µA (see Figure 5-24), without any notable current variation during 4 hours’ test. This result 

proves the feasibility of driving flexible LEDs with this kind of organic TFTs at an appropriate 

condition. 

Figure 5-23 (a) Schematic illustration of the fabrication processing of a flexible active matrix LED. (b) 

Schematic of a flexible active matrix LED. (c) Photo of a flexible active-matrix LED mounted on a Kapton 

polyimide film. 
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5.8. Discussion and conclusion 

In this chapter, flexible LEDs based on nitride core-shell NWs have been reported. From 

monochromatic blue and green LEDs to white and bi-color LEDs, I fabricated different flexible 

LEDs by embedding NW LEDs arrays into polymer membranes. This fabrication technology 

combines the outstanding optoelectronic properties of the nitride semiconductors and the high 

flexibility of the PDMS polymer. The top contact composed of Ag NW mesh shows high 

mechanical flexibility and a reasonable electrical conductivity. Comprehensive 

characterizations were realized: morphological, electrical, optical, mechanical and thermal 

properties of these flexible LEDs were studied.  The flexible LEDs show good flexibility and 

stability: no obvious degradation in current and EL emission was observed during and after 

several bending circles (bending curvatures down to 5 mm in both outward and inward 

directions).  

In my Ph.D. work, based on the previous work about the flexible NW LED by Xing DAI, a 

postdoctoral fellow in our research team, I optimized the fabrication processing of the flexible 

NW LEDs. I put research efforts especially into the flexible white LED, the thermal study of 

the monochromatic LEDs and the development of the flexible pixels. I developed the world’s 

Figure 5-24 (a) I-V curve of a flexible LED pixel. (b) ID-VDS curves of the organic TFT with different gate-

source voltages.  
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first flexible white LED based on nitride NWs and nanophosphors and optimized its color 

performance by adjusting the phosphor/PDMS ratio and using different phosphors. I 

investigated the temperature dependent EL of the flexible monochromatic LEDs and compared 

the results with the conventional thin-film nitride LEDs. I carried out the thermal study of the 

flexible LEDs at different injected currents on different substrates. With a good passive 

heatsink like a copper block, the temperature of the working LED under high injected current 

level is under 50 ºC, which is an acceptable temperature for a semiconductor device. I also 

developed the fabrication procedures of flexible active-matrix and passive-matrix LEDs, which 

are competitive candidates for cutting-edge flexible micro-displays.  

All these approaches of flexible LEDs offer an extraordinary design freedom and the 

outstanding compatibility of materials with different chemical properties for the vertical 

integration of photonic device, which is a crucial objective investigated within the French ANR 

project “Platofil”. As a perspective, our research group has been putting effort into the 

development of flexible full-color RGB lightings and high-resolution displays based on III-V 

semiconductor NW LEDs with similar fabrication approaches mentioned in this chapter. 
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6. Selective-area-growth of GaN nanowires on 

monolayer graphene by molecular beam 

epitaxy 

In this chapter, I report the investigation of selective area growth (SAG) of GaN nanowires 

(NWs) on nano- and micro- scale monolayer graphene patches using molecular beam epitaxy 

(MBE). First, I introduce the motivations and the state of the art of nitride NWs growth on 2D 

materials and of SAG of GaN NWs. Then, I will report in detail the substrate preparation in 

the second section, which is my primary contribution to this work. The third section is about 

the NW growth by MBE, performed in our laboratory by Martina Morassi, a Ph.D. student in 

our research team. Optical characterizations and statistical studies of the as-grown NWs will 

be reported at the end of the chapter.  

6.1. Introduction 

6.1.1. Motivation 

As described in Chapter 5, the bottom-up NW arrays enable the mechanically flexible 

devices, but the transfer of the active NW arrays from their rigid native substrate to a host 

flexible substrate can be challenging especially for low aspect ratio NWs [184]. One solution 

is to grow the NWs directly onto a flexible and conductive substrate, such as metal foils to 

avoid the transfer procedure. However, the opaque metal foil limits the integration of multi-

functional layers of NWs in lighting applications and therefore limits the design freedom. One 

approach to facilitate the NWs peel-off is to weaken their adhesion to their growth substrate. 

To this end, the growth of NWs on a 2D material such as graphene deposited onto a crystalline 

or amorphous substrate should facilitate the subsequent transfer of the NW arrays to a host 

flexible substrate. The adhesion between the graphene and the substrate is governed by weak 

van der Waals forces. The bonding between the NWs and the graphene is also weak 

(corresponding to the so-called van der Waals epitaxy). These both reasons lead to a much 

weaker bond of the NWs to the substrate, compared to the strong covalent bond in the case of 
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a conventional direct growth of GaN NWs on AlN/Si without any intermediary layer. The weak 

bond facilitates the peel-off of the NWs from the native substrate.  

Graphene is a 2D material recently attracting enormous research interests, thanks to its high 

mechanical flexibility, good electrical conductivity, and high optical transparency. The special 

honeycomb lattice structure makes it possible to grow c-plane III-nitride films by aligning a 

supercell with 4 unit cells of graphene and a supercell with 3 unit cells of GaN (giving a -3.1% 

misfit between the two lattices) [185]. Because of its small thickness, graphene can also show 

compliance (the strain deforms the graphene and does not accumulate in the GaN crystal). 

These properties make the graphene a perfect candidate for the intermediary layer for the nitride 

NW growth and their subsequent transfer.  

Typical GaN NWs obtained by MBE show a high crystal quality and excellent 

optoelectronic properties. The growth of these nanostructures on an unconventional substrate 

like graphene substrate has recently attracted a strong research interest. Transferred graphene 

layers make possible the growth of vertical GaN nanowires with a well-defined in-plane facet 

orientation on amorphous substrates [185]. The nanowires grown on graphene are easy to be 

peeled off from the substrate thanks to the weak bond between the nanowire footprints and the 

substrate, which is advantageous for flexible device fabrication, as mentioned previously.  In 

certain cases, the graphene can also be used as the electrically conductive layer for these 

nanowire-based flexible devices (however, for the specific case of plasma-assisted MEB (PA-

MBE) the NW growth can deteriorate the graphene conductivity).  

For many optoelectronic devices, an accurate control of the nanostructured active region is 

required. This control can be achieved by using SAG.  It has recently been shown that the GaN 

NW growth on graphene can be selective with respect to the SiO2 surface [185]. In this chapter, 

I will report the SAG of GaN NWs on lithographically patterned graphene layers transferred 

on SiO2/Si substrates by MBE and the optical properties of these NWs. 

6.1.2. State of the art of the nitride materials grown on 2D materials 

As mentioned in Chapter 2, there is a large lattice mismatch between nitride materials and 

the heteroepitaxial substrates, which leads to defects in the epitaxial thin films. To solve this 

problem, a design of the epitaxial layer - intermediary layer - substrate structure has been 

investigated. 2D materials are used as the intermediary layer to replace the strong chemical 

bonds between the epitaxial layer and the substrate by a weak van der Waals force so that the 
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lattice mismatch can be ignored. This growth technique is called van der Waals epitaxy 

(vdWE).  

In 2016, Wu et al. transferred a large BN monolayer film onto a standard 2 inch MOCVD 

GaN/sapphire wafer as a release buffer layer. Overgrowth of a thick GaN wafer over 200 μm 

has been achieved by hydride vapor phase epitaxy (HVPE) [186]. The overgrown GaN film is 

stress-free due to the weak van de Waals interaction of BN layer. GaN films and AlGaN/GaN 

heterostructures grown on BN templates have been demonstrated by MOCVD [187] [188]. 

These nitride films are transferable thanks to the easily detachable intermediary BN layer. 

Ayari et al. demonstrated the MOCVD growth of InGaN/GaN multi-quantum wells (MQWs) 

on a 2-inch hexagonal BN covered sapphire substrate [189]. They succeeded to lift-off the 

wafer-scale MQW structures from the 2-inch sapphire substrate using an adhesive tape with 

excellent reproducibility. After lift-off, they obtained many crack-free layers of the size of 

several cm2. A red-shift of the peak position of the emission from the MQWs was observed in 

the CL spectra after the lift-off, which may be due to a partial residual strain relaxation in the 

active region after lift-off. In 2017, Zhao et al. demonstrated InGaN/GaN nanowire LED 

epitaxy on large-area MoS2 [190], where MoS2 serves as both a buffer layer for high-quality 

GaN nanowires growth and a sacrificial layer for epitaxy lift-off. Multiple-layers MoS2 were 

grown by CVD on Mo substrate. Monolithic high-quality InGaN/GaN quantum-disks in-

nanowire LEDs with tunable emission in the visible region were obtained on large-area 

nitridated MoS2 via quasi vdWE. 

