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Figure 32 - (a) Photographs of 4 x 3 cm? LED membrane and the corresponding sapphire
substrate after the membrane release using the SLOT process (the bright stripe on the
membrane corresponds to the reflection of the ceiling neon lamp in the cleanroom). (b)
Photographs of a 1-cm2 membrane, highlighting its bending possibility. (c) Photographs
of a 1-cm? released membrane on which an array of 0.5 x 0.5 mm? VTF-LEDs is

L1014 (=1 (=To USRS PPRUTORURN 54

Figure 33 - (a) Electroluminescence image of 4 VTF-LEDs connected in parallel and
operated at 8V. (b) Photographs of a homogeneous VTF-LED operated at 300 mA. (c)
Current-voltage and optical power versus current characteristics of the VTF-LED in (b).
(d) Electro-luminescence spectra of the VTF-LED for different levels of injected current.
(e) Current-voltage of a large size (4 mm x 4 mm) VTF-LED. Inset is a photograph of
this LED operated at 500 MAL ......coviiiiiiie e e et esteenee s 56

Figure 34 - Current-voltage and optical power versus current characteristics of a typical
lateral LED processed on a same LED structure as VTF-LEDS..........cccoceveiiieiiiiiesnenne. 56

Figure 35 - Normalized electro-luminescence spectra of the lateral LEDs for different
levels of operating voltage (a) before lift-off and (b) after lift-off. (c) Photographs of an
LED on tape showing the observed red shift of 29 NM...........cc.cccoiiiiiii i 58

Figure 36 - (a) Simulated current-voltage characteristics of VTF-LEDs with and without
the n-AlGaN layer. (b) Simulated effect of the Schottky n-contact on the current-voltage
characteristic of VTF-LEDs. (c) Current distribution in a VTF-LED without mesa
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Figure 37 - Simulation of the effect of n-AlGaN thickness on (a) the LEE of the VTF-
LEDs and (b) on their far-field angular pattern for an AlGaN thickness range from 260 to
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Figure 38 - Schematic of TFFC LEDs that could be realized through the SLOT process.
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Figure 39 - Schematic showing the forces and moments on an infinitesimal element
inside the bulk of the SAMPIE. ... 64

Figure 40 - Schematic showing the shear and normal stresses at the edge of the sample 65
Figure 41 - (a) Variation of shear and normal stresses with temperature. The doted lines
show exfoliation shear and normal stresses of h-BN2. (b) Variation of curvature radius
and maximum deflection of the bilayers versus temperature. ...........ccccooevereneienennnnnns 66

Figure 42 - LED membranes after a SLOT process of 100°C without cracks (left) and
200°C (rght) WITh CrACKS. .......eiviitisiiiieiee e 67
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Figure 43 - Photographs of various applications of flexible thin-film solar cells. Adapted
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Figure 44 - Band gap energies of the InGaN alloy system covering the entire solar
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Figure 45 - Three dimensional growth of bulk InGaN[93]. (b) Critical thickness of
dislocation generation and three-dimensional growth versus indium composition X
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Figure 46 - (a) Cross sectional HAADF-STEM images of single InGaN NPs. (b) EDX
line scans for indium in InGaN NPs along the vertical and horizontal axes of the NP [88],
1LY OO 74

Figure 47 - (a) SEM top view image of the InGaN NP array. (b) Top view of the modeled
structure. (c) SEM cross section image of the InGaN NP. (d) Cross-sectional view of the
single NP modeled StruCture[106]. ........ccovrireririiieierie e 76

Figure 48 - Coupled optical-electrical simulation flowchart[106]. ...........cccccvvevviviernnnn. 77

Figure 49 - Photo-current density /ph(mA/cm?) as function of the spacing between NP
(S) and width of NP (W) mapped for different hole diameter in the SiO> mask (D = 80
nm, D =130 nm and D =170 NM)[106]. ......ccoveiieiieieiie e 80

Figure 50 - Photo-current density /ph (mA/cm?) as function of the p-GaN top layer
thickness and width of the NP for a hole diameter in the SiO> mask D = 170 nm and for
spacing between the NP equal to Zero[L106]..........ccovveiiiiiieiieiece e 81

Figure 51 - Jph(D, W) (mA/cm?) maps of the (a) InGaN NP absorber-based solar cell
and (b) planar InGaN absorber-based solar cell whose absorber thickness is an effective
thickness corresponding to the volume of the InGaN NP, for an optimized p-GaN top
layer thickness and a spacing between the NP S = 0 nm. The lines in (b) indicate the
corresponding effective planar InGaN layer thickness[106]. ..........cccoveveeieiiieveeviecnenn, 82

Figure 52 - Cross section (x,y) and (x,z) maps of the normalized optical electric field
intensity obtained at = 525 nm for (a) @1 and (b) @2 InGaN NP absorber-based and (c)
@3 planar InGaN absorber-based solar cells. See Figure 51 for the @1, @2, @3 marks.
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Figure 53 - Tuning solar cell (a) absorption and (b) reflection spectra using a multi-
layered SiO2/SizNg4 anti-reflection coating at its top and a metallic mirror (Ag) or a DM
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Figure 54 - Polarization difference at the hetero-interface as a function of the inclination
angle of the c-axis (z) with respect to the normal at the interface (z') for planar and NP

Xiii


file://///Users/soufianekarrakchou/Desktop/Chap2-3-4-5-Annexe-finished.docx%23_Toc72884017
file://///Users/soufianekarrakchou/Desktop/Chap2-3-4-5-Annexe-finished.docx%23_Toc72884017
file://///Users/soufianekarrakchou/Desktop/Chap2-3-4-5-Annexe-finished.docx%23_Toc72884018
file://///Users/soufianekarrakchou/Desktop/Chap2-3-4-5-Annexe-finished.docx%23_Toc72884018
file://///Users/soufianekarrakchou/Desktop/Chap2-3-4-5-Annexe-finished.docx%23_Toc72884019
file://///Users/soufianekarrakchou/Desktop/Chap2-3-4-5-Annexe-finished.docx%23_Toc72884019
file://///Users/soufianekarrakchou/Desktop/Chap2-3-4-5-Annexe-finished.docx%23_Toc72884019
file://///Users/soufianekarrakchou/Desktop/Chap2-3-4-5-Annexe-finished.docx%23_Toc72884020
file://///Users/soufianekarrakchou/Desktop/Chap2-3-4-5-Annexe-finished.docx%23_Toc72884020
file://///Users/soufianekarrakchou/Desktop/Chap2-3-4-5-Annexe-finished.docx%23_Toc72884020
file://///Users/soufianekarrakchou/Desktop/Chap2-3-4-5-Annexe-finished.docx%23_Toc72884021
file://///Users/soufianekarrakchou/Desktop/Chap2-3-4-5-Annexe-finished.docx%23_Toc72884021
file://///Users/soufianekarrakchou/Desktop/Chap2-3-4-5-Annexe-finished.docx%23_Toc72884021
file://///Users/soufianekarrakchou/Desktop/Chap2-3-4-5-Annexe-finished.docx%23_Toc72884022
file://///Users/soufianekarrakchou/Desktop/Chap2-3-4-5-Annexe-finished.docx%23_Toc72884023
file://///Users/soufianekarrakchou/Desktop/Chap2-3-4-5-Annexe-finished.docx%23_Toc72884023
file://///Users/soufianekarrakchou/Desktop/Chap2-3-4-5-Annexe-finished.docx%23_Toc72884023
file://///Users/soufianekarrakchou/Desktop/Chap2-3-4-5-Annexe-finished.docx%23_Toc72884024
file://///Users/soufianekarrakchou/Desktop/Chap2-3-4-5-Annexe-finished.docx%23_Toc72884024
file://///Users/soufianekarrakchou/Desktop/Chap2-3-4-5-Annexe-finished.docx%23_Toc72884024
file://///Users/soufianekarrakchou/Desktop/Chap2-3-4-5-Annexe-finished.docx%23_Toc72884025
file://///Users/soufianekarrakchou/Desktop/Chap2-3-4-5-Annexe-finished.docx%23_Toc72884025
file://///Users/soufianekarrakchou/Desktop/Chap2-3-4-5-Annexe-finished.docx%23_Toc72884025
file://///Users/soufianekarrakchou/Desktop/Chap2-3-4-5-Annexe-finished.docx%23_Toc72884025
file://///Users/soufianekarrakchou/Desktop/Chap2-3-4-5-Annexe-finished.docx%23_Toc72884025
file://///Users/soufianekarrakchou/Desktop/Chap2-3-4-5-Annexe-finished.docx%23_Toc72884026
file://///Users/soufianekarrakchou/Desktop/Chap2-3-4-5-Annexe-finished.docx%23_Toc72884026
file://///Users/soufianekarrakchou/Desktop/Chap2-3-4-5-Annexe-finished.docx%23_Toc72884026
file://///Users/soufianekarrakchou/Desktop/Chap2-3-4-5-Annexe-finished.docx%23_Toc72884026
file://///Users/soufianekarrakchou/Desktop/Chap2-3-4-5-Annexe-finished.docx%23_Toc72884026
file://///Users/soufianekarrakchou/Desktop/Chap2-3-4-5-Annexe-finished.docx%23_Toc72884027
file://///Users/soufianekarrakchou/Desktop/Chap2-3-4-5-Annexe-finished.docx%23_Toc72884027
file://///Users/soufianekarrakchou/Desktop/Chap2-3-4-5-Annexe-finished.docx%23_Toc72884027
file://///Users/soufianekarrakchou/Desktop/Chap2-3-4-5-Annexe-finished.docx%23_Toc72884028
file://///Users/soufianekarrakchou/Desktop/Chap2-3-4-5-Annexe-finished.docx%23_Toc72884028

based InGaN solar cells. The colored regions correspond to growth planes for which
polarization charges lead to an increase of the internal electric field (45° <9 < 90° for
planar solar cells and 65° <9 < 90° for NP solar cells)[106]..........ccccccevveveiiienicrinseenn. 87

Figure 55 - (a) 2D photo-generation map calculated from the 3D photo-generation map
using the optimized geometric parameters and for AM1.5 illumination con- ditions. Cross
section of the 3D photo-generation map at a NP height of (b) 220 nm and (c) 160

Figure 56 - Dependence of the PCE with respect to either n-GaN and p-GaN doping
concentrations for both (a) InGaN NP absorber-based and (b) planar InGaN solar
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Figure 57 - (a) Energy band diagram and (b) charge distribution at the p-GaN/InGaN
hetero-junction for both InGaN NP absorber and planar InGaN based solar cells[106]. . 91
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Figure 59 - Dependence of the PCE with respect to the residual donor concentration of
the InGaN layer for both InGaN NP absorber-based and planar InGaN solar cells and for
different p-GaN doping concentration with n-GaN doping concentration of 1 x 1019cm”
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Figure 60 - Schematics of (a) the HSQ nanolithography-based approach and (b) the
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SUMMARY

Mechanical release and transfer of GaN-based heterostructures using 2D h-BN have
undergone considerable development with the invention of van der Waals epitaxy of Ill-
Nitride thin-films along with device fabrication and transfer onto various flexible and rigid
substrates. The technique consists of mechanical peeling-off of the epilayers from the
native substrate, which allows a dry and fast release and transfer of optoelectronic and
electronic I11-N devices to arbitrary substrates. However, during the epitaxial growth and
device fabrication of the epilayers, delaminations and cracks arise in the structures, which

limits the size of crack-free devices to only a few hundreds of squared microns.

The goal of this thesis is to develop efficient, large-scale and low-cost new processes
for heterogeneous integration of I11-Nitride optoelectronic devices onto arbitrary rigid and
flexible substrates. These developed processes were used to fabricate lateral and vertical

InGaN-based LEDs as well as nanopyramid-based InGaN solar cells grown on 2D h-BN.

The outcomes of this thesis represent progress towards efficient, robust and low-cost
2D-hBN-assisted lift-off technology for heterogeneous integration of optoelectronic and

electronic 111-N devices.

In Chapter 1, we introduce the motivations and the scope of this thesis. In Chapter
2, we present the state of the art of lift-off and transfer methods for heterogeneous
integration of optoelectronic and electronic layers and devices. In Chapter 3, we introduce
the basic principle of van der Waals epitaxy of 3D I1I-N epilayers on 2D h-BN and we
give an overview of the main results achieved by our group at IRL 2958 GT-CNRS Lab

(prior to the beginning of this thesis), for the growth of 2D layered h-BN as well as the

XVii



InGaN/GaN epilayers on top of h-BN/sapphire substrates by vdWs epitaxy. These results
are essential to the development of the advanced fabrication processes achieved during this
thesis. In Chapter 4, we present the main results achieved on the fabrication and transfer of
LEDs grown on h-BN through the selective area van der Waals epitaxy (SAVWE) and the
self-lift-off and transfer (SLOT) while in Chapter 5 we present the main results obtained
for the design and the fabrication of nanopyramid-based InGaN solar cells on 2D h-BN for

the next generation of high-efficiency flexible solar cells.

xviii



CHAPTER 1. INTRODUCTION

The demand for advanced electronic and optoelectronic devices has triggered the
development of epitaxial growth methods for single-crystalline semiconductors. However,
the lattice and thermal expansion coefficient mismatches between the epilayers and
substrate materials limit the possibility for monolithic integration of tailored electronic and
optoelectronic devices. Meanwhile, the heterogeneous integration of dissimilar
components has attracted considerable attention. It consists of assembling devices
fabricated separately, using different materials and processes, into a single die to achieve a

heterogeneous system[1].

One interesting way to achieve this heterogeneous integration is to lift-off the
epitaxially-grown layers and to transfer them to a receiving substrate. It also allows the
expensive native substrate to be reused for other epitaxial runs. Several lift-off methods
have been developed for this purpose, such as mechanical spalling[2], laser lift-off[3] and
chemical etching[4] of a sacrificial layer. However, these techniques have several
limitations, notably high cost, a time consuming process, surface contamination and
limitations in the size of the released layers and reusability of the substrate. Recently, a
promising transfer approach based on two-dimensional (2D) crystals, namely graphene[5]
and hexagonal boron nitride (h-BN)[6] has emerged as an effective technology for the
release and transfer of Ill-nitride epilayers. It consists of a mechanical peeling-off of the
epilayers from the substrate via handling materials, which allows a dry and fast

(instantaneous) release and transfer to arbitrary substrates.



2D layered h-BN can be grown by metal organic vapor phase epitaxy (MOCVD) in
the same run and same growth conditions as the GaN-based structures, which is a very
important characteristic. Accordingly, 2D layered h-BN-based assisted lift-off and transfer
techniques have been accelerated through recent progress in the epitaxial growth of layered
h-BN and the subsequent van der Waals (vdWSs) epitaxy of IlI-Nitride materials by
MOCVDI7], [8] and the subsequent fabrication of electronic and photonic devices such as
HEMTSs[9], LEDs[10] and solar cells[11]. All of these experiments showed the large
potential of the 2D layered h-BN-based mechanical transfer technique on rigid and flexible

substrates.

On the other hand, these reported experiments reveal two critical weaknesses of
wafer scale vdWs h-BN for device transfer purpose. The first one is related to the
delamination of the h-BN and 3D structures during the cooling process after the epitaxial
growth or during the device fabrication steps. The second issue is the cracks which appear
in the devices and are induced during the lift-off and transfer steps, leading to a low
fabrication yield which further decreases with the size of the transferred devices. This
effect is mostly caused by the mechanical damage resulting from the lift-off and transfer
that required delicate manipulation. As a result, transferred layers came with a high crack
density randomly distributed over the surface which limited the size of crack-free devices

to only a few hundreds of squared microns.

However, using this technology in high-throughput industrial scale requires the

development of large-scale, reproducible and highly-controlled release techniques.



The goal of this thesis is to develop efficient, large-scale and low-cost processes for
heterogeneous integration of Il1-Nitride optoelectronic devices, namely InGaN-based
LEDs and solar cells grown on 2D layered h-BN. In this context, we focus on the
improvement of (i) the material quality (ii) the optical and electrical performance and (iii)
the transfer yield of large-scale crack-free devices to flexible and rigid substrates, as
compared to the state of the art. In the case of solar cells, these processes can even pave
the way to an efficient fabrication of tandem cells by transferring the InGaN cells on top
of asilicon solar cell or InGaN multi-junctions by stacking solar cells with different indium

incorporations.

This document consists of 5 chapters. The ”Introduction Chapter” is followed by :

e Chapter 2, where we present the main lift-off and transfer methods for heterointegration
by giving a critical analysis of advantages and disadvantages of these main transfer
techniques and we discuss their applications on a broad range of materials and devices.

e Chapter 3, where we introduce the basic properties of 2D hexagonal boron nitride (h-
BN) and the van der Waals epitaxy of 3D IlI-N epilayers on top of it.

e Chapter 4, where we present the main results achieved on the fabrication and transfer
of LEDs grown on h-BN through newly developed processes : selective area van der
Waals epitaxy (SAVWE) and the self-lift-off and transfer (SLOT).

e Chapter 5, where we present the main results obtained on the design and the fabrication
of nanopyramid-based InGaN solar cells on 2D h-BN for the next generation of high-

efficiency flexible solar cells.



CHAPTER 2. LIFT-OFF AND TRANSFER TECHNIQUES FOR

HETEROGENEOUS INTEGRATION

Epitaxial growth has been a key technology in the development of high-quality
semiconductor layers on different inorganic substrates. These layers led to the fabrication
of efficient electronic and photonic devices such as transistors, LEDs, solar cells, etc.
The epitaxial growth can be homogeneous (growth on a substrate of the same material) or
heterogeneous (growth on a substrate of a different material). Homogeneous epitaxy allows
to achieve high-crystalline quality layers but usually requires expensive substrates, while
heterogeneous epitaxy is limited by the lattice and thermal expansion coefficient
mismatches between the epilayers and the growth substrate, which generates a high-density
of defects in the epilayers. This mismatch limits the potential for monolithic fabrication
and integration of high-quality devices on dissimilar substrates. Subsequently, advanced
epitaxial growth and transfer techniques have been developed to allow the heterogeneous
integration of highly mismatched materials through the release of layers and devices from

the native substrate and the transfer onto another receiving substrate.

Besides the possibility for integrating dissimilar materials on the same platform, removing
the growth substrate can allow (i) the expensive substrate to be reused to grow other
epilayers, which drastically reduces the production costs [12], [13] and (ii) the performance
of the transferred devices to be boosted. One example is GaN-based power LEDs for
automotive lighting that need a high thermal dissipation capability to sustain injection of
high currents, thus, these devices are often transferred to metallic substrates such as copper

[14], [15].



Several methods offer solutions for the fabrication of transferrable 111-N semiconductor
devices. These epitaxial layer separation approaches include chemical lift-off (CLO) - also
referred as epitaxial liftoff or ELO-, laser lift-off (LLO), mechanical spalling and 2D-layer

assisted lift-off (Figure 1).

In this chapter, we give a critical analysis of advantages and disadvantages of these main

transfer techniques and we discuss their application to a broad range of materials and

devices.
a Chemical b Optical
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Stressor NI —
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Figure 1 - Schematics of different lift-off and transfer techniques described in this
chapter. Adapted from [1].



2.1 Transfer by Chemical Lift-Off

Chemical lift-off (CLO) is based on the removal of a sacrificial layer inserted in between
the functional epilayers and the substrate [4], [16], [17]. The removal of the substrate is
achieved by a selective etching of the sacrificial layer while preserving the native substrate.
For this purpose, this method needs to allow the growth of a high-quality epilayers on top
of the sacrificial layer and show high etch selectivity of this layers. Thus, selecting the
releasing layer depends on the subsequent epilayers and the selectivity of the chemical
etchants.

The etching of the releasing layer can be relatively fast for small pieces but the scalability
of this technique can be time-consuming (several hours to even days), which limits the
possibility of high-throughput production. Accordingly, different variants have been

developed to accelerate this process.

2.1.1 Chemical Lift-Off by Lattice-Matched Sacrificial Layers

Since the epitaxial growth of high-quality epilayers is easier on lattice-matched layers, first
investigations of CLO were mainly based on this technique. For instance, AlAs is known
to be lattice-matched with GaAs substrates and can be etched by hydrofluoric acid (HF)
whereas GaAs-based layers are resistant to HF[18]. This combination led to the fabrication
of freestanding GaAs-based membranes for LEDs, solar cells and photodetectors[19], [20].
However, etching of AlAs by HF induces some material residues and increases the
roughness of both the epilayers and the substrate which deteriorates the epilayers quality

and limits the possibility of substrate reuse[21]. Accordingly, surface tension assisted CLO



by lattice-matching AlInP (etched by hydrochloric acid) was introduced to overcome this

issue and offers a smother detached surfaces of both the epilayers and the substrate[21].

2.1.2 Chemical Lift-Off by Heterogeneous Sacrificial Layers

Since I11-N materials are resistant to most of the chemical etchants, using a lattice-matched
I11-N sacrificial layer for CLO is challenging. For this purpose, the use of a heterogeneous
sacrificial layer was investigated. Although the growth of I11-N films on dissimilar layers
is also challenging and can led to the degradation of the material quality, several dissimilar
materials were used for the epitaxial growth and release of GaN-based thin-films, such as
Si02[22], Ga203[16], CrN[17] and ZnOJ[4]. For example, Ha et al.[17] have shown
successful release of GaN LEDs by depositing CrN by sputtering and growth of GaN-based

films on CrN/sapphire by low-pressure hydride organometallic vapor phase epitaxy

Y

Figure 2 - Photographs of a transferred GaAs layers to a (a) rigid and (b) flexible
substrate by HCI etching of AlInP sacrificial layer. Adapted from [31].



(HOVPE). After a selective etching of CrN sacrificial layer, high-quality vertical LEDs
with low threshold voltage and low series resistance have been achieved. However, this
process was demonstrated only on centimeter-sized area and the possibility of its scalability

is not proven.

2.1.3 Photoelectrochemical or Electrochemical Lift-Off

The above mentioned challenges of chemical etching of I11-N materials also led to the
development of photoelectrochemical (PEC) etching of I1I-N sacrificial layers. This
method is based on the light absorption in the sacrificial layers that generates electrons and
holes and thus the oxidation and dissolution of this releasing layer. For example, by
selectively etching InGaN layers, large-area lift-off of GaN membranes was
demonstrated[23]. However, one disadvantage of PEC is that it requires an external
illumination source, for this purpose, the electrochemical (EC) doping-selective etching
was developed[24]. This methods allows a fast etch of n-doped GaN while being inert to

p-doped and undoped GaN.

The variant chemical lift-off methods presented above allows achievement of good quality
of transferred layers and devices in some particular configurations. However, challenges
remain in the choice of the sacrificial layer and the selective etchant. Moreover, this method
offers (i) a slow etch rate (ii) surface contamination by etching residues (iii) expensive
safety precautions to avoid leaks and evaporation of the extremely hazardous etchants (e.g.,
hydrogen fluoride, etc.). For this purpose, other dry transfer techniques were developed

such as laser lift-off (LLO).



2.2 Transfer by Laser Lift-Off

LLO s based on high-power excimer laser irradiation that separates epitaxial layers from
transparent substrates such as sapphire. For example, for GaN LEDs on sapphire, the short
wavelengths of the laser are transparent to the sapphire and are absorbed in GaN, inducing
decomposition of the GaN/substrate interface to metallic Ga (which becomes liquid at
about 30°C) and N2 gas, thereby separating GaN from sapphire[25]. Damage-free release
of GaN-based films has been demonstrated using a 248 nm laser at around 500 mJ cm’
2[12]. During this process, the wafer is bonded to an intermediate or final substrates by
adhesive bonding (wax) or wafer bonding[26], [27]. Wang et al.[27] achieved a stable
transfer of GaN films grown on sapphire via a Ni/Au bonding layer onto a molybdenum
substrate. 2-inch and 4-inch GaN wafer transfer has been demonstrated, and results in
robust, versatile and fast process especially thought the recently enabled femtosecond
lasers[28], [29]. However, because of the thermal strain relaxation and shock waves
induced by laser excitation, damage to GaN films could be induced[26]. Moreover, the
plasma induced at the interface can result in a roughness ranging from 60 to 90 nm[30],
which requires a chemical and mechanical polishing of the substrate before reuse. The high

cost of LLO equipment is another disadvantage that limits its availability for regular users.

Epitaxial GaN films Bonding of Laser-Lift-Off Removal of Back Contact
on Sapphire Wafer Metal Wafer Processing Sapphire Wafer Formation
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2.3 Transfer by Mechanical Spalling

Mechanically controlled spalling is fracture-based transfer method of creating
semiconductor thin films. It is based on the deposition of a tensile stressor film on the
surface of the epilayers followed by a tape handler as shown in Figure 4[31]. A crack is
initiated and propagates horizontally in a controllable way through the entire functional
layer. It has been demonstrated on a wafer-scale at IBM on several materials such as
silicon[32], GaAs [33] and GaN[34], [35] to produce different flexible electronic and
optoelectronic components such as CMOS transistors,[2] LEDs[34] and solar cells[33],

[36].

When compared with CLO and LLO, mechanical spalling is much simpler since it does
not require the use of a sacrificial layer or an expensive equipment. However, spalling
crack propagation is difficult to control because it depends on many factors such as the
stress amplitude and the substrate material and orientation[37]. Thus, accurate control of
the thickness of the released layer is very complicated. Moreover, this process induces
residual stress and curvature of the released layers on the handler tape. Another
disadvantage is the high roughness of the released layers that can be as large as 500 nm as

reported by Bedell et al.[38] for GaN films.
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Stressor

Substrate

(@)

(b)

Figure 4 - (a) Schematics of the mechanical spalling process. (b) Optical image of the
released GaN film. (c) Optical images of Si on plastic. (d) Transferred solar cells. (e)
flexible CMOS circuits fabricated by spalling techniques. Adapted from [31].

2.4 Transfer by 2D-Layer Assisted Lift-Off

2D-layer assisted lift-off utilizes the weak van der Waals (vdWs) bonds of the single-
crystalline epilayers grown on 2D materials by advanced epitaxy methods, namely vdWs
epitaxy and remote epitaxy. The 2D materials layer has two functions. First, it acts as a
buffer layer for the subsequent epilayers despite the large lattice mismatch. Second, due to
the weak vdWs bonds, only a weak mechanical force on the epilayers is needed for the
release from the native substrate. This technology has been accelerated through recent
progress in the epitaxial growth of high quality 111-N materials on graphene [5] and h-
BN[6], [39]. Recent reports have been made on the transfer of some key opto-electronic

devices (HEMTs, LEDs and solar cells) to flexible and rigid substrates [9], [40], [41].

11



In contrast with conventional LLO and CLO methods, the release of functional layers using
2D materials is fast (within few seconds) and requires no expensive equipment and no
chemical etchants. Compared to the mechanical spalling, this techniques allows a reduced
stress needed for transfer as well as an accurate control of the layer thickness which is
defined by the epitaxial growth. Moreover, the released surfaces are atomically flat due to
the 2D buffer layer allowing no covalent bonds between the epilayers and the substrate[1].

Thus, no chemical and mechanical polishing is needed for the reuse of the substrate.

Here two different approaches are possible. The first is a liquid-phase exfoliation by ultra-
sonification, which is based on exposing the wafer, in an ultrasonic bath, to a liquid having
a surface tension comparable to the surface energy of the 2D material[42]. However, this
technique has a production yield lower than 10 % and is therefore unsuitable for industrial
applications due to (i) defects and cracks caused by the local high temperatures due to the
ultra-sonification process, (ii) difficulties of handling released layers in the liquid and (iii)

time consuming process that can take until hundreds of hours.

The second method in this category is the mechanical release of layered materials. It
consists on a mechanical peeling-off the epilayers from the substrate via a handling tape
which allows a dry and fast release. Using a 2D layered h-BN buffer, several authors
reported MOCVD growth of GaN-based structures associated with a simple release of
these layers. Moreover, Ayari et al.[9] demonstrated the fabrication and transfer of GaN-
based high mobility electron transistors (HEMT) gas sensors grown on layered h-BN, with
higher sensitivity to NO2 gas and a response time 6 times faster than before transfer.
Besides, Glavin et al.[40] achieved flexible high-frequency RF HEMTs with cut-off

frequencies greater than 42 Ghz and maximum oscillation frequencies greater than 74 GHz.
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Concerning optoelectronics applications, the 2D-h-BN assisted mechanical lift-off allowed
the fabrication and transfer of InGaN/GaN LEDs and solar cells with enhanced

performances to rigid and flexible substrates[6], [11].

All of these experiments showed the large potential of the layered h-BN-based mechanical
transfer technique on different host substrates in terms of (i) thermal dissipation that
improve the efficiency of HEMT transistors when using a SiC substrate[41], (ii) thermal
confinement that allows for higher sensitivity and shorter time-response HEMT-based gas
sensor when using copper tape as substrate[9] (iii) device flexibility when using plastic

substrate[10].

On the other hand, these reported experiments revealed two critical weaknesses of wafer-
scale h-BN for device transfer. The first one is related to the delamination of the h-BN and
3D structures after epi-growth. This could be explained by the fact that for large area
substrates the difference between the thermal expansion coefficients between the 3D
heterostructures and the BN/sapphire substrate doesn’t result in the creation of a wafer bow
as in the case of GaN grown on sapphire substrate[43] but on spontaneous and sporadic
delamination of the heterostructure from the substrate during the cooling process after the
epitaxial growth or during the device fabrication steps[11], [43], [44]. The second issue is
the cracks which appear in the devices and are induced during the lift-off and transfer
process, leading to a low fabrication yield which further decreases with the size of the
transferred devices[6], [41]. This effect is mostly caused by the mechanical damages
resulting from the lift-off and transfer process that required delicate manipulation. As a
result, transferred layers came with a high crack density randomly distributed over the

surface which limited the size of crack-free devices to only a few hundreds of squared
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microns. Figure 5a shows a schematic of the spontaneous delamination mechanism of 2D
layered h-BN layer from sapphire substrate during immersion in water and Figure 5b shows
an example of cracks generated in GaN-based LEDs during transfer via water-soluble tape.
Thus, using this technology in high-throughput industrial scale requires the development

of large-scale, reproducible and highly-controlled release techniques.

(a) \Hz_o_/\_/\_/\/
B
= Zan—/
Sapphire
(b)

Figure 5 - (a) Schematic illustrating the spontaneous delamination of 2D
layered h-BN layer from sapphire substrate during immersion in water.
Adapted from [43]. (b) Example of cracks generated in GaN-based LEDs
during transfer via water-soluble tape.
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Figure 6 - (a-d) Schematics illustrations of an LED structure grown on h-
BN/sapphire and transferred onto a foreign substrate. (e) Photograph of a released
membrane and (f) prototype of a fabricated LED. Adapted from [6].
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Figure 7 - (a-f) Schematic of the growth and graphene-assisted mechanical lift-off of
single-crystalline thin films using nickel stressor and handling tape. Adapted from
[5]. (g,h) Photographs of released GaN films from graphene buffer layer enabling
substrate reuse by repeated growth and release Adapted from [13].
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Figure 6 shows schematics and photographs of the first LED structures grown on h-
BN/sapphire and transferred onto a foreign substrate [6] whereas Figure 7 shows the

transfer process for GaN-based epilayers grown directly on graphene [5], [13].

In the next chapter, we discuss the material properties of h-BN. Then, we give an overview
of the main results achieved by our group at IRL 2958 GT-CNRS laboratory (prior to the
beginning of this thesis), for the growth of 2D layered h-BN as well as the InGaN/GaN
epilayers on top of h-BN/sapphire substrates by vdWs epitaxy. These results are essential
to the further development of advanced fabrication processes that are extensively presented

in Chapter 4 and Chapter 5.