Nitride films have also been formed on graphene, which has become the most attractive 2D 

material in the past few years, thanks to its unique optical and electrical properties. Wong et al. 

have studied the growth of GaN by nitridation of seed/catalyst-free electrodeposited Ga based 

compound materials on graphene [191].  CVD-grown multilayer graphene on SiO2/Si is 

prepared as a substrate for GaN growth. The cathodic two-terminal electrochemical deposition 

under galvanostatic control was performed to form the GaN/graphene hybrid structure. The 

GaN transformation properties were studied by varying the nitridation time and temperature. 

The complete transformation to GaN was achieved at nitridation temperature of 1100 °C and 

time of above 60 min. Some research efforts are put on HVPE nitride films on graphene. In 

2017, Xu et al. reported the direct vdWE of AlN films on multilayer graphene/SiC substrate at 

a high temperature of 1100 ºC by MVPE [192].  In the same year, He et al. demonstrated the 
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HVPE low-threading-dislocation density GaN film on a monolayer graphene [193].  There are 

also many research groups focusing on the nitride film growth on graphene by MOCVD. Zeng 

et al. performed MOCVD AlN film on graphene/sapphire substrate [194], of which the 

graphene was grown directly on a sapphire substrate by atmospheric-pressure CVD without 

using metal catalysts. The TEM image of the AlN-graphene-sapphire interface is shown in 

Figure 6-1-(a). In 2017, Li et al. have investigated the vdWE of InGaN LED on graphene film 

[195]. An InGaN blue LED was grown on wet-transferred multilayer graphene by MOCVD. 

The multilayer graphene helps to release the stress and effectively removes cracks. From the 

structural and optical characterization results, they found that although the crystalline quality 

of GaN with multilayer graphene is slightly decreased with respect to the material grown on 

conventional substrates, LEDs grown on multilayer graphene still shows a higher output power 

than those grown on conventional sapphire.  

 

Figure 6-1(a) STEM image of the GaN nanorod on graphene-covered Si (100).  Adapted with permission from 

Ref. [196] (b) SEM image of GaN NWs grown selectively on a monolayer graphene flake by MBE. (c) SEM 

image of GaN NWs grown on different layers of graphene by MBE. Adapted with permission from Ref. [185] 
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Micro- and nano-structured nitride materials have also been formed on graphene substrates. 

Flexible GaN microdisk LEDs laterally grown on graphene dots was demonstrated by MOCVD 

[197].  The graphene dots are coated by ZnO nanowalls. InGaN multiple quantum wells were 

realized in the GaN microdisks. This GaN micro-LED shows a good mechanical flexibility. 

The electroluminescence (EL) decreased only slightly when the LED was bent from an infinite 

to an 11 mm radius. A blue shift of the emission wavelength from 475 nm to 446 nm was 

observed in the EL spectra when the applied bias on the LED was increased from 4V to 9V. 

These changes in EL peak positions can be explained by the inhomogeneous In concentration 

and the thickness of the quantum wells and not by the strain (which is typically the case for 

thin-film transferred LEDs). Heilmann et al. demonstrated the vertically aligned GaN nanorods 

grown on graphene/Si substrate by MOCVD [196,198]. They used a monolayer graphene on 

Si(111) as well as on Si(100) as an atomically thin buffer layer. They prove that the graphene 

serves as an efficient chemically inert buffer, preventing the diffusion of Ga into the Si and 

thus circumventing meltback etching of the Si substrates. Recently, Chen et al. demonstrated 

stress-free InN NWs on Au/graphene/GaN/sapphire substrates using a metal-In sublimation 

CVD method at atmospheric pressure [199]. The growth was launched also on 

graphene/GaN/sapphire and Au/GaN/sapphire substrates under the same conditions, but no 

NWs were obtained on the graphene/GaN/sapphire substrate, which means that Au serves as 

an indispensable catalyst for this growth method. Thanks to the high crystal quality of MBE, 

MBE nitride NWs grown on graphene also attract many research effort. Fernández-Garrido et 

al. investigated the direct MBE growth of GaN NWs on graphene [200].  SiC substrates with 

a monolayer and a multilayer graphene were prepared for the growth. GaN NWs were only 

achieved on a multilayer graphene because the monolayer graphene was etched during GaN 

growth by the impinging active N species. In our laboratory, Kumaresan et al. demonstrated 

the SAG of GaN NWs on graphene domains transferred to a silica on Si substrates by MBE 

[185]. The nanowires grow vertically along their c-axis. Under certain conditions, the growth 

is highly selective with respect to silica, on which the graphene domains are deposited. By 

statistical studies, they also find that the number of graphene layers has a strong impact on the 

GaN nucleation: the density and the height of the NWs decrease rapidly when the number of 

graphene layers increases from 1 to 5, as shown in Figure 6-1-(b,c). This phenomenon can be 
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explained by the partitions of the interfacial strain between the graphene and the GaN nucleus. 

A higher number of graphene layers elevates the nucleation barrier, due to the larger elastic 

energy stored in the system. 

6.1.3. Basic principles of MBE and GaN NWs grown by MBE 

 Basic principles of MBE 

The epitaxial growth technique used to synthesize the NW studied in this chapter is the MBE. 

MOCVD mentioned in the previous chapters is a chemical process, whilst MBE is a physical 

process. MBE was invented in the late 1960s at Bell Telephone Laboratories for the growth of 

III-V semiconductors. MBE allows for an accurate control over the film thickness, which can 

be controlled down to a fraction of a monolayer. It requires ultra-high vacuum conditions 

(below 10-8 Torr) for deposition, whereas the reaction of MOCVD takes place from the gas 

phase at moderate pressures (hundreds of Torr). The crystal growth in MBE is mostly governed 

by the kinetics of the surface processes rather than by the thermodynamic equilibrium. The 

GaN nanowires on graphene substrates in this chapter were grown by PA-MBE.  The schematic 

of a PA-MBE system is depicted in Figure 6-2.  

 

 

Figure 6-2 Schematic illustration of a III-Nitride PAMBE system. [201] 
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In the case of III-N PA-MBE, the metallic III elements (In, Ga, and Al) and doping elements 

(Si, Mg) are provided by solid sources. The active N is produced by a dissociation of N2 

molecules generated by radio-frequency plasma. That is the reason why such system is called 

“plasma-assisted” MBE. Note that there is another possibility to create active N atoms by using 

a NH3 source. In this MBE system, GaN is obtained by reaction of NH3 with Ga adatoms 

through a surface decomposition process. 

 Growth of GaN NWs by MBE 

Spontaneous growth of GaN NWs by MBE 

To obtain the growth of self-assembled GaN NWs instead of a compact GaN layer, specific 

conditions are required: N-rich condition (i.e. V/III ratio > 1) and elevated growth temperature 

(730-850 °C) [202]. These conditions limit the nucleation site density and avoid the 

coalescence due to the reduction of the Ga adatom diffusion length [203].  

The growth of spontaneous GaN NWs have been performed on Si(111), Si(001) [204], 

sapphire [205], diamond [206], 2D materials as graphene [185], and metals [172]. The addition 

of an AlN layer on Si(111) used in thin film growth is also commonly used to enhance the 

verticality of GaN NWs. The thickness, crystalline granularity, and flatness of this AlN 

intermediate layer play a key role to control the orientation, diameter, density and the polarity 

of GaN NWs [207-209]. For the direct growth on Si(111) substrate, the MBE GaN NW polarity 

is mainly N-polar (i.e. with vertical chemical bonds pointing from N to Ga atoms along the  

growth direction of the hexagonal lattice) [210,211]. The growth conditions and morphology 

of an intermediate AlN layer has a direct impact on the wire polarity [212-214], but again by 

controlling its structural defect density, N-polar wires are preferentially grown [210,215]. With 

the bending of misfit and threading dislocations to the sidewall surfaces, the GaN wire crystal 

is dislocation-free along most of its length. It results in excellent optical properties with a 

typical near band edge (NBE) emission broadening in the range of 1 meV or less. Moreover, 

no defect band emission is generally measured in these materials such as the yellow band (at 

550 nm) that can occur in planar materials [216,217]. The growth mechanism depends on the 

surface properties of the substrates: composition, amorphous or crystalline state and 

morphology [218]. Actually, the seed nucleation is strongly favored by structural defects or 

morphological irregularities. However, the nucleation is mainly related to specific growth 
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mechanisms if the nucleation surface is smooth with a low defect density [219]. Generally, 

there are three subsequent phases of the GaN NW growth on a defect-free surface: incubation, 

transition and elongation. The incubation corresponds to the first moments of the nucleation 

where the nuclei are not completely stabilized [220]. Then, a transition period occurs 

corresponding to a size increase of the nuclei associated with a shape modification that will 

lead to the NW formation. The driving force of this shape transition is at present unclear. The 

last phase of the growth corresponds to the elongation of the NW nuclei. Direct adatom 

impinging and adatom diffusion on the substrate and along vertical NW sidewalls contributes 

to the NW elongation.  

Selective area growth of GaN NWs by MBE 

The SAG of GaN NWs has been successfully developed in MBE growth using Ti patterned 

mask deposited on GaN templates by Kishino’s group [221] and then by other groups 

[222,223].  Other types of masks such as SiOx [224,225] and SiNx [207,226]  have also been 

employed for GaN NW SAG, however, the Ti mask remains the most frequent choice for NW 

devices (in particular for LEDs). Compared to self-assembled GaN NW growth, SAG requires 

a higher growth temperature (900-950°C) [221,227]. The increase of growth temperature 

favors both surface Ga adatoms diffusion allowing them to reach mask openings and desorption 

helping to limit the GaN overgrowth on the mask. The higher the temperature is, higher a Ga 

flux is required. Figure 6-3 shows the SEM images of the GaN NWs grown by MBE using a 

patterned Ti mask. The reduction of the N flux limits the formation of organized GaN NWs. A 

balance between the growth temperature and the N flux needs to be well controlled in order to 

obtain an effective selectivity [228].  
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All the above-described SAG approaches use a mask to inhibit the nucleation of the GaN 

NWs inside the mask openings. Instead, the approach of the SAG of GaN NWs described in 

this chapter consists in creating the nucleation sites by depositing graphene islands on the SiO2 

surface. 

6.2. Substrate preparation 

6.2.1. Fabrication procedures of the patterned graphene substrates 

For the SAG of GaN NWs on a graphene substrate by MBE, I prepared the patterned 

monolayer graphene on SiO2/Si substrates using e-beam lithography and O2 plasma etching. 

The fabrication procedures of the substrates consist of two parts: transfer of the graphene onto 

SiO2/Si substrates (steps 1 to 5 in Figure 6-4), and patterning of the graphene by e-beam 

lithography and plasma etching (steps 6 to 9 in Figure 6-4). 

 

Figure 6-3 SAG of GaN NWs grown by MBE using a patterned Ti mask on GaN/sapphire substrates. An 

increase in  the N flux promotes the NW growth and the mask selectivity at 900°C. Adapted with permission 

from Ref. [221]. 
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Figure 6-4 Schematic illustration of the fabrication steps of the patterned graphene substrate for the GaN 

nanowire growth. 

 

 Graphene transfer  

The procedure is as follows: 

-Spin-coat 50 nm-thick poly-methyl methacrylate (PMMA-A2) on the commercial 

monolayer graphene sheet CVD-grown on copper foil to protect the fragile graphene during 

the wet transfer process. The surface of the graphene sheet is about 1×1 cm2 with the grain size 

up to 20 µm. 

-Wet-etch the copper foil under the graphene in an ammonium sulfate solution. 

-Fish the floating graphene by using a Si wafer and rinse the graphene at least 3 times in a 

deionized water to avoid the contamination from the ammonium sulfate. Then, fish the 

graphene with a SiO2/Si wafer (silicon (100) with a 300 nm-thick SiO2 layer formed by dry 

oxidation).  
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-Put the template in acetone without stirring, and then in isopropanol to remove PMMA.  

As a result, a monolayer graphene on the SiO2/Si wafer is ready for the lithography. 

 Pattern the graphene by e‐beam lithography 

-Spin-coat the ma-N negative resist. 

-E-beam exposure to make the patterns. 

-Development.1  

-Etch the unprotected graphene by O2 plasma. 

-Remove the ma-N resist by acetone and isopropanol. 

A substrate with patterned monolayer graphene is therefore ready for epitaxy, as shown in 

Figure 6-4-(9). 

I designed matrices of hexagonal dots with different radii and different dot intervals for the 

e-beam lithography, as shown in Figure 6-5. The design consists of 12 sections with the dots 

of radii from R=45 nm to R=400 nm. The dots in the same section have a constant radius but 

are separated in 5 different zones with different intervals between the edges of the nearby dots 

(zone 1: 0.25 μm, zone 2: 1 μm, zone 3: 1 μm (along horizontal axis)/1.5 μm (along vertical 

axis), zone 4: 2.5 μm, zone 5: 5 μm). The hexagonal arrays of dots with the same dot size and 

pitch are repeated twice with the pattern rotated by 90°C. There are two “L-shape” micro-marks 

in each section to investigate the growth of the NWs on micro-scale graphene, and also to help 

to localize the desired areas for observations and characterizations with these relatively large 

marks. 

 

                                                 
1 The quality of the graphene covered substrate highly depends on the development. More 

details about the optimization of the development procedure will be discussed in the following 

section.  
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6.2.2. Optimization of the fabrication procedures of the substrates 

I put many efforts to optimize the fabrication procedures of the substrates in order to get 

high-quality ready-for-growth substrates of patterned monolayer graphene dots. There are 

some issues to overcome and many parameters to optimize to avoid the contamination and to 

minimize the size of graphene dots. 

 Thickness of SiO2 

We did our first trials of growth on the patterned graphene on 30 nm dry oxidized SiO2 

substrates. Many unexpected “bushes” of NWs occur on the substrates, as shown in Figure 6-6. 

The NWs in the “bushes” have a similar profile with the same orientations as the MBE GaN 

NWs grown on Si (100) [229]. These bushes most probably originate from oxide layer defects 

and nucleate on the Si. This was tentatively attributed to an insufficient thickness of SiO2. 

Therefore, we decided to increase the SiO2 thickness and to use substrates with 300 nm of SiO2. 

As a result, the density of the “bushes” was shapely reduced. 

 

Figure 6-5 GDS design for the e-beam patterning of the graphene. (a) The entire design composed of 12 

sections with the dots of radii from R=45 nm to R=400 nm. (b) Zoom of the R=100 nm section with the “L-

shape” micro-marks. Every section consists of 5 different matrices of dots with different distances between the 

nearby dots (1: 0.25 μm, 2: 1 μm, 3: 1 μm (along horizontal axis)/1.5 μm (along vertical axis), 4: 2.5 μm, 5: 5 

μm) (c) Zoom of the matrix 2 of which the distance between the nearby hexagonal dots is 1 μm. 
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Figure 6-6 (a) Top-view SEM image of the SAG GaN NWs grown on the patterned graphene transferred on 30 

nm - thick SiO2 where many “bushes” of NWs occur on the substrate. (b) Top-view SEM image of the SAG GaN 

NWs grown on the patterned graphene transferred on 300 nm - thick SiO2 where there is no “bush” of NWs. 

 

 Minimize the size of graphene dots 

The minimal size of the patterns that can be achieved with the e-beam lithography highly 

depends on the thickness of the resist. I did the first trials of lithography by using the negative 

resist ma-N 2403, with a thickness of 200 nm for a standard spin coating at 4000 rpm. The 

minimal radius of the nano-dots with this resist is limited to ~75 nm.  Indeed, after the 

development, the dots of the resist with a radius smaller than 75 nm fall down on the substrate 

due to a too high aspect ratio, as shown in Figure 6-7-(a). Therefore, I decided to use a more 

diluted resist ma-N 2401, with a thickness of 90 nm for a spin coating at 4000 rpm. With ma-

N 2401, I succeeded to make the nano-dots with a radius smaller than 50 nm without the 

collapse of the resist dots, which was attested by SEM, as shown in Figure 6-7-(b). 
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Figure 6-7 Top-view SEM images of the nano-dots of resist formed by e-beam lithography after the development 

with the resists of (a) ma-N 2403 and (b) ma-N 2401.  