16



CHAPTER 3. VAN DER WAALS EPITAXY ON 2D H-BN

3.1 2D Hexagonal Boron Nitride : Material and Growth
3.1.1 Properties of 2D h-BN

Two-dimensional (2D) materials constitute a new class of nanomaterials exhibiting
exceptional physical and functional properties including high electron mobility, high
mechanical strength, high surface-to-volume ratio and mono-layered structure that makes
this type of materials a key to the development of next-generation of high-performance 2D
heterostructure devices, flexible electronics/optoelectronics as well as the heterogeneous
integration of dissimilar components onto a common electronic and photonic integrated
circuit. Two-dimensional hexagonal boron nitride (2D h-BN) is one of these materials and
has an atomic structure quite similar to graphene, with a honeycomb configuration where

nitrogen (N) and boron (B) are covalently sp>-bonded with a lattice constant of 2.504 A

B

. 0.1446nm
f«

0.333nm

Covalentbond
-------- Van der Waals bond

@ Boron

© Nitrogen

Figure 8 - Schematic diagram of the atomic structure of 2D layered h-BN.
Adapted from [45].
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and stacked through weak vdWs forces with an interlayer distance of 3.33 A. It has an
atomically flat surface with no dangling bonds and a roughness of around 0.1 nm. Owing
to its strong covalent bonds, 2D h-BN has a very high mechanical strength (breaking
strength of 15.7 Nm™) and thermal conductivity (~ 1700 — 2000 W mK™). It is also
mechanically inert and thermally stable. Moreover, h-BN is a wide bandgap semiconductor

(~ 6.5 eV) which makes it inherently electrically insulating[45].

3.1.2 Growth of 2D Layered h-BN on Sapphire by MOCVD

Two-dimensional hexagonal boron nitride has been obtained through different methods.
First, mechanical exfoliation of bulk crystals was introduced, where a scotch tape has been
used to create boron nitride nanosheets that can be transferred onto other materials or
devices[46], [47]. However, with this method the scalability is significantly limited. Other
methods were introduced, ranging from chemical vapor deposition on metal foils[48] or by
molecular beam epitaxy (MBE)[49] and flakes synthesized by polymer derived ceramics
(PDC) have also been used[50]. Nevertheless, the surface areas obtained were limited to
few microns. Subsequently, several reports of large-area h-BN layers with high crystalline
quality by metalorganic chemical vapor deposition (MOCVD) on sapphire, SiC, and AIN,

have been reported[7], [51], [52].

Recently, our group at IRL 2958 Georgia Tech — CNRS reported 2-inch wafer growth of
2D h-BN on sapphire by MOCVD with continuous and uniform morphology over the
surface[53]. The growth was performed in an Aixtron MOCVD close coupled showerhead
(CCS) 3 x 2" reactor using triethylboron (TEB) and ammonia (NH3) as B and N precursors,

respectively. The layers were grown at 1280 °C in hydrogen ambient at 85 mbar, with
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NHs/TEB ratio of 1000. BN layers were grown directly on the 2-in. sapphire substrates
with pre-flow of TEB but without any buffers. The BN growth was achieved using
hydrogen as carrier gas. The total flow rate was 20 SLPM (standard litre per minute) and

the total thickness of the layers varies according to the growth time from 3 to 60 nm for

different samples based on the cross-section STEM characterizations.
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Figure 9 - SEM images of the sapphire substrate and 2D BN layers with different
thicknesses. Adapted from[53].

The morphology change of the h-BN layers according to their thickness is shown in Figure
9. The crystal structure of 30 nm-thick h-BN was examined by high resolution X-ray
diffraction (HR-XRD) scans, as shown in Figure 10. A clear symmetric diffraction peak is
located at 26.0° that relates to hexagonal boron nitride (0002) crystal planes. The (0004)
plane diffraction peak is also observed at 53.7°. The crystal lattice “c” is calculated to be
6.85 A, which is in a good agreement with reported values[54]. The left inset of Figure 10

is the HR-XRD w-scan in the triple-axis mode, which measures the mosaic spread. The
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full-width at half-maximum (FWHM) is around 684 arcsec showing a highly oriented
crystal structure along the c-axis. Raman measurement is shown in the right inset of the
Figure 10. The spectrum of the thin BN film fitted with Cauchy—Lorentz distribution shows
a peak at 1370 cm™* that is attributed to the h-BN first-order Raman Ezq vibrational mode.
The FWHM of the peak is 45 cm™t which is comparable with what has been observed for

single-crystal BN flakes fabricated by MBE and by CVD.
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Figure 10 - High-resolution triple axis 20— scan of the 30 nm thick h-BN layer grown

on sapphire; left inset shows the triple axis m-scan along with Lorentz fit (red line) of
the BN (0002) reflection. Right inset shows Raman spectrum. Adapted from[53].

This successful epitaxial growth of atomically flat 2D layered h-BN on sapphire paves the
way to the development of flexible electronic and optoelectronic 111-N components and
their heterogeneous integration onto other platforms. These high-quality layers can also be
used in a broad range of applications including vdWs heterostructures (2D-2D layered
structures), graphene electronics (where h-BN is used as a substrate, protection, passivation

and gate dielectric).
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3.2 Van der Waals Epitaxy of InGaN/GaN Structures on 2D h-BN

3.2.1 Van der Waals Epitaxy of 3D Single-Crystals on 2D Materials

VdWs epitaxy is a 2D material-assisted growth method that recently received strong
research interest owing to the ability to grow 2D and 3D single crystals on top of 2D
materials having no dangling bonds and stacked via weak vdWs forces. This technique was
first introduced by Koma et al.[55]-[58] in 1985 and recently renewed attention owing to

the novel breakthroughs of research on 2D materials[46], [59].

It permits the growth of high-quality 3D crystals on 2D buffer layers with lattice mismatch
greater than 60 %[1]. Moreover, since most 2D materials have a hexagonal lattice, the
growth of 111-N semiconductors having the same hexagonal lattice have been successfully
demonstrated with high crystal quality. Chung et al.[60] reported GaN thin films on
graphene-layered sheets using ZnO nanowalls as an intermediate layer while Kim et al.[5]
demonstrated direct vdWs epitaxy of single-crystalline GaN layers on epitaxial graphene
on SiC substrates. Furthermore, Kobayashi et al.[6] demonstrated the potential versatility
of this approach by growing AlGaN/GaN heterostructures and InGaN/GaN multi-quantum
well structures on h-BN in spite of the large lattice mismatch between h-BN and GaN (>
25 %), by adding a thin AIN buffer layer. Besides, this buffer layer works as a dislocation

filter, decreasing the density of threading dislocations in the GaN to 8.6 x 10° cm™.
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In this thesis, we have chosen 2D layered h-BN as a buffer layer to grow GaN-based LEDs
instead of graphene because h-BN can be grown by MOCVD in the same run and same
growth conditions as the LEDs structures which is very important for achieving high-

throughput and low-cost industrial manufacturing.

(a) Homo-Epitaxy (b) Hetero-Epitaxy (c) vdWs Epitaxy
P T Epitaxial film
(2D or 3D materials)
— vdWs gap with
o0 00 09° no dangling bonds

@ @ @[20maial |@—@
oo o000

Figure 11 - Illustration of the two conventional (a) homo-epitaxy and (b) hetero-epitaxy
together with (c) vdWs epitaxy of 2D or 3D materials on 2D substrates. Adapted from

[1].

3.2.2 Van der Waals Epitaxy of InGaN/GaN Structures on 2D h-BN

The 111-N research group at IRL 2958 GT-CNRS also recently reported the growth of
InGaN/GaN MQW structures on h-BN/sapphire by MOCVD [11], [39]. The growth was
performed in an Aixtron MOCVD CCS 3 x 2 in. system on the (0001) sapphire substrate.
Triethylboron (TEB), trimethylgallium/triethylgallium (TMGa/TEG), trime-thylindium
(TMIn), trimethylaluminum (TMAI), and ammonia (NH3) were used as B, Ga, In, Al, and
N sources, respectively. Silane (SiH4) and Cp2Mg were used as n-type and p-type doping
sources, respectively. First, an h-BN layer (5 nm) was grown on the sapphire substrate at
1300°C. Then, an intermediate Si-doped AlGaN layer (250nm) with an Al mole fraction
of 14% was grown at 1100°C. This layer acts as an interfacial buffer between sp*-bonded
3D epitaxial films and 2D h-BN and promotes nucleation. The InGaN/GaN MQW structure

consists of a Si-doped GaN layer (500 nm), 5-periods of InGaN/GaN multi-quantum wells
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(MQWs), and a Mg-doped GaN layer (250 nm). The MQW structure consists of a 12-nm-
thick GaN barrier layer and a 2.5-nm-thick InGaN quantum well layer with an In mole
fraction of 15%. The electron and hole carrier concentrations in the Si- and Mg-doped GaN
layers are 5 x 10* and 1 x 10'7 cm3, respectively. Figures 12a and 12b show the schematic

of the grown structure and the wafer photograph after growth, respectively.
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Figure 12 - Schematic illustration of the grown structure and (b) the resulting transparent
wafer photograph after epi-growth. (c) HR-XRD 26 — w of the MQW structure on the h-
BN and the same structure using conventional GaN template. The inset shows the HR-
XRD azimuthal off-axis phi scan of GaN (102) on AlGaN/h-BN. Adapted from [39].

The growth of the GaN-based layers on the ultra-thin h-BN is governed by vdWs epitaxy.
As discussed in the previous sub-section, in contrast with conventional homo- and hetero-
epitaxy, vdWs epitaxy does not involve strong chemical bonds between the epilayer and
the substrate; instead, it only requires either the substrate or the overlayer to have a surface
free of active dangling bonds[56] such as layered materials[61] which is the case for h-BN.
In this study, an AlGaN interfacial buffer is used between h-BN and GaN. In situ
reflectance clearly indicates uniform nucleation and subsequent coalescence of AlGaN
islands with a 250 nm thick growth. This can be explained by the high sticking coefficient
of Al on h-BN at high temperatures. Complete recovery to 2D surfaces is achieved with

further GaN growth. The phi scan for a (102) plane of GaN on AlGaN/h-BN was performed
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and is shown in the inset of Figure 12c. The six-fold symmetry of the diffraction peaks of
GaN (102) planes with 60° intervals. Subsequently, an MQW structure was grown. The
crystallographic properties of the MQW structure on h-BN in comparison with the MQW
structure on a conventional GaN template were analyzed by high resolution X-ray
diffraction (HR-XRD) using 26 — w configuration and the scans are shown in Figure 12c.
In the case of the MQW structure on the conventional GaN template, one can observe the
intense GaN peak and satellite peaks from the MQWSs up to the third order with
pendellosung fringes, indicating good periodicity and abrupt interfaces in the quantum
wells. For the MQWs sample with an h-BN layer, the satellite peaks from the MQWs up
to the third order were also observed, along with the GaN (0002) and AlGaN (0002)
diffraction planes. Figure 13a shows TEM image of the grown structure on h-BN/sapphire
and Figure 13b shows photoluminescence (PL) mapping over the entire 2-inches wafer.
The average emission wavelength is 475 nm and the standard deviation of the peak
wavelength is 0.8%.
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Figure 13 - (a) TEM image of the grown structure. (b) Wavelength distribution of
photoluminescence mapping performed at room temperature. Adapted from [11].
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This series of structural and optical characterizations demonstrate the ability to grow
epitaxial InGaN-based structures on h-BN with good quality that can operate as
photovoltaic devices LEDs. Subsequently, devices were fabricated on native substrate and

transferred to foreign substrates such as glass (Figure 14).

These promising results opened up the way to the fabrication of highly efficient I11-N
electronic and photonic devices on hBN/sapphire for heterogeneous integration and
flexible electronics. However, further improvement to the overall wafer-scale lift-off
process is needed in order to obtain wafer-scale crack-free surfaces. During this thesis,

advanced processes were developed for this purpose and are extensively presented in the

next chapters.
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Figure 14 - (a) Photograph of the fabricated solar cells on 2 in. h-BN/sapphire. (b)
Optical microscopy image of a ~1 mm? solar cell. (c) Dark I-V curves of devices in
different locations on the wafer and their corresponding illuminated J—V curves under
AM 1.5 condition in (d). (e) Photograph of solar cells on the release tape and (f)
photograph of solar cells on the receiving glass substrate during I-V measurements.
Adapted from [11].
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CHAPTER 4. FABRICATION AND TRANSFER OF INGAN

LEDS GROWN ON 2D H-BN

In the recent years, innovation in heterogeneous integration of functional 111-N
layers and devices has received considerable attention and has opened a world of new
applications for electronic and opto-electronic systems through novel lift-off and transfer

technologies.

One of the goals of this thesis is to develop efficient, large-scale and low-cost processes
for heterogeneous integration of InGaN-based LEDs grown on 2D layered h-BN. In the
state of the art of this type of devices reported in Chapter 2, we mentioned two critical
weaknesses of existing processes that are (i) the delamination of the h-BN and GaN-based
epilayers grown of top of it and (ii) the high number of cracks that are introduced during
the lift-off and transfer steps. In order to reach industrial manufacturing maturity,
innovative solutions are needed. In this chapter, we present the results of novel fabrication
methods we developed to overcome the above-mentioned issues. These advanced
processes were named (1) selective area van der Waals epitaxy (SAVWE) and (2) self-lift-

off and transfer (SLOT).

In Section 4.1 we demonstrate the capabilities of SAVWE to limit delamination and cracks
in the 2-inches wafer and to enable a reliable pick-and-place of selected lateral LED devices
whereas in Section 4.2 we undergo a side-by-side comparison of lateral LEDs grown on
layered h-BN with and without SAVWE. A benchmarking and testing of all the process

steps from epitaxy, to device fabrication, lift-off, and transfer of devices has been
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performed. In Section 4.3 we introduce the SLOT process for an efficient fabrication of
large-area crack-free free-standing LED membranes. As a proof of concept, vertical thin-
film (VTF) LEDs are fabricated on these membranes and electro-optically characterized

and compared to lateral LEDs.

4.1 Selective Area van der Waals Epitaxy (SAVWE)

In order to avoid delamination and cracks of h-BN on large diameter substrate one
solution could rely on making the h-BN regions smaller and physically separated by a
selective mask. This selective area van der Waals epitaxy (SAVWE) would also enable a
pre-die separation before the growth since the growth wafer surface is subdivided into
delimited areas chosen for device locations. This would facilitate the device-by-device
pick-and-place without the need for a dicing step. In addition, the selective area growth of
h-BN and the subsequent GaN-based epilayers could allow to improve the material quality

by reducing the density of threading dislocations.

To achieve these structures a 2-inches diameter wafer surface is subdivided into small areas
ranging from 1 mm? to 1 cm? by means of a SiO, mask, as illustrated in Figure 15. After
the growth of a 3 nm h-BN layer, the InGaN-based epilayers are then selectively grown.
Figure 15 [62] shows a schematic of several devices separated by the SiO, mask. After
fabrication, the devices can be released individually and placed on a specific carrier

position in an integrated circuit for example, as illustrated in Figure 15c and 15d.
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(a)

Patterned sapphire with SiO2 mask Insulated LEDs

Place on an integrated circuit Release device per device

Figure 15 - (a) A large-surface sapphire wafer patterned into small areas using a SiO>
mask (b) Insulated grown and fabricated devices on h-BN (c) The devices can be
released from the sapphire one by one and (d) placed on an integrated circuit [62].

4.1.1 Growth of LED Structures on 2D Layered h-BN

Since h-BN is of key importance for the transfer method, we first investigated its
growth using a patterned wafer. A-400-nm-thick SiO, mask has been fabricated on a
sapphire substrate and then we have performed the growth of 20 nm h-BN. As shown in
Figure 16, high resolution X-ray diffraction (HR-XRD) scans give a clear symmetric
diffraction peak located at 25.8° that relates to hexagonal boron nitride (0 0 0 2) crystal
planes. The quality of the localized h-BN on sapphire is similar to the one on unpatterned
substrate as it can be seen by the wrinkles in the left inset scanning electron microscope

(SEM) images of Figure 16, which are characteristic of the 2D layered h-BN. The h-BN
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growth is very localized with no visible connection between the BN layers on the mask and
on the sapphire surface, as confirmed by the tilted SEM image showing the mask sidewall
with isolated BN crystallites. On the SiO», randomly oriented BN has been grown showing
a radical difference in quality between BN on dielectric SiO2 and on sapphire substrates.
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Figure 16 - High-resolution triple axis 20 — o scan of the 20 nm thick h-BN layer grown

on a patterned sapphire. Left and right inset show a 45° tilted SEM image of the 20 nm h-
BN layer grown on a patterned sapphire, and a planar SEM image, respectively [62].

After studying the growth of the h-BN layer using patterned sapphire, we have performed
a series of runs to grow InGaN-based LEDs using h-BN/patterned sapphire substrates. The
LED structure, shown in the inset of Figure 17d, consists of five InGaN/GaN quantum
wells sandwiched between 0.5 um n-GaN and 0.25 um p-GaN layers. This structure is
grown on 3 nm h-BN using a 250 nm Alo.14Gao.ssN nucleation layer. The SEM images in
Figure 17c show the selective growth of the LED structure in regions where layered h-BN
is deposited, avoiding the growth on randomly oriented BN on SiOa. The inset image shows
very sharp sidewalls of the LEDs structure in each side of the mask which is required to

guarantee the separation between the devices after process fabrication. To avoid the
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Figure 17 - (a) As-grown LED structure on 2 in. patterned sapphire, inset: optical
microscope image showing separated growth areas (b) High resolution X-ray diffraction
20 — o scans of the grown structure () SEM images of the locally grown LEDs structure
(d) CL spectrum recorded at room temperature under excitation of 5 keV, the inset shows
the grown structure [62].

coalescence of the approximately 1-pum-thick grown structure due to the lateral growth, the
SiO2 mask thickness was chosen to be 400 nm. The high-resolution X-ray diffraction 26 —
o scan around the (002) of the grown structure on the patterned sapphire is shown in Figure
17b. The scan clearly delineates the InGaN satellite peaks up to the fourth order as well as
the peaks from the GaN and Alo.14GaossN layers. Optical characteristics of the multi-
quantum well (MQW) structure have been investigated, as shown in Figure 17d. Depth
resolved cathodoluminescence (CL) spectrum for the MQW structure are recorded at room
temperature with an electron beam excitation energy of 5 keV. A MQW emission peak
around 435 nm has been obtained which corresponds to 14% In content in the quantum

wells. These series of characterizations demonstrate the ability to selectively grow InGaN-
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based structures on a localized 2D layered h-BN with good quality using a 2-inches

patterned sapphire wafer.
4.1.2 Fabrication and Transfer of LEDs on 2D Layered h-BN

Several LEDs with various chip designs and sizes were fabricated using a 2-inches
grown sample, as shown in Figure 18b. Figure 18a shows a set of eight devices with a 1
mm? area and different designs that are insulated by the SiO2 mask. The use of sacrificial
h-BN for wafer-scale fabrication poses a processing challenge because spontaneous

delamination of the grown structure can occur during device fabrication. In our experiment,

Current (A)

Voltage (V)

Figure 18 - (a) Optical microscope images of eight devices with 1 mm? area and different
designs, separated by the SiO2 mask (white lines around the devices) and ready for pick-and-
place (b) Photograph of the wafer-scale processed discrete LEDs (c) |-V characteristic of a
fabricated device emitting blue light shown in the inset [62].
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a standard photolithography-based process has been applied while contact with liquids was
limited and no ultrasonic cleaning was used. After fabrication, |-V measurements were
performed as shown in Figure 18c with an inset exhibiting blue light emission from a LED
device. Thanks to the patterning with the SiO2 mask, the fabricated devices are already
physically insulated from each other. The discrete LEDs can be released and transferred
individually without the need for a dicing step. In this work, a selected set of devices has
been released by means of a water-dissolvable tape and transferred to a flexible aluminium
tape. The tape is attached to a carrier for release. Then, once the device is placed on the
final substrate, the tape is simply removed by dissolving it in water for around 1 min. The
pick-and-place capability is demonstrated in Figure 19a where we clearly see that some
devices have been lifted off from sapphire leaving their locations empty while other LEDs
were kept on the growth wafer. During the transfer process, device structures remained
completely intact and free from cracks and metallic contact damage. This crack-free
transfer has been achieved primarily thanks to the optimized vertical lift-off of the devices.
A setup has been adapted to only enable a vertical movement during the device release step
and avoid peeling off which induces strains on the surface and therefore cracks. Figure 19b
shows an LED after its release from the growth wafer and its transfer to an aluminium tape,
respectively. 1-V measurements for a same LED were performed before and after its
transfer to confirm the preservation of the device functionality, as shown in Fig 19¢ with
an inset exhibiting blue light emission from the device on the aluminum tape. In this work,
the LEDs have been placed on the flexible final substrate with the p-side on top which is
appropriate for this type of application. We should note that the proposed pick-and-place

process could be adapted for other application like displays where the LEDs need to be
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placed up-side down in contact with an IC driver. For this case, one more transfer step after

devices release is needed and can be easily implemented.
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Figure 19 - (a) Optical microscope image showing empty locations of two lifted off LEDs
and two other LEDs kept on the patterned sapphire (b) Microscope images from the
backside of an LED on a water dissolvable tape after release and an LED after its crack-
free transfer on a flexible aluminium tape (c) I-V characteristics of a same device before
and after its transfer with its blue light emission shown in the inset [62].

In summary, this work demonstrates a wafer-level mass manufacturable approach for the
heterogeneous integration of Ill-nitride devices using 2D h-BN, which is robust and
facilitate a simple device-level pick-and-place. The key step in the proposed solution is the
patterning of the sapphire wafer to laterally control the h-BN quality and separate the

device locations. Discrete blue LEDs have been fabricated on 2 in. patterned sapphire wafer
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with a SiO2 mask. Subsequently, a set of devices have been mechanically released from the
growth substrate thanks to the 2D layered h-BN and transferred on a flexible aluminum

tape without damage.

The results presented here provide viable routes to the development of advanced I11-N-
based integrated devices at industrial scale. However, more detailed study is needed to
understand the effect of this selective area growth on material quality, device transfer
efficiency and device performances before and after transfer. For this purpose, we have
performed a side-by-side study of LEDs grown on layered h-BN with and without
SAVWE. A benchmarking and testing of all the process steps from epitaxy, to device
fabrication, lift-off, and transfer of devices have been performed. Millimetric-size LEDs
were fabricated on patterned and unpatterned sapphire substrates and then released from

their native substrates and transferred to different host substrates.
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4.2 Comparison of Patterned and Unpatterned LEDs on h-BN

4.2.1 Growth of Patterned and Unpatterned LEDs on 2D Layered h-BN

Two sets of LEDs heterostructures have been grown by MOCVD. The epilayers
were grown in an Aixtron MOCVD CCS 3x2°’ reactor on (0001) 2-inches sapphire wafers.
A 3 nm thick h-BN layer was first grown at 1300°C. Then, an intermediate 200 nm thick
AlGaN layer with an Al mole fraction of 14% was grown at 1100°C. This layer acts as an
interfacial buffer between sp®-bonded epitaxial films and layered h-BN and promotes
nucleation. The LED structure comprises a 300 nm thick Si-doped GaN layer, 5-periods of
InGaN/GaN multi-quantum wells (MQWs), and a 175 nm thick Mg-doped GaN layer. The
5 QWs structure consists of a 12-nm-thick GaN barrier layer and a 2.5-nm-thick InGaN
QW layer with an In mole fraction of 15%. The electron and hole carrier concentrations in
the Si- and Mg-doped GaN layers are 5 x 10%® and 1 x 10'7 cm3, respectively. For the
patterned substrate, an SiO2 mask was achieved by a photolithography-based process on
an epi-ready sapphire substrate. 400 nm-thick SiO> layer was deposited by plasma-
enhanced chemical vapor deposition (PECVD) on a 2-inches sapphire wafer and the
patterns were defined by optical lithography. The devices locations were opened by etching
SiO2 by buffered oxide etch solution. Then, hBN and subsequent layers were grown
similarly to the unpatterned substrate. The schematic of the 2 epitaxial structures grown on
unpatterned and patterned sapphire substrates are shown on Figure 20 [63]. Both sets of

structures were grown in the same runs.
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Figure 20 - Schematics of the two grown structures: (a) LEDs on h-BN/unpatterned
sapphire, (b) LEDs on h-BN/patterned sapphire with SiO2 mask [63].

In-depth structural characterizations have been conducted after the growth. Figure 21a
shows HR-XRD 26 - o scans of the two heterostructures. Both X-ray diffraction spectra
are comparable. One can observe an intense GaN peak and several satellite peaks from the
MQWs up to the fifth order with Pendellosung fringes indicating good periodicity and
abrupt interfaces in the quantum wells. GaN (0002) and AlGaN (0002) diffraction peaks
are also observed. Interestingly, the GaN (0002) w-scans, depicted in Figure 21b, shows
smaller full-width at half-maximum (FWHM) for the patterned structure (1044 arcsec) than
the one of the unpatterned heterostructure (1584 arcsec) indicating better overall
crystalline quality since in wurtzite GaN films the broadness of symmetric (0002) w-scan
spectra is mainly related to the presence of dislocations. This is confirmed by the TEM
analysis of both types of structures. As shown in Figure 22a and 22b, a significant reduction
of the threading dislocation density is observed in the patterned structure in an area close
to the SiO2 mask (few tens of microns) compared to the unpatterned structure. These can
be explained by the mechanism of the growth of 3D layers on 2D crystals. Indeed, since

both structures were grown on h-BN surface having no dangling bonds, the threading
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dislocations are mostly originating from the AlGaN islands formation during the nucleation
layer on h-BN. SAVWE likely promotes the growth of large AlGaN and h-BN islands close
to the mask leading to the lateral coalescence with less generation of stacking faults and

dislocations than in the case of the growth on unpatterned substrate.
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Figure 21 - (a) High resolution X-ray diffraction 20 - @ scans of the two grown samples.
(b) High resolution X-ray diffraction ®-scans of the two grown samples along the GaN
(0002) reflections [63].

Optical characteristics of the MQW structures have been investigated, as shown in Figure
22c. For that, cathodoluminescence (CL) spectra of both structures were recorded at room
temperature with an electron beam excitation energy of 8 keV and normalized with respect
to the GaN CL peak intensity. For both structures a MQW emission peak around 445 nm
has been obtained which corresponds to 14 % In content in the quantum wells. The
corresponding peak intensity is significantly higher for the patterned structure (x1.5) than
the one of the unpatterned structures. This result is in good agreement with TEM and X-
ray diffraction data and can be expected since the threading dislocations act as nonradiative

recombination centers and impact the luminescence.
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Figure 22 - (a) TEM image of the unpatterned sample, (b) TEM image of the patterned
sample, (c) Cathodoluminescence spectra at 8 kV recorded on both structures at room
temperature. Both spectra have been normalized with respect to their GaN peak intensity
[63].

High resolution X-ray diffraction (HRXRD) scans were performed in Panalytical X pert
Pro MRD system with Cu Ka radiation. The samples were prepared for STEM using
focused ion beam (FIB) thinning and ion milling. 100-nm-thick carbon was deposited
before FIB in order to protect the surface. Then, the high-angle Annular Dark Field
Scanning Transmission Electron Microscopy (HAADF-STEM) was performed on an
aberration-corrected JEOL 2200FS electron transmission microscope. Depth resolved

cathodoluminescence (CL) spectra were measured with Horiba HR-320 system.
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4.2.2 Fabrication and transfer of LEDs to arbitrary substrates

The fabrication of the LEDs was based on a standard photolithography process
whereas contact with liquids was limited and no ultrasonic cleaning was used to avoid
delamination. Dry etching was accomplished by Clo/Ar inductively coupled plasma (ICP).
Ti/Al/Ni/Au and Ni/Au layers, deposited by e-beam evaporation, were used for the n-
contact and p-contact, respectively. The n-contact was annealed at 850 °C for 30s under N2

and the p-contact was annealed at 600 °C for 60s under O».

The fabricated LEDs had an area of 1 mm x 0.5 mm with n-contact surrounding the device
and 16 fingers for the p-contact. After fabrication of LEDs on both structures, few mm?
surface areas containing four LEDs were released by mean of water-soluble tape through
a vertical lift-off that minimizes induced shear strains in the device layers and transferred
from the two structures to an aluminum tape containing a 5-um-thick acrylic adhesive

layer. Figure 23a and 23b show microscope images of transferred unpatterned and

(a) (b)

i g M A “ot lmm s/
Patterned LED
Figure 23 - Optical microscope images of large area LEDs released and transferred to

aluminum tape from (a) unpatterned and (b) patterned structures. Several cracks are
observed for devices released from the unpatterned structure [63].
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patterned LEDs, respectively. The transferred LEDs from the patterned structure were
crack-free while those transferred from the unpatterned structure showed large cracks
crossing half of the devices. Analysis was conducted on 20 released LED devices from
each sample. 18 functional devices without cracks were obtained on patterned devices
while 6 crack-free LEDs were obtained on unpatterned devices. This results correspond to

ayield increase from 30% to 90% and are another proof of efficiency of SAVWE approach.

Subsequently, device transfer to silicon rigid substrate was attempted. For efficient
comparison, slightly smaller (1 mm x 0.5 mm) LEDs were considered to avoid too many
cracks in devices transferred from the unpatterned structure. This transfer on rigid and non-
sticking substrates was achieved using water capillary force and without the use of an
intermediary adhesive layer. First, a small droplet of water was deposited on the host

substrate, then the mechanically released LEDs were applied on the receiving substrate. As

(@
| Y * w..m,,.,m

Water soluble tape removal

--n

Figure 24 - Schematics of the lift-off and van der Waals bonding transfer on rigid
substrate. (a) Vertical release from h-BN/sapphire native substrate (b) water droplets
deposition of silicon (c) deposition of released LEDs onto silicon (d) vdWs bonding on
silicon after water evaporation (e) water soluble tape removal (f) LED transferred to
silicon [63].
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the water evaporates, it pulled the surfaces together by capillary action until a robust and
uniform vdWs bonding was obtained. The top tape was then dissolved in water and the
transferred devices were cleaned by a flow of acetone and isopropanol to remove any

remaining residues. The process flow illustration of this transfer is given in Figure 24.

Figure 25 shows representative microscope images of the devices taken at the different
steps of the transfer process for both unpatterned and patterned structures: after the
fabrication process, lift-off, and transfer on aluminum tape and silicon substrate. As it can

be seen, the lift-off step is achieved without any cracks whatever the structures. It is also

Unpatterned LEDs Patterned LEDs
[ si0, mask | iOZs
On hBN/sapphire -
native substrate
After liftoff via water

soluble tape

After transfer to aluminum
tape with adhesive

After transfer to silicon

Figure 25 - Microscope images of the devices taken at the different steps of the transfer
process for both unpatterned and patterned structures: after the fabrication process, lift-
off, and transfer on aluminum tape and silicon substrate [63].
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the case for the transfer to aluminum tape, even if the yield is a bit higher for the devices
transferred from the patterned structure. Surprisingly, we were not able to transfer crack-
free devices on silicon substrate from the unpatterned structure while we achieved

systematically crack-free transfer from the patterned one.

4.2.3 Electro-Optical Characterization of LEDs Before and After Transfer

Figure 26a shows electro-luminescence images of the LEDs from both structures
recorded, for a pulsed (15 ms duration, duty cycle of 0.5) electric current of 100 mA, before
and after the fabrication process and transfer on aluminum tape (for reference) and silicon
substrate. Electroluminescence images were taken by a CCD camera and optical emission
versus time measurements were performed using a silicon photodiode connected to an
oscilloscope. Figure 26b is a photograph of light emission from an LED on silicon. In
Figure 26a, one can see that for devices transferred to aluminum tape, the luminescence is
relatively higher in the case of the patterned LEDs. Moreover, in both structures the center
of the LEDs looks darker than the edges. We attributed this attenuation to the current
induced heating and poor thermal dissipation due to the acrylic layer of the tape which has
a low thermal conductivity. It is to be noticed that this effect is more pronounced in the
case of the unpatterned LEDs. This could be related to the high density of dislocations in
the unpatterned structures as it is well known that the threading dislocation lines have an
adversely effect on the thermal conductivity of III-N semiconductors because of the
phonon-dislocation scattering mechanism. Also it has been reported that micro-cracks in
the materials reduces significantly the thermal conductivity because the heat transfer by

radiation or convection across the cracks is completely absent.
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Figure 26 - (a) EL images of LEDs before and after transfer to different substrates (b)
Photograph of light emission from an LED on silicon (c) I-V characteristics of LEDs
before and after transfer to aluminum tape and silicon (d) Light output versus operation
time of patterned and unpatterned devices before and after transfer to aluminum tape and
silicon [63].