 

 E‐beam writing process: dot mode vs. surface scanning mode 

There are two methods to form the dots by using e-beam lithography: the dot mode and the 

surface scanning mode. The dot mode fixes the focused e-beam at a certain position on the 

resist, and the resist is exposed over a region of the surface due to the space charge distributed 

near the focused position of the e-beam in the resist. Therefore, the size of the dot is controlled 

by the dose of the e-beam exposure. The surface scanning mode is a method in which the e-

beam exposes the resist by scanning the area of the pattern designed in the GDS file, which 

means that, at a suited dose, the profile and the size of the dot are controlled by the GDS design. 

However, the scan is performed on a discrete mesh of points, so that the round shape should be 

approximated by doing a triangulation. 

I did first the lithography in dot mode using Raith 150 lithography machine (exposure is 

done at 20 kV acceleration voltage). By varying the dot dose from 0.004 fAs to 2.204 fAs, the 

matrices of dots with radii from dozens nm to hundreds of nm were achieved. However, for the 

matrices with a small distance (250 nm) between the dots, proximity effects become 

predominant (proximity effects refer to an undesirable exposure of one position when the beam 

exposes the neighboring dots, a dedicated correction of proximity effects is required to achieve 

dots of a uniform size from the center to the edges). Continuous surfaces were formed instead 

of the expected separated dots, even for the used smallest dot dose of 0.004 fAs, as shown in 

Figure 6-9-(a). By increasing the dose, the separated dots with an interval distance of 1 µm also 
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merged progressively into a continuous surface. Another issue of this dot mode is the spatial 

inhomogeneity of the dose. The dose in the center of the graphene dot is higher than that at the 

border. This overdose in the center of the graphene dot leads to the irremovable resist residual, 

which can be observed in Figure 6-8. 

 

Figure 6-8 45° tilted SEM images of the patterned graphene dots using Raith 150 lithography machine. Resist 

residuals can be observed in the center of the graphene dot. (Image on the right shows the close-up SEM of one 

dot in artificial colors) 

 

To resolve the dense arrays of dots and the issue of resist residual, I did the lithography in 

the surface scanning mode with the Nanobeam 4 lithography machine (exposure is done at 100 

kV acceleration voltage, which reduces the proximity effects with respect to an exposure at 20 

kV). The matrices of dots with radii from 20 nm to 250 nm (see the GDS design in Figure 6-5) 

were exposed by the scanning e-beam on the resist surface. From the SEM observation in 

Figure 6-9-(b), we observe that the dots of the resist keep their proper forms even for the 

matrices with a smallest interdot distance of 250 nm.  



Chapter 6 - Selective-area-growth of GaN nanowires on monolayer graphene by molecular 

beam epitaxy 

 

130 

Nan GUAN 

 PMMA contamination  

On the processed substrates, I observed the contaminations corresponding to the 

yellow/black regions shown in Figure 6-10-(a). The Raman spectra were measured by C. 

Barbier and A. Madouri on a contaminated region and also on a region without obvious 

contaminations on the transferred graphene as a reference (see the red and black curves in 

Figure 6-10-(b), respectively), by using a frequency-doubled Nd:YAG laser operating at 532 

nm. Compared to the spectrum of the reference sample, G band and 2D band peaks of the 

graphene are shifted from 1583.8 cm-1
 to 1585.2 cm-1, and from 2676.7 cm-1

 to 2692.2 cm-1, 

respectively. The FWHM of the G and 2D bands broadens from 20.0 cm-1
 to 53.0 cm-1, and 

from 38.2 cm-1 to 63.0 cm-1, respectively. The shifts and the broadening of the G and 2D peaks 

in the Raman spectra have been reported for a PMMA-covered graphene in Ref. [230]. 

Therefore, the contamination can be attributed most probably to the PMMA residues. To reduce 

 

Figure 6-9 (a) Optical microscope images of the nano-dots of resist formed by e-beam lithography in dot mode 

after the development. (b) Top-view SEM images of the nano-dots of resist formed by e-beam lithography in 

surface scanning mode after the development. 
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the contamination from the protecting PMMA layer needed for the graphene transfer, I 

decreased the waiting time between each processing steps to avoid the aging of PMMA and 

prolonged the PMMA removal process (cleaning in the acetone corresponding to the step 5 in 

Figure 6-4) from ten minutes to one hour. 

 

Figure 6-10 (a) Optical microscope image of the PMMA contamination. (b) Raman spectra of the transferred 

graphene with and without PMMA contamination.  

 

 Weak adhesion of the graphene to the SiO2/Si substrate and the graphene wrinkles 

The graphene patterns float away occasionally during the development due to the weak 

adhesion of the graphene on the SiO2 substrate. From the information offered by the graphene 

provider, the tetramethylammonium hydroxide (TMAH)-based developer that I used for the 

development of the ma-N can result in graphene detachment from the substrate. This weak 

adhesion can also lead to the graphene wrinkles: the graphene flakes detach from the substrate 

and then crumple during the development. Therefore, to avoid the graphene detachment, the 

movement of the sample in the developer must be very light.  
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Furthermore, a development process with an alternative chemical for development 

(isopropanol) to avoid the impact of TMAH is under research in our laboratory (in 

collaboration with Jean-Rene Coudevylle, research engineer at C2N). We have already 

demonstrated the development of the ma-N resist on a SiO2/Si substrate by using isopropanol 

for a matrix of dots with a radius of ~90 nm (see Figure 6-12), which proves the feasibility of 

the development with isopropanol for high-resolution lithography with ma-N resist. Further 

investigation is underway for the ma-N resist on a graphene covered substrate. 

Figure 6-11 (a) Optical microscope image after the development, and (b)SEM image after the NW growth of the 

moved graphene patterns due to the graphene detachment. (c) Optical microscope image after the development, 

and (d) SEM image after the NW growth of the graphene wrinkles.  
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6.3. SAG of GaN NWs by PA-MBE 

The patterned graphene-on-SiO2 substrates are loaded into the MBE reactor chamber to grow 

GaN NWs. As mentioned before, it is important to reduce the storage of the patterned graphene 

in ambient air, since a long storage increases the probability of the pattern detachment during 

the growth. Therefore, after the lithography, the samples were stored in vacuum and the growth 

was scheduled within several days.  

For the GaN NW growth, the sample is first heated in the chamber at 830°C for 5 minutes 

for degassing. The Ga and N flows are adjusted to obtain an effective N/Ga flux ratio of 1.1. 

The growth temperature is maintained at ~815 °C. The growth lasted for four hours (which 

includes approx. one hour of incubation time). These growth conditions were adjusted on non-

patterned patch graphene samples to achieve a precise temperature control necessary for the 

growth selectivity.  

As shown in the SEM images (see Figure 6-13), for these growth conditions the NW growth 

shows an excellent selectivity: the wires nucleate on the graphene and not on the SiO2 surface. 

 

Figure 6-12 Top-view SEM images of a matrix of ma-N resist dots with a radius ~ 90 nm on a SiO2/Si substrate 

after the development by isopropanol. 
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The GaN NWs grown on the graphene stand vertically on the substrate. When the size of the 

graphene pattern is in a micro-scale, an array of a large number of nanowires is grown in one 

graphene patch, corresponding to the case of Figure 6-13-(a).  If the radius of the graphene dots 

is reduced to 50 - 60 nm, a regime with only one nanowire (or few NWs) per graphene dot is 

reached, as illustrated in Figure 6-13-(b). However, the wires are missing in some graphene 

sites, and multiples NWs per dot can still be observed. No growth of NWs can be observed for 

smaller graphene dots.  

 

Figure 6-13 SEM images of the GaN NWs grown on (a) micro-scale graphene and (b) graphene dots with the 

radium of 50 - 60 nm. The arrows indicate the graphene sites where the wires are missing. 

 

6.4. Optical characterization and statistical analyses 

6.4.1. μ-PL 

The μ-PL experiments were carried out at 4K using a frequency-doubled cw Ar2+
 ion laser 

(λ = 244 nm) by Lorenzo Mancini, a postdoctoral fellow in our research team. Figure 6-14 

shows the μ-PL spectra measured on 4 different positions on an “L-shape” micro-scale pattern. 