Homogenous and more intense electro-luminescence was obtained for patterned LEDs
transferred to silicon substrate. This is a clear evidence of the good vdW bonding between
the device and the silicon substrate which allows for an efficient thermal dissipation thanks
to the relatively high thermal conduction of the silicon. Electro-luminescence was obtained

also in the unpatterned device transferred on silicon substrate. Nevertheless, due to the
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cracks in the devices, current was able to flow only in a small part of the device, leading to
high local current density and electro-luminescence.—In addition, quantitative electro-
optical characterization was conducted through pulsed current-voltage measurements on
LEDs before and after transfer. Results are shown in Figure 26c¢. I-V measurements were
achieved by an automated probe station. The data of the unpatterned LED on silicon were
not reported because of its leaky behavior likely due to the cracked area. All the other
devices exhibited a turn-on voltage around 3V. Clearly, unpatterned LEDs showed
degraded behavior with reverse leakage current more than one order of magnitude larger
than in the case of patterned LEDs. Forward current below the turn-on voltage due to
recombination in the depletion region is also two order of magnitude higher. It is also to be
noticed that patterned LEDs showed very little variation of their 1-V before transfer and
after transfer on either aluminum tape or silicon substrate. On the contrary, unpatterned
LEDs came with larger alteration, such as higher reverse leakage and lower forward current

of the I-V behavior.

The role of the thermal dissipation in the inhomogeneity of the electro-luminescence of the
different LEDs is clearly evidenced in Figure 26d showing the time dependence of the
emitted optical power of the patterned and unpatterned LEDs before and after transfer and
recorded for a pulsed (15 ms duration, duty cycle of 0.5) electric current of 100 mA. These
data confirmed what was qualitatively observed on Figure 26a. First, the LEDs transferred
on aluminum tape show some degradation of the output optical power which is even more
pronounced in the case of the unpatterned LEDs. Second, except for the patterned LEDs
transferred on silicon for which the optical power showed a plateau-like behavior during

the full duration of the current impulse, the other LEDs before and after transfer exhibited
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a decay of the optical power after a few hundred of us and a significantly reduced peak
intensity for the LEDs transferred on tape when compared to LEDs on h-BN/sapphire and
transferred on silicon. This indicates that thermal effects occur during the first
microseconds of operation. This is clearly due to a lack of thermal dissipation induced by
the host substrate since the decay is faster for LEDs transferred on aluminum tape than for
LEDs before transfer and for LEDs transferred to silicon for which no decay is observed.
The decay observed for the LEDs before transfer is a bit surprising because one can expect
a large thermal dissipation of the sapphire substrate. The thermal dissipation efficiency in
that case is likely degraded by the presence of the thin AlGaN buffer and h-BN layers

which could introduce large thermal resistance at their interfaces.

The results obtained in this study show that the SAVWE of I11-N device coupled with the
h-BN based mechanical lift-off and transfer on a host substrate lead to an overall
improvement of the crystalline quality of the active layers by a reduction of the threading
dislocation density and thus an enhancement of the electrical and optical device
performance. Moreover, the yield of the transfer of large-size crack-free devices on host
substrates is higher when using SAVWE. The technique developed in the frame of this
study is also very useful for the efficient heterogeneous integration of I11-N devices on
CMOS compatible substrates. It can be easily extended to the transfer of other devices
especially electronic devices and solar cells where the dimension of the devices could be
quite large. Another application of such a process is the realization of waveguiding in I11-
N films which requires cladding layers of lower refractive index to confine light to the 111-
N layer. This could be achieved, much more easily than, for instance, the technique

developed by C. Xiong et al.[64], by transferring I11-N layers to a SOI substrate where the
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silicon dioxide on top of the silicon wafer serves as one of this cladding layer. As a of
concept and as shown in Figure 27, we successfully transferred a crack-free patterned LED
on a thick glass plate. One can notice that the back-side light-emission is guided in the
glass plate owing to the perfect transparency of silica glass at the considered wavelength.
Last, SAVWE could be very useful for the fabrication of devices with engineered shape
such as triangle LEDs that allows for a better light-extraction, this without any complicated

dicing process.

Transfer to silica

(b)

On silica

Figure 27 - (a) Optical microscope image of a patterned LED transferred on a silica plate.
(b) Corresponding electro-luminescence when a pulsed current is applied to the device. ()
Photograph showing the backside emission, guiding and decoupling of the light in the
rough surface region of the plate [63].
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4.3  Self-Lift-Off and Transfer (SLOT) Process for Vertical Thin-Film LEDs

Besides the SAVWE process we developed for the fabrication of crack-free lateral
LEDs, we also achieved monolithic free-standing large-area vertical thin-film (VTF) III-N
LED arrays fabricated through a novel h-BN-based thermo-mechanical self-lift-off and
transfer (SLOT). In this sub-section, we present results of the fabrication of vertical InGaN
LEDs on large-area free-standing membranes, using the thermo-mechanical lift-off
technique newly enabled by 2D layered h-BN. The fabricated vertical LEDs are electro-

optically characterized and compared to lateral LEDs.

4.3.1 Motivations of Vertical Thin -Film LEDs

In the recent years, innovation in high-brightness GaN-based light-emitting diodes
(LEDs) has enabled the next-generation solid-state lighting, displays and visible light
communication systems[65]. However, conventional laterally contacted LEDs grown on
insulating sapphire substrates suffer from (i) high series resistance caused by lateral current
path and by current crowding near the edge of the contact[66], [67], (ii) poor heat
dissipation when operated at high current density due to the low thermal conductivity of
the substrate[68], and (iii) limited top surface emission owing to the extensive coupling of
light in the thick transparent sapphire substrate[69], [70]. To overcome these issues,
vertical thin-film LEDs (VTF-LEDSs), where the sapphire substrate is removed and the LED
structure is transferred to an electrically conductive host substrate, have been widely
investigated. In this configuration, electrical contacts are deposited on both sides of the
functional epilayers. VTF-LEDs where shown to exhibit lower series resistance and

operation voltage due to the vertical current injection[71], [72]. Moreover, transfer to
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metallic substrates allows for efficient heat extraction when LEDs are driven at high current
density as well as for enhanced light extraction efficiency due to their high optical
reflectivity[73]. Furthermore, after removing the native substrate, the luminescence
efficiency of these vertical-cavity LEDs can be improved by thinning the optical cavity

length through a backside etching process[74].

Separating the epilayers from the native substrate is a key step in the fabrication process of
VTF-LEDs. As discussed in Chapter 2, this can be achieved through different methods
such as laser lift-off and chemical etching of a sacrificial layer or 2D h-BN-based
mechanical lift-off. In this context, we developed a new h-BN enabled approach which
allows for the monolithic fabrication of crack-free vertical LED arrays on large-area free-
standing membranes. This process is enabled by the use of a thick layer of electroplated
copper deposited on top of the LED structure which (i) adds rigidity to the structure to
prevent crack generation, (ii) acts as back mirror and heat sink, and (iii) enables, when
combined with moderate thermal treatment, the self-lift-off and transfer (SLOT) of LED

structures from sapphire.

(a) Light emission (b) Haht emission

= Contact
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Current Crowding

Figure 28 - (a) Schematic of a VTF LED (b) Schematic of a lateral LED showing
the current crowding issue [69].
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4.3.2 Materials and Methods for the SLOT Process

After the growth of a 3-nm-thick h-BN layer on 2-inch sapphire substrate, an
intermediate layer of n-AlGaN (0.3 um) with an Al mole fraction of 14% was grown to act
as a nucleation layer, followed by a GaN-based LED heterostructure consisting of a silicon-
doped n-GaN (0.3 um), 5 InGaN/GaN MQWs and a magnesium doped p-GaN region (0.2
um). The 5 MQWs structure consists of 12-nm-thick GaN barrier layers and 2.5-nm-thick
InGaN QW layers with an In mole fraction of 15% to get light emission in the blue (targeted
wavelength is around 460 nm and has been confirmed with cathodoluminescence).

The electron and hole carrier concentrations in the Si- and Mg-doped GaN layers are 5 x
10" and 1 x 10" em?, respectively. The LED structures before and after the SLOT
fabrication process are given in Figure 29a and 29b [75], respectively, and the SLOT
fabrication process of VTF-LEDs is schematically summarized in Figure 29c. First, a Ni
(20 nm)/Au (20 nm) bilayer is deposited on top of the LED epilayer to act as a p-type
electrical contact. This contact is then annealed at 600°C under O; atmosphere for 60 s and
an additional Ti (5 nm)/Au (20 nm) bilayer is deposited. The Ti layer helps to improve the
adhesion of the subsequent metal layers while the Au layer acts as a seed for subsequent
copper deposition as well as back mirror to enhance the reflection of the light emitted by
the quantum wells. These metal layers are deposited by e-beam evaporation. Then, a few

cm?2 area is patterned by a photoresist (SPR 220-3) via a standard photolithography-based

49



(a) (b)
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self-lift-off and transfer (SLOT) process

Figure 29 - Schematics of (a) LEDs structure grown on h-BN/sapphire, (b) VTF-LEDs on
copper fabricated by SLOT process and (c) different steps of the SLOT process for
fabrication of VTF-LEDs [75].

process, followed by an O; plasma cleaning to remove any remaining traces of photoresist
from the developed area. Then, a 30-um-thick layer of copper is electroplated using an
acid-free solution containing dilute CuSO4 to avoid delamination of the epilayers grown
on h-BN.

Thinner layers of Cu resulted in the free-membrane wrapping around itself generating
cracks and making it hard to manipulate for further process steps. 30-pum-thick Cu layer
was shown to be thick enough to rigidify the structure while maintaining it flexible and
result in reproducible flat and crack-free flexible membranes. The sheet resistance of the

30-um-thick electroplated copper was found equal to 3 mQ per square. This value is one
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order of magnitude larger than values reported in the literature[ 76]. This could be explained
by the fact that we used a sulfuric acid-free solution for the electroplating which generally
lead to higher resistivity of the copper layer due to the formation of CuOH complexes.

The release of the LED structure from the sapphire native substrate is achieved with a
thermal treatment at 100°C for 1 hour. During this step, the whole few cm? targeted area
of the functional layers is spontaneously released from the sapphire substrate owing to
shear stress at the interface between the copper layer and the III-N epilayers due to the
difference of thermal expansion coefficients. This shear stress is large enough to break the
vdWs bonding of h-BN to sapphire. Extended analysis of thermal stresses generated in the
layers and experimental details are given in the next “Mechanical Analysis of the SLOT
Process” sub-section.

From the atomic force microscope (AFM) image of the membrane after SLOT process
(Figure 30), the resulting n-AlGaN surface is atomically flat with an r.m.s roughness of

0.65 nm obtained over a 10 x 10 um area.

10um

Figure 30 - AFM image of the separated surface of the LED structure after the SLOT
process. The corresponding r.m.s. roughness is 0.65 nm [75].
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High-angle annular dark field scanning transmission electron microscope (HAADF-
STEM) images and elemental map, as deduced from energy dispersive X-ray analysis
(EDX), of a VTF-LED are shown in Figures 31a and 31b, respectively. HAADF-STEM
images of the LED structure before and after lift-off (Figure 31a), shows that the SLOT
process does not introduce any degradation of the crystalline quality of the epilayers. These
images were taken on tens of different regions and show homogeneous material quality
over the 2-inch wafer. The threading dislocation density is estimated to 3 x 10° cm™ for
epilayers on hBN/sapphire native substrate and copper. These dislocations originate from
the AlGaN layer and can be explained by the growth-mechanism of 3D layers on 2D
crystals. Indeed, since the LED structure is grown on hBN surface having no dangling
bonds, the threading dislocations are mostly originating from the grain boundaries
formation during the AlGaN nucleation layer on h-BN[63]. EDX elemental map shows
clearly the different epilayers as well as the deposited metal contacts. As reported by
several authors[77], [78], the Ni/Au p-type ohmic contact annealed under O led to
diffusion of Ni atoms in the Au layer and the formation of a rough and continuous NiO
layer at the top surface and a non-continuous Au layer underneath. The high roughness of
the successive metal layer interfaces (Ti/Au/Cu) between metal layers is mainly attributed

to the roughness of the formed NiO layer.
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Figure 31 - (a) High-angle annular dark field scanning transmission electron microscope
(HAADF-STEM) images of the LED structure before and after SLOT process showing no
degradation of the epilayers after lift-off. (b) TEM image and corresponding energy
dispersive X-ray spectroscopy (EDX) elemental mappings of an LED free-membrane on
copper [75].

After a 10 min HCI treatment to remove native oxides from the exposed n-AlGaN layer, a
30-nm-thick Au layer is deposited by e-beam evaporation using a stainless-steel shadow
mask with squares of various size (0.25 mm? to 4 mm?) on the n-AlGaN layer to form the

n-contact. This contact is not annealed to avoid inducing cracks in the free-standing LED
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membrane due to the high thermal expansion of the copper layer. The VTF-LED
membranes obtained are then bonded to a thick aluminum holder using silver paste for
further electro-optical characterizations. Electrical and electro-optical characterization was
conducted on the fabricated VTF-LEDs through pulsed (1 ms duration, duty cycle of 1%)
current-voltage measurements. Optical power was measured by a Si photodiode placed,
due to the electric probes size, 2 cm above the device under test, and thus capturing a small
amount of the light emitted from the LED under test. Figure 32a shows photographs of a 4
x 3 cm? released LED membrane and the corresponding sapphire substrate after the
membrane release using the SLOT process. Photographs of a 1-cm? membrane,
highlighting its flexibility as well as a membrane on which an array of 24, 0.5 x 0.5 mm?

in size, VTF-LEDs are fabricated are shown in Figure 32b and 32c, respectively.

2-inch sapphire wafer

3
)|
!

Sapphire substrate l

| S

Figure 32 - (a) Photographs of 4 x 3 cm? LED membrane and the corresponding sapphire
substrate after the membrane release using the SLOT process (the bright stripe on the
membrane corresponds to the reflection of the ceiling neon lamp in the cleanroom). (b)
Photographs of a 1-cm2 membrane, highlighting its bending possibility. (c) Photographs of a
1-cm? released membrane on which an array of 0.5 x 0.5 mm? VTF-LEDs is fabricated [75].
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4.3.3 Electro-Optical Characterization Results

Electrical and electro-optical characterizations were carried out on more than 50 LEDs of
size 500 x 500 pm?, fabricated on different membranes. All the devices exhibited a diode-
like I-V curve, with threshold voltage ranging from 5V to 10V and series resistance ranging
from 5Q to 15Q, and light emission. We note some variation in the efficiency and
homogeneity of the emission from one LED to another. As an example, Figure 33a shows
a photograph image of an array of 4 VTF-LEDs connected in parallel and operated at 8V.
As shown in Figure 33b, for 15 of the set of 50 VTF-LEDs, homogeneous and bright
electro-luminescence was obtained, although the applied current and voltage were different
for each of them. Figure 33c shows both typical current-voltage (I-V) and optical power
versus current (L-1) characteristics VTF-LED, recorded in this set of 15 devices. When
compared to a lateral LED fabricated on a same LED structure (Figure 34), the VTF-LED
exhibits a higher threshold voltage (around 9V, against 2.5V for the lateral LED), lower
series resistance (5€2, against 12Q for the lateral LED) and higher leakage current (1.7 mA
at -3V, against 0.4 mA for the lateral LED). We also remark that the VTF-LED exhibits a
linear increase of the optical power with the current injection increase up to 500 mA (limit
of our equipment), without any saturation as in the case of the lateral LED for injected
current larger than 200 mA for which current crowding and associated heating effect begin
to degrade the LED efficiency. This heating effect is greatly reduced thanks to better
current injection in the vertical structure and to the copper substrate which acts as a heat
sink permitting good thermal dissipation in the case of the VTF-LED, as it has been

reported by Horng et al[68].
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Figure 34 - (a) Electroluminescence image of 4 VTF-LEDs connected in parallel and
operated at 8V. (b) Photographs of a homogeneous VTF-LED operated at 300 mA. (c)
Current-voltage and optical power versus current characteristics of the VTF-LED in (b). (d)
Electro-luminescence spectra of the VTF-LED for different levels of injected current. (e)
Current-voltage of a large size (4 mm x 4 mm) VTF-LED. Inset is a photograph of this LED

operated at 500 mA [75].
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Figure 33 - Current-voltage and optical power versus current characteristics of a typical
lateral LED processed on a same LED structure as VTF-LEDs [75].
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Figure 33d shows the electro-luminescence spectra of the VTF-LEDs for different levels
of injected current. The light-emission peaks are at a wavelength of 462 nm and are
independent of the value of the injected current. As reported by Trindade et al.[79], the
temperature increase due to the increase of current injection should lead to a red shift
whereas the reduced quantum confined stark effect (QCSE) while increasing the current
injection should lead to a blue shift. In the case of these VTF-LEDs on copper, the absence
of a red shift could be attributed to the high thermal dissipation capability of the copper
substrate, whereas the absence of a blue shift could be attributed to the relaxation of
residual compressive strain in the GaN-based films grown on h-BN, that diminishes the

QCSE in the quantum wells as reported by Liu, F et al. [80].