(Unfortunately, nano-sized patterns containing only one NW per graphene dot could not be 

measured since we could not find them in our optical visualization system.) PL spectra of GaN 

nanowires have similar profiles at 4 different positions and are dominated by the D0XA 
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emission with a 1.14 meV linewidth (Figure 6-14), which is a standard broadening for GaN 

nanowires on conventional substrates. D0XB and the free XA exciton lines are also observed. 

The 3.45 eV line, attributed to inversion domain boundaries [231], which is typically present 

in GaN nanowires grown on standard AlN/Si substrates, was not observed in nanowires on 

graphene. This is in agreement with structural analyzes (namely, with TEM observations 

performed by L. Largeau), which have not evidenced any inversion domain boundaries in GaN 

nanowires on graphene. This difference between the graphene and the AlN/Si substrates can 

be ascribed to a different nucleation kinetics of the nanowires on these substrates.   

 

Figure 6-14 µPL spectra of the SAG GaN NWs grown on graphene at 4K. The measurement was carried out on 

four different positions on the “L-shape” pattern. 

 

6.4.2. Statistical analyses 

Figure 6-15 shows the SEM images of the GaN NWs grown on different sizes of graphene 

dots. The NW growth shows a good selectivity on the graphene compared to the SiO2 surface. 

Only a few parasitic NWs can be observed on the wrinkles of the graphene, as mentioned in 

Section 6.2.2.  Based on the top-view images, we observe that high-density vertical NWs grow 

on the graphene dots, especially with a nucleation preference on the borders of the graphene 
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dots. From the tilted-view SEM images, it is seen that the NW length exhibits strong 

fluctuations. To investigate the nucleation dynamics and the dot-size dependence of the NW 

growth, statistical analyses are performed to assess the surface occupation, the NW number per 

graphene dot, and the length distribution. 

  

Figure 6-15 SEM images of the GaN NWs grown on graphene dots with radii from 50 nm to 200 nm 
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 In‐plane orientation 

I made the top-view SEM observations to investigate the statistics of the in-plane orientation 

of the SAG GaN NWs. The GaN NWs have the same in-plane orientation not only inside the 

same graphene dot but also in different dots which were obtained from the same graphene grain 

(according to the datasheets from the graphene supplier, the typical grain size in their CVD 

graphene that we are using is about several microns.). Previously, V. Kumaresan, Ph.D. student 

at C2N has shown that all NWs grown within the same grain of a 1 cm2 graphene patch have 

the same facet orientation [185]. This phenomenon has been explained by the models of the 

possible epitaxial relationships between the graphene and the first atomic plane of GaN NWs. 

There is a good coincidence between the two lattices every 4 unit cells of graphene and 3 unit 

cells of GaN, leading to an associated misfit of only -3.1% [185]. Here we observe that the 

lithography process does not alter this epitaxial relation. Indeed, Figure 6-16 shows the NWs 

grown on the dots presumably produced from 2 nearby grains of graphene on the same 

substrate. All the NWs inside the same graphene grain have the same in-plane orientation 

indicated by the hexagons. This clear in-plane orientation control proves that the GaN NWs are 

epitaxial despite the aggressive processing steps and the dramatic size reduction of the 

graphene nano-substrates.  

 

Figure 6-16 Top-view SEM image of SAG GaN NWs on graphene for in-plane orientation studies. The hexagons 

indicate the in-plane orientations of the GaN NWs on two different nearby graphene grains.  

 



Chapter 6 - Selective-area-growth of GaN nanowires on monolayer graphene by molecular 

beam epitaxy 

 

138 

Nan GUAN 

 Surface occupation  

The surface occupation rate of the NWs is defined by , where SNW 

is the surface coverage of the GaN NWs, and Sdot is the surface of the graphene dot, as shown 

in Figure 6-17-(a). From the top-view SEM images, the surface occupation rates were estimated 

for the dot radii from 50 nm to 200 nm by Martina Morassi. Figure 6-17-(a) shows the 

occupation rate curve as a function of the dot radius. By increasing the graphene dot radius 

from 50 nm to 150 nm, the occupation rate increases from ~0.84 to ~0.94, and then saturates 

at ~0.93. This non-constant value of the surface occupation rate evidences that the NW 

nucleation stage may not be fully completed for the graphene dots with small sizes. A correlated 

phenomenon on the standard deviations of the occupation rate can be observed: by increasing 

the dot radius, the occupation rate shows a decreasing standard deviation. This phenomenon 

can be explained by the nucleation events which are less spread in time, leading to a smaller 

dispersion of NW number from one graphene dot to the others. 

 

Figure 6-17 SEM picture (top) and SNW estimation by ImageJ (bottom) of a 100 nm radius graphene dot with 

GaN NWs. (b) Estimated occupation rate as a function of the dot radius.  

 

 NW length distribution 

I measured the SAG GaN NW lengths using tilted SEM images. As shown in Figure 6-18-

(b), with increasing the graphene dot radius from 50 nm to 100 nm, the average NW length 
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increases from 420 nm to 580 nm and then stabilizes at ~640 nm when the graphene radius is 

bigger than 100 nm. Considering the N-rich growth conditions and the non-inversely tapered 

shape of the GaN NWs [232], the Ga supply reaching the tip (including the direct impingement 

and the surface diffusion along the sidewalls) limits the axial growth rate. The Ga diffusion 

length is short at the growth temperature of ~815 °C (40 nm) [233]. Therefore, the reduced 

lengths on small graphene dot radii cannot be explained by the lower collection of atoms 

diffusing from the underlying graphene dot to the NW tip. Note that the average NW length on 

the graphene dots with a radius bigger than 100 nm matches that on the “L-mark” micro-scale 

pattern (680±100 nm). This dot-size-dependent behavior of the NW length distribution can be 

explained by the delayed nucleation on the graphene dots with a radius smaller than 100 nm, 

resulting in a shorter effective growth time. There is a big fluctuation of the NW length of 30 

% - 40 % of the total wire lengths. No obvious difference of the average NW length and NW 

density can be found between the matrices of graphene dots with different dot-to-dot intervals, 

which means that there is no nucleation competition between different graphene dots. 

 

Figure 6-18 GaN NW length as a function of the graphene radius with its fitting curve by eq. 6.2. 

A model of the NW growth on graphene dots has been developed in collaboration with V. 

Dubrovskii from ITMO University. In this model, the growth process consists of two stages: 

- An incubation stage at the end of which the first NW seeds form. 

- An elongation stage, where the NW grows axially with a constant growth rate . 
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Note that the possible shape transitions antecedent to the NW nucleation [234], and the short 

stage after NW nucleation in which the Ga diffusive flux depends on the NW length [235] are 

neglected in this model. 

We establish a Poissonian functional form [236] to describe the NW length: 

 

 

where  is the mean NW length (in MLs of GaN along the c-axis),  is the time (s) and  

represents the incubation time 2 . The function erfc is a regularized complementary error 

function, defined as .  is a normalization constant, accounting for 

the fact that not all the nucleation sites may be occupied when the growth is interrupted.  

Overall, the shape of the length distribution is controlled by the following two parameters: 

, where  is the ratio between the axial growth rate and the 

incubation rate (and thus gives a measure of the NW nucleation delay). 

, where  is the standard deviation of the effective distribution, and  is 

the standard deviation that the distribution would have without delayed nucleation. 

                                                 
2 is the equivalent NW length for a growth rate equal to  in a time equal to the given 

incubation time. 
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Figure 6-19 Measured length distribution (in monolayers (MLs) of GaN) for graphene dots of different sizes 

with their fitting curves of eq. 6.1. 

 

The length distributions are measured on ~100 NWs for graphene dots with radii between 

50 nm to 200 nm, as shown in Figure 6-19 with their best fits by eq. 6.1. The fitting parameters 

are summarized in Table 6-1, with which the fitting curves have a good quantitative 

correspondence to the shape of the distributions.  
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The length distribution should obey a symmetric profile if the nucleation of all the NWs 

occurs at an opportune time. However, all length distributions in Figure 6-19 feature a 

pronounced asymmetry towards shorter lengths, which is a signature of a delayed nucleation. 