Concerning the wavelength shift before and after SLOT process, it is difficult to assess
because the fabrication of the vertical LED is complete only at the end of the SLOT
process. Thus, it is not possible to measure the electro-luminescence emission wavelength
before the release of the vertical LEDs. However, by considering lateral LEDs grown on
h-BN/AI203 template, the electro-luminescence of the quantum wells at 100mA peaked at
(464 = 1) nm before lift-off. These devices are released by water-soluble tape and
transferred to an aluminum tape containing a 5-um-thick acrylic adhesive layer as

described in previous sections of this chapter.

After the transfer of the same lateral LEDs, the electro-luminescence of the quantum wells
at 100mA peaked at (466 = 1) nm. After the SLOT process done on an LED structure
grown on h-BN/AI203 template using the same growth parameters, the electro-
luminescence of the quantum wells peaked at (462 £ 1) nm. The slight red shift of around

2 nm observed in lateral LEDs before and after transfer to the acrylic-based tape could be
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attributed to a temperature increase, because of the weak thermal dissipation of the tape.
For vertical LEDs, it is not possible to conclude if there is a shift because we cannot have
a reference vertical device before lift-off. The wavelengths obtained on each configuration

are summarized in the following table.

Table 4 - The electro-luminescence wavelength (nm) of lateral and vertical LEDs at 100
mA, before and after lift-off.

Lateral LED Lateral LED after Vertical LED Vertical LED
before transfer  transfer to tape before transfer
Wavelength 464 + 1 nm 466 + 1 nm Not possible 462 £ 1 nm
(nm)

For the electro-luminescence spectra of the lateral LEDs for different levels of injected
current, Figure 35a and 35b shows a considerable red shift of 7 nm for LEDs before lift-
off and 29 nm after lift-off and transfer on flexible tape. The important 29 nm red shift in
the case of lateral LEDs on tape can be seen by eyes as shown in Figure 35c, where the
light is changing from blue to turquoise-green while light intensity is decreasing.
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Figure 35 - Normalized electro-luminescence spectra of the lateral LEDs for different
levels of operating voltage (a) before lift-off and (b) after lift-off. (c) Photographs of an
LED on tape showing the observed red shift of 29 nm.
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These results combined with the constant spectrum versus current of the vertical LEDs
confirms the heat dissipation capability of the copper substrate and demonstrate the proof
of concept of an h-BN enabled SLOT process for the fabrication of VTF-LEDs. These
results show that the thermo-mechanical SLOT process allows for large-area and crack-
free release of I11-Nitride epilayers and fabrication of VTF-LEDs arrays. This approach
based on self-detachment of the epilayer from the substrate without any external force
applied by a stamp/tape simplifies a critical step of the process fabrication and hence
minimize the risk of cracks generation for large surface devices leading to a highly
reproducible and controllable process. Also, since the membrane is only 30-um thick, the

fabricated VTF-LEDs could be folded, cut and stuck to different surfaces.

Nevertheless, the n-contact of these structures is realized on the n-AlGaN layer on h-BN
which, as shown in our previous work[63], has lower crystalline quality than the n-GaN
buffer near the MQWSs. Thus, strong carrier recombination process can occur at the grain
boundaries of the AlGaN layer. This could explain the observed high series resistance
(expected values for this kind of devices are around 1 Q[17]) as well as the inhomogeneous

light-emission from one LED to the other and within a single LED.

The rather high leakage current observed in the fabricated VTF-LEDs is likely related to
the absence of mesa isolation of single vertical devices whereas their large threshold
voltage are probably due to the non-ohmic n-contact which was not annealed to avoid
inducing cracks in the free-standing LED membrane. The absence of mesa isolation could
also lead to some current spreading in the MQWs region resulting in lower current density
and thus, reduced light-emission efficiency. These points are confirmed by electrical

simulations of the VTF-LEDs, carried out using SILVACO-Atlas software to study the
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Current (A)

effect of (i) the n-AlGaN layer (considered without any defect), (ii) ohmicity of the n-
contact and (iii) absence of mesa isolation. As shown in Figure 36a, the n-AlGaN layer
introduces increased resistance in the structure leading to an increased series resistance of
the LED, whereas, as shown in Figure 36b, the largest impact on the I-V curve comes from
the non-ohmic contact which results in large increase of the threshold voltage and decrease
of the current. The current spreading at the level of the quantum wells is clearly shown in
Figure 36¢. Thus, the AlGaN resistivity (which is probably under-estimated in the
simulations which do not include the effect of low structural quality of the AlGaN layer),
and the non-ohmic n-contact are the main cause of the observed high series resistance and
voltage threshold whereas the current spreading due to non-symmetric contacts causes
reduction of electro-luminescence. To remove electrical issues related to the AlGaN layer,
a solution could lie in the etching of this layer. Either dry or wet AlGaN etch must be
conducted on the free-standing membrane, which is challenging and requires further
adaptation. Improvement in efficiency have been previously demonstrated on VTF-LEDs
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Figure 36 - (a) Simulated current-voltage characteristics of VTF-LEDs with and without
the n-AlGaN layer. (b) Simulated effect of the Schottky n-contact on the current-voltage
characteristic of VTF-LEDs. (c) Current distribution in a VTF-LED without mesa
isolation [75].
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released through laser lift-off, where the defective undoped GaN buffer layer is removed
through a backside etching process[14], [74]. Work is in progress to optimize this step for

the SLOT process.

Optical simulation was also conducted to investigate the effect of the n-AlGaN layer on
the light extraction efficiency (LEE) and far field angular emission pattern (FFP) of the
VTF-LEDs. FDTD Lumerical software was used to model the structure where a dipole
source is positioned at the MQW active region. The LEE and FFP were obtained by
averaging results over the source position and polarization direction of the dipole to
consider the incoherent, unpolarized and isotropic emission of the QWSs. Figure 37a shows
the LEE as a function of the optical cavity length. The n-AlGaN layer thickness is swept
from 0 to 500 nm. We can see a periodic variation of the extraction efficiency with a period
of around 100 nm, originating from interference effects altering the top surface reflection
according to the AlGaN layer thickness. The LEE is shown to vary between 3.3% and
6.5%. The n-AlGaN thickness of our fabricated VTF-LEDs being around 300 nm is thus
not optimum since the corresponding LEE is around 4.2%. As it can be seen in Figure 37b
showing the effect of the n-AlGaN layer thickness on the FFP, the quasi-flat pattern
corresponding to the actual VTF-LED (300 nm thick AlGaN) is in a good agreement with
the poorly defined light emission at the edges, seen in the inset of Figure 33b and could
explain also the lower measured optical emission. Slightly modifying the thickness of the
n-AlGaN layer (to 340 nm for instance) would increase the LEE to more than 6% and result

in highly directional emission of light.
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Figure 37 - Simulation of the effect of n-AlGaN thickness on (a) the LEE of the VTF-
LEDs and (b) on their far-field angular pattern for an AlGaN thickness range from
260 to 340 nm [75].

The results obtained in this study show that the thermo-mechanical SLOT process allows
for large-area and crack-free release of Il1-Nitride epilayers and fabrication of VTF-LEDs
arrays based on h-BN grown in the same MOCVD growth run as the epilayers. Because
the process doesn’t require any external force with tape/stamps to separate the epilayers
from the substrate, this approach can take its place as additional 2D material building block

enabling mechanical liftoff and transfer of epilayers.

A set of ten LED membranes containing a total of 400 LEDs has been fabricated using the
SLOT process and 50 LEDs have been deeply characterized in the frame of this work.
Crack-free membranes on which we were able to get light emission from all of the LEDs
but with dispersion in their performance have been obtained, leading to a 100 % crack-free
transfer yield for the 400 tested LEDs. In addition, the SLOT process at the wafer scale is

possible leading to the lift-off and transfer of the LED epilayers from a full 2-inch wafer.
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Because the membrane is only 30-pum thick, the fabricated VTF-LEDs can be folded, cut
and transferred onto different surfaces. Moreover, an efficient etch of the n-AlGaN buffer
layer on the free-standing membranes could enhance performances of this VTF-LEDs by
decreasing the electrical series resistance as well as enhancing the LEE by modifying the
optical cavity length. This work also opens new ways for the fabrication of thin-film flip-
chip (TFFC) LEDs where both contacts are placed on the backside of the LED (Figure 38).
Such a configuration[14], [81] allows for higher light-extraction (no metal is deposited on
the emitting side and there is no requirement of wire-bonding to access the n-contact).
TFFC-LEDs can be achieved through the SLOT process, by introducing additional process
steps while the LED structure in still on the h-BN/sapphire native substrate. Besides the
expected increase of the LEE, this architecture will also allow to deposit the n-contact on
the good quality n-GaN buffer instead of the low-quality n-AlGaN seed layer (as for VTF-
LEDs) and thus, enhance the charge carrier transport. Moreover, since for the TFFC
configuration the deposition of n-contact is done while the LED structure is still on h-
BN/sapphire native substrate, this contact can be annealed, which will decrease the

threshold voltage and series resistance as compared to the VTF-LEDs.
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Figure 38 - Schematic of TFFC LEDs that could be realized through the SLOT process.
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4.3.4 Mechanical Analysis of the SLOT Process

In the past, extensive analysis of thermal stresses generated in bilayer[82] and
multilayer[83] has been performed. The increasing complexity in obtaining closed form
solutions for interface stresses in bilayer requires the first order approximations and
computational calculations[83]. To get more insight on what happen during the thermal
lift-off process we adopted a simpler approach. The LED membrane attached to the
sapphire substrate has been simplified and modeled as a copper/sapphire bilayers and a
mechanical model of bending of a bilayers strip upon heating was used[82]. The LED
epilayer structure was neglected in the model as the thickness of copper (30 um) is 30 times
larger than those of the LED epilayers, so major strain and stiffness condition during
thermal expansion was assumed to be imposed by copper. Upon heating the bilayers, both
copper and sapphire layers expand. Copper layer, owing to higher thermal coefficient of
expansion than sapphire (see Table 2), expands more but is constrained by the sapphire
layer. This difference in the thermal expansion coefficients causes thus compressive force
in copper (F;) and tensile force in sapphire F,. To fulfill the equilibrium condition, these
forces must be equal and opposite in direction leading to the creation of moments (M; and

M) and then to a bending of the bilayers as shown in Figure 39.

M1Q //ijﬁ”‘/ “‘"\\!:1\\ ) M,
s & NSO,

Figure 39 - Schematic showing the forces and moments on an infinitesimal
element inside the bulk of the sample.
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Table 5 - Values of the different parameters used in the calculation.

Property Copper (Cu) Sapphire (Al203)
Length x Width lemx 1 cm lemx 1 cm
Thickness 30 um 350 um

Young’s Modulus (GPa) 110[83] 345[85]

Thermal Expansion Coefficient (x 10°/K)  17[84] 8.0[86]

Taking the values of the different parameters as shown in Table 2, a compressive stress of
66 MPa in the copper layer and tensile stress of 5.6 MPa in the sapphire layer, and a flexure
stress (due to the moments) of 0.5 MPa in the copper layer and 18.4 MPa in the sapphire
layer have been calculated. In addition, since the edges of the bilayers are free surfaces, to
balance the internal stress and moment, shear and normal stresses along and perpendicular
to the copper/sapphire interface, respectively, appear at the interface. This is shown

schematically in Figure 40.

\ I
= //‘ ‘ l l -

! R Shear stress at the interface l Normal stress at the interface

Figure 40 - Schematic showing the shear and normal stresses at the edge of the sample [75].

The magnitude of these interface shear and normal stresses is maximal at the edges of the
sample and decreases down to the center of the bilayers. The dependence of the interface

shear and normal stresses magnitude at the edge of the bilayers as well as the curvature
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Stress (MPa)

radius and maximum deflection are plotted as function of the temperature in Figure 41a

and 41b, respectively.
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Figure 41 - (a) Variation of shear and normal stresses with temperature. The doted lines
show exfoliation shear and normal stresses of h-BN2. (b) Variation of curvature radius
and maximum deflection of the bilayers versus temperature [75].

As expected, both bilayers edge interface stresses increase with temperature increase. Since
the adhesion between the two layers is governed by the van der Waals bonds of the BN
interlayer in our case, once the interface stress becomes larger than the force required to
break these bonds delamination may occur. The horizontal dotted lines in Figure 41a
corresponds to the shear and normal stresses required for exfoliation of a hBN layer as
measured by Rokni et al.[87]. It is clear that once the temperature reaches a value of 89°C
the interface shear stress becomes larger than the force required for the exfoliation of a
hBN layer leading to delamination at the edges of the bi-layers which then propagates
toward the center of the bi-layer since the interface shear stress at the new edges (after
partial release) is still enough to sustain the delamination process. This continuous

propagation of the stress lead to the complete lift-off.
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For thermal lift-off experiment, the structures were put on a hotplate set at three different
temperatures: 50°C, 100°C and 200°C for an hour. At 50°C, no delamination was observed.
At 100°C (same order of what we get from calculation), edge delamination started after a
few minutes and the lift-off was completed after 60 min and without cracks in the
epilayers. At 200°C, the complete lift-off happened faster (after 15 min), but a large
number of cracks were introduced in the structure. The faster delamination could be
explained by the fact that at this temperature the bending is larger inducing interface stress
above the threshold on a larger length. At this temperature, the bending is probably beyond

to what can be sustained by the epilayers and cracks are induced.

Figure 42 shows an example of LED membranes after a SLOT process of 100°C without

cracks (left) and 200°C (right) with cracks.
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Figure 42 - LED membranes after a SLOT process of 100°C without cracks (left)
and 200°C (right) with cracks.
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CHAPTER 5. TOWARDS FLEXIBLE NANOPYRAMID-BASED

INGAN SOLAR CELLS

5.1 Introduction

During the last century, industrialization and the growth of population leaded to a
global growth of economic activities and thus, unrestricted energy consumption in a world
which has limited resources. Currently, we approach the limits to growth imposed by the
depletion of non-renewable resources. Moreover, the combustion of fossil fuels - such as
oil, coal and gas - produce the greenhouse gases such as carbon dioxide that are mainly
responsible for the global warming and climate change. Combustion of fossil fuel

dominates power generation by 38 % of total world electricity supply in 2019 [88].

This constant growth in energy demand associated with global warming challenges are
very motivating factors for the development of the most efficient photovoltaic (PV) cells
and innovative materials and processes to replace conventional fossil fuels in the future.
After decades of research and development promoted by government subsidies, the cost-

per-watt of PV panel dropped form around $100 in 1975 to $3 today [88].

Silicon (Si) solar cells dominate the PV market by 92 % due to its abundance and low
manufacturing costs. However, about 50 % of the cost of Si cells is related to the Si
substrate [89]. Another alternative to thick Si cells is thin-film (few tens of microns) solar
cells that are lightweight and low-cost. In addition, thin-film cells can be fabricated or
integrated on various flexible substrates [88] with different shapes and sizes depending on
specific applications such as future mobile and wearable devices, electric cars and bicycles,

building integrated photovoltaics (BIPV) on curved rooftops and space engines [90].
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Figure 43 - Photographs of various applications of flexible thin-film solar cells.
Adapted from [89][90].