This is quantified by the dimensionless parameter α, which is of the order of 10-3: the 

characteristic duration of the nucleation step is ~ 1000 times longer than the time of subsequent 

ML formation during the steady-state elongation. On the small graphene dots with a radius of 

50 nm, the nucleation stage is not fully completed even after four hours of growth. When the 

graphene radius is increased from 50 nm to 150 nm, the nucleation delay is reduced, which is 

revealed by the shift of the peak nanowire length in Fig 6-19 toward a longer length. For the 

graphene dots with a radius larger than 200 nm are considered, the length distributions reach a 

stabilized state close to the state of the growth on a large-scale graphene.  

 Number of NWs per graphene dot 

To understand the origin of the dot-size-dependent NW incubation time, the statistical 

studies of the number of NWs per graphene dot and the NW length as a function of the graphene 

radius have been carried out. From Figure 6-20, we can conclude that the number of NWs per 

graphene dot increases linearly as a function of the graphene radius Rdot (or perimeter). In 

principle, the NW number should be proportional to Rdot
2 corresponding to the dot surface. But 

the dependence on the perimeter is not so surprising if we recall that the NWs grow 

preferentially on the dots borders as shown in the top-view SEM images in Figure 6-15. 

Table 6-1 Fitting parameters of the length distributions. 
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Figure 6-20 Number of GaN NWs per graphene dot as a function of the graphene dot radius with its fitting 

curve. 

 

Thus, the number of nucleation sites on the graphene dot is roughly proportional to . 

Assuming that Ga atoms diffuse on the graphene and their mean free path before desorption is 

limited by a certain diffusion length , the effective nitrogen flux per nucleation site is equal 

to  for , and  for , with positive constants  and . 

The incubation time is inversely proportional to the N flux, proportional to  for 

 and independent from  for . Hence, by considering a simplified situation 

in which there is one and only one nucleation site in each graphene dot, the net Ga flux reaching 

to that site depends on two conditions, which are illustrated in Figure 6-21:  

In the case of , the net Ga flux to that site is limited by the dot radius . 

In the case of , the net Ga flux to that site is constant and is limited by the 

diffusion length . 
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By assuming that the axial growth rate keeps constant after the first NW ML, we propose a 

fitting function for both small and large graphene dots:  

 

where  is the maximum NW length at  .  

With a Ga diffusion length value of 45 nm, this simple model fits well the curve of the 

measured average length of the NWs as a function of the dot radius in Figure 6-18. 

To summarize this statistic study section, we propose a length distribution model fitting well 

the measured broad and asymmetric length distributions of GaN NWs on graphene dots with 

different radii from 50 nm to 200 nm. From this model, the characteristic duration of the 

nucleation step is ~ 1000 times longer than the time of subsequent ML formation and is 

increased by decreasing the dot radius. For a graphene dot with a radius equal or smaller than 

the Ga diffusion length on graphene, we propose that the origin of the increased time of NW 

incubation arises from the reduced collection length of Ga on each nucleation site.  

6.5. Conclusion and perspective 

In conclusion, this chapter reports the SAG of GaN NWs on micro- and nano- patterned 

monolayer graphene by PA-MBE. I prepared the substrates by transferring the CVD-grown 

graphene on an amorphous SiO2 substrate and then patterning the graphene into micro- and 

nano- domains using e-beam lithography and plasma etching.  I optimized the fabrication 

process of the graphene substrate to increase the lithography accuracy, to overcome the 

 

 

Figure 6-21 Simplified sketch depicting the dot-radius limited and diffusion-length limited Ga adatom collection 

around one single GaN NW nucleation site. 



Chapter 6 - Selective-area-growth of GaN nanowires on monolayer graphene by molecular 

beam epitaxy 

 

145 

Nan GUAN 

detachment of the graphene during the development, and to reduce the contamination.  The 

highly selective growth of the GaN NWs was achieved by adjusting the MBE growth 

temperature to ~815 °C, namely selective nucleation on the graphene and not on the SiO2 

surface. The NWs grown on graphene are vertical and in-plane oriented. When the size of the 

graphene dots is reduced, only a few nanowires can nucleate on it. For graphene dots as small 

as 50 - 60 nm in radius, a regime with only one nanowire per dot is reached. PL spectra of GaN 

nanowires grown on graphene are dominated by D0XA emission with a 1.14 meV linewidth, 

which is similar to the best reported broadening for GaN nanowires on conventional substrates. 

D0XB and the free XA exciton lines are also observed. The inversion domain boundary line at 

3.45 eV is absent. Statistical studies are carried out in terms of the surface occupation, NW 

numbers per graphene dot, and the length distribution. We have developed a model to 

investigate the dot-size-dependent phenomenon. This model fits well the measured statistical 

results of the NW length distributions. We propose that the increase in NW incubation time is 

due to a reduced collection length of Ga per nucleation site when the graphene dot dimensions 

are comparable or lower than the Ga diffusion length on graphene.  

 

Figure 6-22 Top-view SEM images of the SAG GaN NWs grown on graphene dots before and after peeling-off. 

 

As perspectives, the future work of our research team will be oriented toward the 

development of the SAG growth of GaN NWs containing heterostructures, and finally toward 

fabrication of flexible devices such as LEDs, photodetectors, and piezo-generators by using 
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these NWs. We have already demonstrated the peeling-off of the SAG GaN NWs grown on 

graphene dots, showing their weak bonding to the native substrate. Figure 6-22 reveals the 

SEM images before and after the peeling-off.  
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7. General conclusion 

My Ph.D. work concerns the growth, the device fabrication, the optical and electrical 

characterizations and the optical simulation of III-nitride NWs devices, with special emphasis 

on LED applications.  

In collaboration with the CEA-Grenoble, we have demonstrated the growth of m-plane 

InGaN/GaN quantum wells with different In concentrations in self-assembled core-shell NWs 

by MOCVD. By decreasing the growth temperature, we have succeeded to increase the In 

incorporation in the InGaN/GaN quantum wells. A high In-content >20 % was achieved. 

Yellow-green emissions from the m-plane InGaN/GaN quantum wells were demonstrated by 

room temperature CL, temperature-dependent and power-dependent PLs under excitation at 

375 nm (which excludes the excitation of GaN) and EL measurements. I have also 

demonstrated the EL from a rigid LED based on SAG InGaN/GaN NWs grown on a sapphire 

substrate by MOCVD. 

By using these MOCVD LEDs, I have explored two integration strategies to fabricate the 

nanowire-based devices: the in-plane integration of single horizontal NW LED devices and the 

vertical integration of flexible LEDs based on vertical NW arrays.  

For the in-plane integration, I proposed an integrated platform consisting of a NW LED, a 

waveguide, and a NW photodetector with an optimized geometry. I have carried out FDTD 

simulations to maximize the optical coupling yield, which was improved from 8.7 % for the 

initial structure to 65.5 %. In order to prove the feasibility of single NW devices, I have 

fabricated single NW LEDs based on randomly dispersed NWs by e-beam lithography. In 

addition, I have performed optoelectronic characterizations such as the I-V characteristic 

measurements and the EL spectroscopy at different injected currents. The random dispersion 

of NWs limits the large-scale fabrication and is not suitable for industrial manufacturing. An 

alignment of the NWs is required to enable wafer-scale fabrication and multi-functional in-

plane integration of NW-based optoelectronic devices. I have developed a home-made NW-

alignment system combining the dielectrophoresis and microfluidics. The alignment yield of 

the NWs between two comb electrodes was controlled by the frequency of the electric potential 

applied between the electrode pairs. 

For the vertical integration, I have fabricated and then characterized flexible LEDs based on 

vertical NW arrays embedded in a PDMS layer, including monochromatic LEDs, bi-color 
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LEDs, and white LEDs. I put many efforts in the optimization of the fabrication processing, 

such as the peeling-off of the PDMS with the embedded NWs from their native substrates and 

the dispersion of the Ag NW networks to form the top contacts. Furthermore, I optimized the 

color performance of the flexible white LED by testing different phosphors, modifying the 

phosphor to PDMS weight ratio, as well as stacking different phosphor doped PDMS layers. 

The optimized LED emits a white light with a CCT of 4160 K and a CRI of 76. I also 

investigated the temperature-dependent EL of the quasi-monochromatic flexible LEDs and 

analyzed the Joule heating by thermal imaging of the devices mounted on plastic or metal 

substrates. Despite the low thermal conductivity of the PDMS matrix, the GaN NW thermal 

conductivity allows for a reasonable heat evacuation from the active region to the substrate (the 

thermal resistance was found to be in the  to  range). 