In spite of these benefits, the fabrication of thin-film solar cells on flexible substrates
remains challenging since the mechanical, thermal and chemical properties of these
substrates are not compatible with the processes used to fabricate the active device. For
instance, polyethylene terephthalate (PET) is widely used as flexible substrate but has a
melting temperature (around 250°C) below the one needed to deposit the absorber layers
(300°C for amorphous Si and above 600°C for polycrystalline Si) [91]. Alternatively, the
deposition temperature of amorphous Si is lowered to accommodate the substrate, leading
to a lower efficiency whereas polycrystalline Si can be only deposited on substrates with
higher tolerance such as glass and metals. Another solution relies on depositing the active

layers and fabricating the photovoltaic cells on a compatible substrate followed by a lift-
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off and transfer process for the heterogeneous integration of these devices on a substrate of
interest. These method has been also successfully demonstrated on several 111-V solar cell
structures. For example, GaAs using the chemical etching of an AlGaAs sacrificial layer

and transfer to PET substrate showed an efficiency around 20 % [92].

In this chapter, we propose to use the 2D-h-BN assisted mechanical lift-off and transfer for
the heterogeneous integration of solar cells to rigid and flexible substrates. We especially
focus on InGaN-based solar cells since InGaN is a I1I-N material that can be grown by
MOCVD in the same run and same growth conditions as 2D h-BN. Thus, these

transferrable solar cells could be achieved using a single material family.

In addition, recent developments on the growth of single-crystalline InGaN nanopyramids
(NPs) [93] makes it possible to enhance the indium incorporation in the absorbing layer
while reducing the density of structural defects and thus, to reach a power conversion
efficiency beyond the state of the art of InGaN-based solar cells. Therefore, the
combination of these two innovative technologies (InGaN NPs growth and 2D-hBN release
and transfer) could lead to the realization of low-cost, high-efficiency and flexible

photovoltaic devices.

First, we present the state of the art of InGaN-based solar cells by enhancing the
motivations of the use of InGaN NPs instead of bulk InGaN as an absorber layer.
Afterwards, we introduce the optical and electrical simulation results of the NP-based
InGaN structures and we present the growth and fabrication of these solar cell structures
through three different generations of devices. Finally, we discuss the perspectives and
further work needed to achieve the high-efficiency, low-cost and transferrable InGaN solar

cells on 2D h-BN.
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5.2 The State of the Art of InGaN Solar Cells

The evolution of photovoltaics technologies is usually divided into three generations. The
first generation is based on monocrystalline and polycrystalline silicon. The efficiency of
this solar cells is mainly limited by the low bandgap of silicon. The second generation is
based on thin-film materials such as CIGS, CdTe and amorphous silicon. The reduction of
materials amount and the vacuum-based deposition methods needed to produce these cells
make them cheaper and more efficient. However, even if CIGS and CdTe PV cells offer
high efficiency at a lower cost than silicon, the future of this technology may run into
difficulty due to the use of scarce and toxic materials [94], [95]. The third generation of
photovoltaics is based on the investigation of new materials such as organics, dye-
sensitized solar cells, quantum dot-sensitized solar cells, perovskites and multi-junction
I11-V semiconductors. Each of these materials has particular advantages and drawbacks

concerning efficiency, stability, cost, transparency and flexibility [96].

In the last decades, the Il1-Nitride InGaN alloy has received a particular attention for its
potential in photovoltaics applications. Due to its direct and variable bandgap -from 0.64ev
(InN) to 3.4eV (GaN)-, InGaN covers the entire solar spectrum [97] (Figure 44) and
enables the fabrication of high-efficiency multi-junction solar cells with a single material.
In addition, InGaN has a high absorption coefficient (10° cm™) allowing to absorb 90% of
the incident light with few hundreds nanometers thick layers, which reduces significantly
the amount of the material needed and subsequently the cost of the solar cells. Moreover,
its resistance to high energy radiations and high temperatures makes it a promising

candidate for concentrated photovoltaics (CPV) and space applications.

71



3 31 32 33 34 35 36
Lattice parameter a (A)

Figure 44 - Band gap energies of the InGaN alloy system covering the entire solar
spectrum [97].

However, due to large lattice mismatch between GaN and InN, the growth of thick, strained
and high-crystalline 2D bulk InGaN layer is technologically challenging. Lowering the
bandgap of InGaN by increasing the indium incorporation results in the degradation of the
epitaxial layer through a high defects and threading dislocations densities as well as phase
separation of indium due to the relaxation of the epitaxial mismatch stress (Figure 45),
which hindered the performances of the photovoltaics devices [98], [99]. Other issues such
as high InGaN/GaN interface polarization charges [100], [101] and sensitivity of InGaN to
the growth temperature of the p-type GaN top layer lower the efficiency of InGaN solar
cells [102]. Various approaches have been used to realize InGaN-based solar cells
including bulk InGaN homojunctions [103] and heterojunctions [104], InGaN/GaN
semibulk [105] and superlattices [106], InGaN/GaN multi-quantum wells (MQWSs) [107],

[108]. However, the performances are hindered by the above-mentioned issues.
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The highest conversion efficiency ever reported for InGaN solar cells is 5.95%, achieved

with a 20-period MQW structure with 19% indium content [109].
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Figure 45 - Three dimensional growth of bulk InGaN[98]. (b) Critical thickness of

dislocation generation and three-dimensional growth versus indium composition x
(InxGa1xN) [99].

High-efficiency InGaN solar cells need high indium content and high crystalline quality of
the InGaN absorber layer. In this context, InGaN-based 3D nanopyramids (NPs) achieved
by our group at IRL 2958 GT-CNRS with high crystalline quality and high indium content
can be used [93], [110]. This approach is based on metalorganic chemical vapor deposition
(MOCVD) and nano-selective area growth (NSAG). An indium incorporation of 33% on
AIN buffered Si(111) was achieved, as shown in Figure 46. Moreover, owing to their three-
dimensional geometry, InGaN NP-based devices could provide a unique advantage over
thin films in the area of flexibility when grown on 2D layered h-BN substrates and

transferred to a flexible substrate.
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Figure 46 - (a) Cross sectional HAADF-STEM images of single InGaN NPs. (b) EDX
line scans for indium in InGaN NPs along the vertical and horizontal axes of the NP
[110], [93].

One of the objectives of this thesis is the realization of low-cost, high efficiency InGaN
solar cells. This target is possible by combining different innovative technologies. First,
recent developments of the InGaN-NP growth method makes it possible to enhance the
indium incorporation in the material while reducing the density of structural defects. Then,
the combination of the h-BN-based lift-off process (demonstrated for lateral and vertical
LEDs in Chapter 4) can allow the implementation of low-cost and high-efficiency InGaN
solar cells through (i) the transfer to flexible substrates, (ii) the fabrication of tandem cells
by transferring the NP-based InGaN cells on top of a silicon solar cell and (iii) the
realization of NPs InGaN multi-junctions by stacking solar cells with different indium

incorporations.
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5.3 Simulation of Nanopyramid-based InGaN Solar Cells

To increase the indium incorporation in the absorber layer and cover a large portion of the
solar spectrum while reducing the structural density of dislocations and defects and
avoiding the phase separation of indium, we propose an approach based on a three-
dimensional (3D) structure, namely InGaN NPs. The nano-selective area growth of InGaN
NPs have recently exhibited encouraging results. GT-CNRS group recently demonstrated
NPs-based absorbers grown by MOCVD that are single-phase, defect-free, fully relaxed
with high indium incorporation up to 33%, which is almost twice as high as in planar

InGaN grown in the same conditions [93], [110].

In order to have a better understanding of the optical and electrical properties and to achieve
a high-efficiency InGaN NP-based solar cell, we carried a modeling study by coupling
optical and electrical simulation tools, FDTD Lumerical and Silvaco ATLAS, respectively.
We also computed and compared the electro-optical performances of both planar and NP-

based InGaN solar cells under 1.5 air-mass solar spectrum conditions.

The double hetero-junction solar cell structure studied is shown in Figure 47. It is a p-
GaN/InGaN/n-GaN structure where the InGaN absorber is interposed between p- and n-
GaN layers. The InGaN absorber is an array of NPs separated by an SiO, mask. The p- and
n-regions are doped by Mg and Si respectively. For the modeling purpose, the device
described by a primitive cell (Figure 47a) with periodic boundary conditions in both x- and
y-axis. The parameters of the simulated cell are described in Figure 47b and the simulation
flowchart is described in Figure 48. All the simulation work was done considering AM1.5G

solar spectrum conditions.
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Figure 47 - (a) SEM top view image of the InGaN NP array. (b) Top view of the modeled

structure. (c) SEM cross section image of the InGaN NP. (d) Cross-sectional view of the
single NP modeled structure [122].

The particularity of the hexagonal pyramid-shaped structure required the use of a FDTD
method to model the light-matter interaction and to compute the dependence of absorption,
photo-generation rate and ideal photo-current at each node of the structure with the p-GaN

layer thickness (d), width of the NP (W) and pyramid spacing (S).

The output of the optical simulation is used as the input for the electrical simulation. For
that, the total photo-generation rate is averaged along the y-direction in order to provide

the photo- generation rate map used for 2D Silvaco simulation of the electric transport in

the device.
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Figure 48 - Coupled optical-electrical simulation flowchart [122].

In order to find the optimized structure for our solar cells, we varied the holes diameter
(D), the width and spacing of NPs (W and S, respectively) as well as the thickness of the
subsequent p-GaN top layer. The important output physical quantities we focused on where
the absorption, the photo-generation rate and the ideal photo-current. These results allows
to determine the optimize design parameters that we will rely on for the nanolithography

SiO2 mask fabrication as well as the growth of the NPs and p-GaN top layer.
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5.3.1 Optical Simulation

To model the light-matter interaction we started from the absorp- tion of light by the solar
cell. The absorption coefficients a for InGaN alloys were calculated using the following

equation[111]:

a= Ja x (E— E;)+b x (E— Ey)?

where a and b are setting parameters depending on the indium composition. E is the
incident photon energy, E, is the bandgap energy which is calculated using the following

Vegard's law:
Ej=x x Ef™N +(1—x) x ESN —b x x x (1 —x)

where x is the alloy fraction and b the bowing factor. Refractive index is computed using

the model developed by Adachi [112]:

n(w) = A(x)x(:—i)zx 2—\/1+ f;—w— ’1—2—“’ + B(x)

where w is the optical frequency, and A(x)and B(x) are setting parameters depending on

the alloy fraction x as:

A(x) =9.827 x (1 —x)—53.57 X x

B(x) =2.736 X (1—x)—9.19 X x
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We have considered InGaN and GaN materials as being optically isotropic. Given the sub-
wavelength thickness of InGaN NP, the bi-refringence should have anyway small effect on
the simulation result. The photo-generation rate is extracted by dividing the absorbed

power by the photon energy:

Pabs (T‘, 0))

gr,w) = ”

where P,,¢(r, w) is the optical power absorbed per unit volume from a monochromatic

source at an angular frequency w and position r, which is obtained by:
Pyus(r,w)= —05 X w X |E(r,w)]? x I |e(r,w)]

where E(r, w) is the electric field spectral density [V2 m? Hz'] and € is the frequency
dependent permittivity. The total photo-generation rate is given by the integration over the

frequency:
G(r) = Jg(r,w) X dw

The photo-generated current J,,,,, estimated with the assumption that each absorbed photon

generate an electron-hole pair collected at the electrical contacts, is given by:

Jon = %fG(r)x dr

where q is the electron charge and A is the primitive cell surface area.
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Figure 49 shows the ideal photocurrent density /,, as a function of the spacing between
NP varying in the range 0 nm < S < 80nm and width of NP varying in the range
1.25 x D (to avoid holes overlap) < W < 2 x D, and mapped for three different hole
diameters varying between 80 nm and 170 nm in the SiO2 mask (D). The p-GaN top layer
thickness has been optimized for each couple of parameters (S, W) to get the highest
possible J,,. Since increasing W or decreasing S lead to a thicker effective planar InGaN
layer then J,,, increases correspondingly from 3.2 mA/cm? (for D = 80 nm, S = 80 nm
and W = 100 nm) up to 7.45 mA/cm? (for D = 170 nm, S = 0 nm and W = 340 nm).

As expected, densely packed and large NP are preferable to obtain large /,,.
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Figure 49 - Photo-current density ]ph(mA/cmZ) as function of the spacing between NP (S)
and width of NP (W) mapped for different hole diameter in the SiO2 mask (D =80 nm, D
=130 nmand D =170 nm) [122].
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In order to have more insights on the role of the p-GaN thickness, Figure 50 shows the
variation of J,,, as function of both the p-GaN top layer thickness and width of the NP for
a hole diameter in the SiO, mask D = 170 nm and for a spacing between the NP equal to
zero, which corresponds obviously to the largest InGaN absorber effective thickness (total
InGaN NP volume distributed on a planar layer having the surface area of the solar cell; as
there are two pyramids inside the primitive modeled cell, the calculated equivalent
thickness is the sum of both the volume of InGaN hexagonal pyramid and InGaN cylinder
inside the hole multiplied by 2, this volume is then divided by the primitive cell surface
which can be deduced from the hexagonal pyramid dimensions and the space between these
pyramids) and thus highest optical absorption and J,,,. The variation of J,,, with d or W is
not monotonic. The presence of maxima and minima in the dependence of Jph can be ex-
plained by a modulation of the optical reflection at the top surface of the solar cell induced
by the interference phenomenon between the optical waves reflected at the top surface and
at the p-GaN/SiO; interface, respectively. This phenomenon occurs whatever the solar cell

structure is.
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Figure 50 - Photo-current density /,,, (mA/cm?) as function of the p-GaN top layer
thickness and width of the NP for a hole diameter in the SiO, mask D = 170 nm and for
spacing between the NP equal to zero [122].
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To compare the performance of the InGaN NP absorber-based solar cell with those of the
planar InGaN absorber-based solar cell whose absorber thickness is an effective thickness
corresponding to the volume of the InGaN NP, Figure 51 shows the J,,(W , D) maps
obtained in both cases for an optimized p-GaN top layer thickness and a zero spacing
between the NPs. As expected, for both devices, J,, increases with both W (more
markedly) and D since this corresponds to an increase of the effective InGaN absorber
thickness. Nevertheless, for a width of NP larger than 170 nm (corresponding to an
effective thickness of around 55 nm), J,, becomes higher in the case of the InGaN NP
absorber based solar cell. It reaches, for W = 340 nm and D = 170 nm (corresponding to
an effective InGaN thickness of around 95 nm), a value of about 7.4 mA/cm? corresponding
to an increase of 9% when compared to the 95 nm thick planar InGaN solar cell (J,, = 6.79

mA/cm?).
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Figure 51 - J,,(D, W) (mA/cm?) maps of the (a) InGaN NP absorber-based solar cell
and (b) planar InGaN absorber-based solar cell whose absorber thickness is an
effective thickness corresponding to the volume of the InGaN NP, for an optimized
p-GaN top layer thickness and a spacing between the NP S = 0 nm. The lines in (b)
indicate the corresponding effective planar InGaN layer thickness [122].
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This originates from an increase of the absorption which can be explained by a light-
trapping effect in the NP due to the nano-structured SiO2 mask, as evidenced by Figure 52
which compares the cross- section maps of the optical electric field intensity, obtained
(using Lu- merical software) at a wavelength equal to 525nm, for the three cases marked
@1 and @2 (InGaN NP absorber-based solar cell), and @3 (planar InGaN absorber-based

solar cell) in Figure 51.

A periodic vertical optical electric field intensity pattern, originating from the interference
effect mentioned previously, is observed in the three cases. This pattern is more intense for
the InGaN NP solar cell (Figure 52a and 52b) because of the larger refractive index contrast
at the interface between the SiO> mask and the InGaN NP, when compared to the p-
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Figure 52 - Cross section (x,y) and (x,z) maps of the normalized optical electric field
intensity obtained at = 525 nm for (a) @1 and (b) @2 InGaN NP absorber-based and (c)
@3 planar InGaN absorber-based solar cells. See Figure 51 for the @1, @2, @3 marks.
Optical absorption has not been taken into account to clearly highlight the light trapping
effect [122].
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GaN/InGaN interface refractive index contrast of the planar InGaN solar cell (Figure 52c¢).
In the case of the InGaN NP solar cell, it is also more intense for large W and D because
of the broader SiO2/InGaN interface. The light trapping in the NP is clearly seen in Figure
52a showing a large optical confinement in the base of the NP and a less pronounced one
in the upper part of the NP. It is to be noticed that this confinement disappears for the
smaller size NP (Figure 52b) because of the wavelength of the light which is probably
beyond the cut-off wavelength allowing the optical confinement. This optical confinement
is probably generated by the horizontal sub-wavelength grating mirror (SiO2 mask with

holes filled by InGaN material on top of a low refractive index sub-layer (n-GaN)) [113].