In the last part of my thesis, I have collaborated on the demonstration of the selective area 

growth of GaN NWs on micro- and nano- scale graphene by MBE. Benefiting from the weak 

bonding between the NW feet and the substrate attached only by van der Waals forces, the 

NWs are easy to be peeled off from the native substrate, which is a crucial point to facilitate 

the fabrication of the flexible NW devices. My main contributions in this work were the 

fabrication of the substrates for the growth with a patterned graphene monolayer on SiO2 by e-

beam lithography and the statistical investigation of the SEM images of the NWs. Many 

developments in the substrate preparation were carried out to optimize the substrate quality, 

such as the reduction of the contaminations, minimization of the size of the graphene dots, and 

the improvement of the graphene adhesion to the substrate. The growth temperature was 

adjusted to achieve a high growth selectivity. Namely, selective nucleation on the graphene 

and not on the SiO2 surface was achieved for a growth temperature of ~ 815°C. 

Photoluminescence spectra of GaN nanowires grown on graphene are dominated by D0XA 

emission with a 1.14 meV linewidth. We developed a model fitting well the measured broad 

and asymmetric length distributions of GaN NWs on graphene dots with different radii from 

50 nm to 200 nm, which explained the origin of the increased time of NW incubation on small 

graphene dots.  

As a perspective of my work, one can fabricate an integrated platform with complex 

functionalities, e.g. bio-sensing, based on the in-plane aligned NWs. For the vertical integration 

strategy, our research team has been investigating the flexible white LEDs by mounting 3 layers 

of NW LEDs of red, green and blue. We have already demonstrated the double-layer bi-color 
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green and blue flexible LEDs by using the nitride NWs. However, owing to the difficulty of 

high In incorporation in the InGaN quantum wells, the third red layer may be fabricated by 

NWs of an alternative material, such as GaAsP. Another promising objective is to fabricate 

high-resolution flexible displays by using the nitride NW LEDs, for which I have already 

developed the fabrication of the active and passive matrices of pixels with initial success. For 

the selective area growth of GaN NWs on graphene, in order to benefit from the ease of the 

NW peeling-off, we expect to carry out heterostructures, such as p-n junction and quantum 

wells, in the GaN NWs, and then lift-off the NWs from their native substrate to fabricate 

flexible LEDs. 
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Annexes 

Résumé en français 

Les nanofils semi-conducteurs sont aujourd'hui intensivement étudiés en tant que blocs de 

base prometteurs pour futurs systèmes photoniques intégrés. Les nanofils sont des nano-objets 

cylindriques ayant un diamètre allant de quelques nanomètres à quelques centaines de 

nanomètres et une longueur allant de centaines de nanomètres à plusieurs centaines de microns. 

Ces nanostructures présentent des propriétés optiques et électriques uniques grâce à leur 

géométrie anisotrope, au ratio surface-volume élevé et à leurs propriétés de confinement des 

porteurs. Grace à un effort constant au cours des 20 dernières années, la technique de croissance 

épitaxiale a atteint un niveau élevé de contrôle de la composition, du dopage, et de la 

morphologie des nanofils. Elle permet de fabriquer de hétérostructures axiales ou radiales de 

nanofils pour l'ingénierie du confinement des porteurs. En particulier, les nanofils cœur-

coquille à InGaN / GaN présentent des propriétés optoélectroniques remarquables dans le 

spectre visible et ultraviolet (UV) proche et permettent la fabrication de diodes 

électroluminescentes (LED) efficaces et de photodétecteurs ultra-sensibles dans cette gamme 

spectrale.  

Les circuits photoniques à base de nanofils peuvent générer, manipuler et détecter la lumière 

visible / UV. L'ambition est de mettre en œuvre des composants photoniques dans les circuits 

intégrés hybrides incluant des éléments non-photoniques (tels que des circuits électroniques, 

des systèmes micro-électromécaniques, des bio-capteurs, etc.) afin de fabriquer des plates-

formes compactes avec des fonctionnalités innovantes. Dans cette perspective, les composants 

optiques en base de nanofils de nitrure représentent une solution idéale pour mettre en œuvre 

ce type de plates-formes intégrées dans la gamme visible/UV proche.  

Une application envisagée du circuit photonique à base de nanofils est d'utiliser un couple 

émetteur / détecteur pour les interconnexions optiques entre des sous-systèmes électriques sur-

puce. Le couple peut agir par exemple comme un interrupteur ou un relais optique. Ces 

interconnexions présentent l'avantage de fournir une isolation galvanique car la commande est 

optique et elle est par nature insensible aux interférences électriques parasites. Afin d'être 
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utilisé dans ce type d'applications, les sources de lumière et des détecteurs doivent être 

intégrables avec des matériaux non-photoniques. 

Une autre application potentielle concerne la détection optique d'analyses biologiques. En 

effet, la lumière visible/UV est utilisée dans un certain nombre d'applications chimiques et 

biologiques. Habituellement, pour un capteur intégré « lab-on-chip », l'excitation est fournie 

par un laser externe ou une diode luminescente, qui est focalisée par un système optique externe 

sur la position désirée ou utilisée pour pomper une source lumineuse sur-puce couplée à un 

système de guide d'onde. Il est de même pour la détection de la lumière qui est communément 

à l’extérieur de la puce du capteur. Afin de rendre les biocapteurs optiques miniatures et 

portables, il est souhaitable d'intégrer les fonctions d'émission et de détection sur la puce. Dans 

ce contexte, les dispositifs miniatures à base de nanofils offrent une nouvelle solution pour 

construire une plate-forme photonique en utilisant l’architecture 2D (horizontale) ou 3D 

(empilement vertical des couches fonctionnelles).  

En outre, de nombreuses applications pour la santé exigent des biocapteurs flexibles qui 

peuvent être conformés à presque toutes les formes. Pour les sources et les détecteurs 

inorganiques, ceci est seulement possible si la taille des composants optiques est plus petite 

que le rayon de courbure typique de la sonde. C’est le cas pour les dispositifs à nanofils, tels 

que des LEDs et des photodétecteurs.  

Malgré les nombreux avantages de nanofils, ces nano-objets ne sont pas encore largement 

adoptés dans les appareils commerciaux. Un des défis principaux qui doivent être relevés afin 

de les mettre en application est la nécessité d'une technologie d’intégration efficace et 

évolutive. Le processus d'intégration doit être parallèle, applicable à différents substrats 

(rigides et flexibles) et devrait conserver les propriétés des nanofils sans induire aucun 

dommage. En particulier, pour les substrats flexibles en plastique, le budget thermique est une 

question importante. Il est indispensable de développer un procédé «froid» avec toutes les 

étapes réalisées en dessous de 400 °C. Par exemple, l'épitaxie directe (en particulier, la 

croissance de la zone sélective) de nanofils de nitrure sur des substrats en plastique est 

impensable en raison de la température de croissance élevée. Une technologie d'intégration 

alternative doit être développée, tels que le lift-off des nanofils ou l'alignement 

diélectrophorétique. 
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Ma thèse vise le développement d'une nouvelle technologie basée sur des éléments actifs à 

nanofils assemblés dans une plate-forme photonique intégrée fonctionnelle. La technologie 

proposée repose sur les LEDs et les photodétecteurs à nanofil cœur-coquille de InGaN / GaN 

fonctionnant dans la gamme spectrale du vert à l’UV proche qui est importante pour les 

applications biologiques. L'objectif principal est de créer de manière parallèle et évolutive une 

interface entre les nano-composants photoniques et les contacts macroscopiques sur un substrat 

flexible en plastique. Je relève ce défi par deux stratégies d'intégration différentes: l'intégration 

verticale (3D) et l’intégration planaire (2D). 

L'intégration verticale (architecture 3D): nous réalisons un assemblage vertical de couches 

de nanofils avec des fonctions différentes. Cette géométrie encapsule l’ensemble des nanofils 

debout dans une matrice de polymère, qui sont retirées de leur substrat et verticalement 

assemblés avec d'autres couches fonctionnelles. La procédure de fabrication est à base de lift-

off et de l’assemblage des nanofils, qui permet une grande liberté de conception et de 

modularité, car il permet une combinaison de matériaux avec différentes propriétés physiques 

et fonctionnelles (par exemple des couches de LEDs avec différentes longueurs d'onde 

d'émission (Figure  C1), des couches de nanofils actifs avec une couche de canal 

microfluidique, etc.).  
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Intégration planaire (architecture 2D): l'intégration planaire est basée sur des nanofils de 

différente nature (par exemple une LED et un photodétecteur) dispersés horizontalement sur 

un substrat (Figure C2). Un grand nombre de dispositifs à base de nanofils uniques sera ensuite 

fabriqué en utilisant un traitement parallèle et couplé par des guides d'ondes. Pour l'application 

potentielle de ces plates-formes de bio-détection, les guides d'ondes peuvent être en outre 

fonctionnalisés pour se lier sélectivement à l’analyse biologique avec une réponse optique 

spécifique dans la gamme spectrale visible ou peuvent être utilisés pour exciter l’analyse dans 

le petit volume d'un canal microfluidique.  

 

Figure C1 Schéma d’une LED flexible à trois couleurs (bleu, vert et rouge) à base de nanofils intégrés 

verticalement. 

V1 
blue LED 

green LED 

V3 red LED 

V2 
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Figure C2  Schéma d’une plateforme photonique intégrée à base de nanofils dispersés horizontalement. Cette 

plateforme est composée par une LED à nanofil, un guide d’onde et un photodétecteur à nanofil. 

 

Ma thèse concerne la fabrication des dispositifs (les LEDs flexibles et les LEDs à nanofils 

uniques), les caractérisations structurales, électroniques et optiques et les croissances à base 

des nanofils nitrures, orientés vers l’application aux LEDs. Il y a six chapitres dans ma thèse : 

Le chapitre 1 est une introduction principale du contexte de ma thèse. Je présente tout 

d’abord un historique bref des LEDs nitrures et des nanofils et les motivations de mon travail 

de thèse. A la fin de ce chapitre, je présente l’organisation du manuscrit et les collaborations 

pendant ma thèse. 

Dans le chapitre 2, j’introduis les bases physiques des semiconducteurs nitrures et des LEDs 

à nanofils nitrures. La première section présente les propriétés de ces matériaux afin d’offrir 

des connaissances basiques pour la compréhension de cette thèse. La seconde section présente 

les LEDs nitrures en couche mince et discute des soucis de cette structure conventionnelle 2D. 

La structure des nanofils en 3D est ensuite introduite et je présente un état de l’art des LEDs 

nitrures à nanofils. 

Le chapitre 3 concerne la croissance des nanofils nitrures cœur-coquille auto-assemblés par 

l’épitaxie en phase vapeur aux organométalliques. Ces nanofils ont été utilisés pour fabriquer 

les dispositifs pendant ma thèse. En modifiant la température de croissance, différentes 

concentrations d’In sont obtenues dans les puits quantiques InGaN sur les facettes plan m, qui 
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correspondent aux différentes couleurs émises par les LEDs à nanofils. Je présente également 

les propriétés structurales et optiques de ces LEDs à nanofils. 

Dans le chapitre 4, je présente des dispositifs à base des LEDs à nanofils uniques, utilisant 

la stratégie d’intégration horizontale. Premièrement, je démontre l’électroluminescence d’une 

LED à nanofil unique fabriquée par lithographie électronique. Puis, je présente une plateforme 

intégrée photonique composée par une LED à nanofil, un guide d’onde et un photodétecteur à 

nanofil avec une efficacité de couplage optique optimisée. La dernière section introduit une 

technique pour aligner les nanofils, qui vise à la fabrication à grand échelle de ces dispositifs. 

Un système combinant les forces diélectrophorèse et microfluidique est fabriqué dans le 

laboratoire pour l’alignement des nanofils. 

Le chapitre 5 concerne les LEDs flexibles à base d’assemblées de nanofils, qui ont une 

architecture verticale. Ce chapitre inclut la fabrication et les caractérisations optiques et 

électroniques des LEDs flexibles à nanofils monochromatiques, bi-couleurs et blanches. 

J’étudie les propriétés thermiques des LEDs flexible, et notamment l’effet thermique de la 

température sur l’électroluminescence ainsi que les performances en température. La dernière 

section présente les techniques de fabrication de matrices de pixels actives et passives flexibles 

à base de nanofils cœur-coquille verticales. 

Dans le chapitre 6, je présente la croissance organisée des nanofils GaN sur du graphène à 

micro ou nano échelle par l’épitaxie par jets moléculaires. En bénéficiant des liaisons faibles 

entre le pied des nanofils et le substrat de cette épitaxie de type van der Waals, les nanofils sont 

faciles à décoller du substrat natif. Ceci est un point crucial pour faciliter la fabrication des 

dispositifs flexibles à nanofils. Je discute la préparation des substrats, la croissance des nanofils 

GaN et les propriétés statistiques et optiques des nanofils. 
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Short abstract 

Nitride nanowires exhibit outstanding optoelectronic and mechanical properties and are 

considered as promising materials for light-emitting diodes (LEDs), thanks to their high 

crystalline quality, non-polar facets, good mechanical flexibility, high aspect ratio, etc. 

This Ph.D. thesis addresses the growth, the device fabrication, the optical and electrical 

characterizations and the optical simulations of III-nitride NW devices, with a special emphasis 

on the LED applications.  

First, this thesis presents the growth of m-plane InGaN/GaN quantum wells with different 

In concentrations in self-assembled core-shell nanowires by metal-organic chemical vapor 

deposition. Then, by using these nanowires, LED devices based on two different integration 

strategies (namely, in-plane and vertical integration) are demonstrated.  

The in-plane integration is based on the horizontally dispersed single nanowires. I have 

proposed a basic integrated photonic platform consisting of a nanowire LED, an optimized 

waveguide and a nanowire photodetector. I have also developed a nanowire alignment system 

using dielectrophoresis.   

The vertical integration targets the fabrication of flexible LEDs based on vertical nanowire 

arrays embedded in polymer membranes. Flexible monochromatic, bi-color, white LEDs have 

been demonstrated. Their thermal properties have been analyzed.  

The nanowires grown on 2D materials by van der Waals epitaxy are easy to be lifted-off 

from their native substrate, which should facilitate the fabrication of flexible nanowire devices. 

With this motivation, in the last part of this thesis, I have investigated the selective area growth 

of GaN NWs on micro- and nano- scale graphene by molecular beam epitaxy. 
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Résumé court 

Les nanofils nitrures présentent des propriétés optoélectroniques extraordinaires et sont 

considérés comme des matériaux prometteurs pour des diodes électroluminescentes (LEDs), 

grâce à leur haute qualité cristalline, leurs surfaces non-polaires, leur bonne flexibilité 

mécanique, leur rapport d’aspect élevé, etc. 

Cette thèse adresse la croissance, la fabrication, les caractérisations optiques et électriques 

et la simulation optique des dispositifs à base de nanofils nitrures, avec un accent particulier 

sur les LEDs à nanofils. 

Premièrement, cette thèse présente la croissance par épitaxie en phase vapeur aux 

organométalliques de nanofils nitrures cœur-coquille auto-assemblés contenant des puits 

quantiques InGaN/GaN sur les facettes plan m avec différentes concentrations d’In. Puis est 

décrite la fabrication de LEDs utilisant ces nanofils suivant deux différentes stratégies 

d’intégration (intégrations planaires et verticales).   

L’intégration planaire est basée sur des nanofils uniques dispersés horizontalement. J’ai 

proposé une plateforme photonique intégrée composée d’une LED à nanofil, d’un guide d’onde 

optimisé et d’un photodétecteur à nanofil. J’ai également développé un système d’alignement 

des nanofils. 

L’intégration verticale a pour objectif la réalisation de LEDs flexibles reposant sur une 

assemblée de nanofils verticaux encapsulées dans des polymères. Je montre que ceci permet la 

fabrication de LEDs flexibles monochromatiques, bi-couleurs ou blanches.  

Les nanofils épitaxiés sur des matériaux 2D par épitaxie de van de Waals sont faciles à 

décoller de leur substrat natif. Avec cette motivation, dans la dernière partie de cette thèse, j’ai 

étudié la croissance organisée des nanofils GaN sur du graphène micro et nano-structuré 

utilisant l’épitaxie par jets moléculaires. 

 