Considering the band gap of the InGaN absorber with 30% of In content, a maximum
photocurrent of 13mA/cm2 is expected for AM1.5G solar spectrum conditions. The
difference between this value and those of 7.4 mA/cm? (largest value of Jpn Obtained for
an opening in the SiO2 mask of D = 170 nmand a NP width of W = 340 nm) can be
explained by either the reflection loss at the front surface which is about 20%, and partial
absorption due to the limited effective thickness of the InGaN absorber which is about 95
nm in this case. Therefore, if we consider, as proposed by Dahal et al. [114], an anti-
reflective coating (ARC) and a dielectric mirror (DM) on the top and bottom of the solar
cell, respectively, the solar cell absorption spectrum can be tuned in such a way that the
photocurrent is increased by 24% to reach 9.2 mA/cm? (see Figure 53a). The ARC design
used in our simulation is close to those achieved by Young et al. [115], and for the DM,

which is advantageous for the combination of high band gap InGaN-based solar cells with
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silicon [116] we have considered two multi-layered SizN4/SiO. and Ta,Os/MgF. stacks al-
lowing reflection larger than 80% in the 350-620 nm wavelength range (see Figure 53b).
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Figure 53 - Tuning solar cell (a) absorption and (b) reflection spectra using a multi-layered
SiO2/Si3N4 anti-reflection coating at its top and a metallic mirror (Ag) or a DM constituted
of two multi-layered SisN4/SiO2 and Ta,Os/MgF. stacks at its bottom [122].

5.3.2 Electrical Simulation

To further assess the InGaN NP absorber-based solar cell performance, we have conducted
2D electrical simulation using Silvaco software which does not solve properly 3D 6-faceted
pyramids. For that, we have produced a 2D photo-generation rate map from the 3D photo-
generation rate map by flattening it along the y-axis using a spatial averaging which almost
allows for the conservation of the total photo-generated carriers throughout the volume of
the NP [117]. Then, this approximate 2D map serves as input data for 2D electrical
simulations using Silvaco software. Due to the large conduc- tion band offset (AE,) at the
InGaN/GaN hetero-interface, we have used the thermo-ionic-field emission carrier
transport model proposed by Yang et al. [118]. We have accounted for Shockley-Reed-

Hall (SRH), and surface and radiative recombinations. A surface recombination velocity
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of 10*cm/s for electrons and holes is specified at the front surface. The radiative coefficient
and carriers' lifetime are taken from EI-Huni et al.[119]. As the NSAG NPs are considered
fully relaxed [110], we have chosen a bowing factor of 2.59 eV based on the work done by
Islam et al. [120] for absorption band gap of relaxed InGaN. The same bowing factor has
been used to calculate the electron affinity for InGaN. This is based on the study done by
Moses and Van de Walle [121] showing that the valence band maximum varies linearly
with the indium composition. More details about the physical models and parameters'
values can be found in Ref [119], including electric mobility and effective mass.

Parameters used in the simulations can be found in Ref [122].

To take into account of the polarization-induced charge, we have adapted the model
developed by Romanov et al.[100]. This model computes the polarization difference at the

InGaN/GaN hetero-interface along the semipolar direction as:

AP = PPZ + (PP — PP) x cos ®

Lz

where PP and P;? are the spontaneous polarizations in the grown layer and substrate,
respectively. is the inclination angle of the c-axis relative to the normal of the hetero-

interface. PP’ is the strain-induced piezoelectric polarization component of the layer

Lz

defined as:

e33 —e15 . . .
PP = e31cos9 ' ' + (eglcos?’«? + Msm%stS)
Iz XX 2

"+ €
z

.. (633 + e15
yy 2

sinSsin2¢ + esscos? %) - + ([e31 — e33]cosSsin2¢ + e15sin800528)5y'z'

where ejj and €jj are the piezoelectric and strain coefficients, respectively. Figure 54 shows

the obtained hetero-interface polarization difference (P) as a function of the inclination
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angle for a strained Ino3Gao.7N layer on top of a GaN layer (case of planar solar cell) and
a strained GaN layer on top of an Ing3Gao.7N (case of NP solar cell). The colored regions
correspond to growth planes for which polarization charges lead to an increase of the
internal electric field. NP-based solar cells for which the hetero-interfaces lie on the r-plane
(¥ = 56.7°) have unfavorable P much less than planar solar cells for which the hetero-

interface lie on the c-plane (9 = 0°).
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Figure 54 - Polarization difference at the hetero-interface as a function of the inclination
angle of the c-axis (z) with respect to the normal at the interface (z") for planar and NP
based InGaN solar cells. The colored regions correspond to growth planes for which

polarization charges lead to an increase of the internal electric field (45° <9 < 90° for
planar solar cells and 65° <9 < 90° for NP solar cells) [122].

Figure 55a shows an example of 2D photo-generation rate map obtained when using the
optimized geometric parameters and for AM1.5 illumination conditions. The photo-
generation rate is larger in the down part than in the upper part of the NP. This is due to
both the larger volume and optical electric field intensity of the InGaN absorber in the
down part of the NP as show in Figure 55b and 55c. This approximate 2D map serves then

as input data for 2D electrical simulations using Silvaco software.
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Figure 55 - (a) 2D photo-generation map calculated from the 3D photo-generation map
using the optimized geometric parameters and for AM1.5 illumination con- ditions. Cross
section of the 3D photo-generation map at a NP height of (b) 220 nm and (c) 160 nm
[122].

To check the validity of our models and approach we have first computed the value of /,,
in the case of an opening in the SiO> mask of D = 170 nm and a NP width of W = 340 nm
using Silvaco and the approximated 2D map. With these conditions, using Lumerical and
3D map, as seen before, we found J,,;, = 9.2 mA/cm?. The value obtained using Silvaco and
considering a defect-free device (since Lumerical does not support electric transport) is
equal to 9.165 mA/cm?2. The two values are in a very good agreement confirming the
validity of the chosen approach for the simulation and electric models. We then have
studied the role of both the p-GaN, u-InGaN and n-GaN doping on the solar cell

performance. To achieve high efficiency InGaN solar cells, a high level of doping for the

88



p-GaN and n-GaN layers is required to limit the barrier height at the hetero-interfaces,
while low u-InGaN residual doping is needed [123] to keep the width of the depletion
region as large as possible. These requirements are all the more crucial as the discontinuity
in spontaneous and piezoelectric polarization generates interface charges that produce
supplementary and strong band bending and potential barriers as well as electric field that
hinders separation of photo-generated carriers [124]. If highly doped n-GaN layer can be
grown relatively easily [125], the growth of highly p-type GaN layers remains difficult
[126] and the undoped InGaN typically demonstrates n-type conductivity resulting from a

high background concentration [127].

Figure 56 shows the dependence of the power conversion efficiency (PCE) as function of
the n-GaN and p-GaN doping concentration for both InGaN NP absorber-based and planar

InGaN solar cells and for a residual donor concentration in the InGaN of 8 x 10%¢cm =3,
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Figure 56 - Dependence of the PCE with respect to either n-GaN and p-GaN doping
concentrations for both (a) InGaN NP absorber-based and (b) planar InGaN solar
cells[122].
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High PCE can be obtained for a n-GaN doping concentration larger than 8 x 10%¢cm 3
whatever the solar cell structure (InGaN NP or planar InGaN). As mentioned above, this
IS due to the large barrier in the conduction band at the n-GaN/InGaN hetero-interface
which is the same for both structures, and can be lowered by increasing the n-GaN doping
concentration, leading to the accumulation of a large positive charge in the n-GaN region
close to the interface causing an inversion layer in the InGaN layer which in turn leads to
the screening of the polarization-induced charges (see Figure 57). On the other hand, it is
to be noticed that the constraint on the p-GaN doping concentration is highly relaxed in the
case of the InGaN NP absorber-based solar cell when compared to the planar InGaN solar
cell. Indeed, to reach the maximum PCE, the required p-GaN doping concentration is one
order of magnitude less in the InGaN NP absorber-based solar cell than in the planar InGaN
solar cell (5% 10*7cm = instead of 5 x 10*8cm -3). This is due to the fact that the p-
GaN/InGaN interface in the case of the InGaN NP is along the r-planes which induce much
less polarization charges effect. Thus, a given p-GaN doping concentration allows for an
accumulation of negative charges in the p-GaN region which is enough to create an
inversion layer, and thus an electric field allowing the separation of the photo-carriers, in
the InGaN layer in the case of the InGaN NP solar cell (see Figure 58). In the case of the
planar InGaN solar cell, for the same accumulation of negative charges in the p-GaN
region, the polarization charge effect is stronger (p-GaN/InGaN interface along the c-
planes), leading to the accumulation of negative charges in the InGaN region and creation

of an electric field that hinders separation of photo-generated carriers.

To conclude the study of the role of doping, Figure 59 shows the de- pendence of the PCE

with the residual donor concentration of the InGaN layer for both InGaN NP absorber-
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based and planar InGaN solar cells and for different p-GaN doping concentration, and with

a n-GaN doping concentration of 1 x 101%cm 3.
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Figure 58 - (a) Conduction band and (b) charge distribution at the n-GaN/InGaN hetero-
junction for different level of the n-GaN doping concentration [122].

4 T N
(@) ! (b) 0041 A
3 ' Planar InGgN Planar InGaN n
! —— Nanopyramid InGaN 0.021 = Nanopyramid InGaN | |
U
2 _ |+
_ p-GaN —~ 0.00 A
= £ |
CIRE £ .0.024 A
§ S p-GaN | InGaN
& 0 . S -0.04-
w E \
' = n . 3
14 ' O -0.06 | p-GaN doping: 118 cm
: 0.08 | n-GaN doping: 1e19 em™
2] 1 R "~ u-InGaN residual: 816 cm™
v T T -0.10 T T T
-0.05 0.00 0.05 -0.05 0.00 0.05

Relative distance (um) Relative distance (um)

Figure 57 - (a) Energy band diagram and (b) charge distribution at the p-GaN/InGaN
hetero-junction for both InGaN NP absorber and planar InGaN based solar cells [122].

For residual donor concentration of the InGaN layer up to around 1 x 107cm 3, the PCE
exhibits slight variations (increase or decrease) whatever are the p-GaN doping
concentration and the type of solar cell. The slight increase of the PCE can be explained
by the increase of the Voc due to the shrinking of the space charge region while the Js
remains constant (see inset of Figure 59). Beyond this residual concentration level, a

decrease of the PCE can be noticed especially in the case of the InGaN NP absorber-based
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solar cell with a p-GaN doping concentration of 5 x 10*7cm 3, This can be explained by
the fact that the overlap between the region where the photo-generation rate is high and the
region where the drift electric field is high becomes weaker, especially for a high residual
donor concentration of the InGaN layer. This phenomenon is even stronger because of the
diffusion length of the photo-carriers which becomes smaller with the increase of the
residual donor concentration. Finally, Figure 59 shows that InGaN NP absorber-based solar

cells can tolerate a higher InGaN residual donor concentration than that of the planar InGaN

solar cells.
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Figure 59 - Dependence of the PCE with respect to the residual donor concentration of
the InGaN layer for both InGaN NP absorber-based and planar InGaN solar cells and for
different p-GaN doping concentration with n-GaN doping concentration of 1 x 10° cm’
8. The inset shows both the Jsc and Vo dependence with the residual donor concentration
of the InGaN layer [122].
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The Ino3Gao.7N NP absorber-based solar cell, optimized in terms of mask opening, doping,

ARC and back mirror, can reach a PCE of 10.8% using currently available technologies.

In summary, we have modeled and investigated the performances of InGaN NP-based solar
cells with 30% indium content. When compared to planar InGaN solar cells, the NP-based
solar cells show that the semi-polar growth planes lead to less polarization charges in the
InGaN/GaN interface, which allows to handle ten times less acceptors concentration in the
p-GaN top layer while maintaining the same performances. Moreover, the SiO, mask used
in the NP-based structure showed a light trapping effect in the SiO2/InGaN interface,
leading to a higher optical absorption and thus efficiency. Last, InGaN NP-based solar cells
can allow for a higher InGaN residual donor concentration than that of the planar InGaN
solar cells. Overall, an optimized Ino.3Gao7N NP-based solar cell can lead to an efficiency
twice than that of a planar InGaN-based solar cells with standard p- and n-GaN doping

level.

In the next sections, we present the growth and fabrication process of these solar cell
structures through three different generations of devices. In the first and second generation
we achieved the growth of a complete NP-based InGaN structure on sapphire whereas for
the third generation we demonstrate the first growth of InGaN NPs on 2D h-BN/sapphire

substrate.
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5.4 Fabrication of Nanopyramid-based InGaN Solar Cells

5.4.1 The First Generation of the NP-based Solar Cells at GT-Atlanta

The first simulation results allowed us to optimize the nanolithography fabrication of the
SiO»-like mask used for the selective area growth of the NPs. In order to fabricate the nano-
patterned mask we use the hydrogen silsesquioxane (HSQ), which is a negative-tone resist.
It has been used as a negative resist for nanolithography - also referred as electron beam
lithography (EBL) - , nanoimprint, and extreme ultraviolet (EUV) lithography and sub-
10nm resolution, high contrast, moderate sensitivity, minimum line edge roughness, good
etch resistance and high degree of mechanical stability. The cross-linking via Si-H bond
scission by exposure to electron beams results in an amorphous structure of HSQ similar
to SiO2 [128]. Hence, it allows a single-step process to fabricate high-resolution nano-
patterns on our substrate, which compared to the standard deposit-pattern-etch process,
allows a better preservation of the substrate quality since it does not expose the bottom
GaN layer to ICP plasma etching. Figure 60 shows schematics of the deposit-pattern-etch

photolithography-based approach and the HSQ nanolithography-based approach.

Prior to my thesis, the first version of the nano-patterned mask was performed at Georgia
Institute of Technology’s Institute of Electronics and Nanotechnology (IEN) cleanrooms
using the JEOL JBX 9300 FS electron-beam lithography (EBL) system armed with a 100
kV. The nano-patterned mask was fabricated on n-doped c-oriented 2-um-thick GaN on
sapphire template following the procedure described in Figure 60a. First, a 100-nm-thick
HSQ layer is spin-coated and exposed to a 4 nm Gaussian electron beam with 100 kV

accelerating voltage under a current of 1.9 nA.
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Figure 60 - Schematics of (a) the HSQ nanolithography-based approach and (b) the
deposit-pattern-etch photolithography-based approach.

Then, tetramethylammonium hydroxide (TMAH) 25% developer is used to open the nano-
holes that correspond to the area of HSQ not exposed to the electron beam [129]. The nano-
holes are arranged in a hexagonal lattice with a diameter around 90 nm and a pitch double
of their diameter as shown in Figure 61a. The optimized base dose in these conditions was
found to be between 671 pC/cm? and 692 pC/cm?. The fabricated glass-like masks were
then sent to IRL 2958 Georgia Tech-CNRS Laboratory to perform the growth of the
subsequent InGaN NPs and p-doped GaN layer by MOCVD. First, the optimized growth
conditions of the InGaN layer on a % of a 2-inches wafer allows a nano-selective area

growth (NSAG) where the GaN nucleation layer and InGaN epitaxial NPs tends to grow
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on the n-doped GaN underneath and not on the mask. High growth selectivity was obtained
as shown in the Figure 61b. Details of the MOCVD growth are reported in Ref [110].
Moreover, the optimized epitaxial lateral over-growth (ELOG) conditions used to grow the
subsequent p-type GaN top layer allowed to have a good coverage of the InGaN NPs as

shown in Figure 62.
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Figure 61 - SEM images of (a) thenanolithography mask on of 100 x 100 um with squares
of 8.5 x 8.5 um achieved by Georgia Tech (Atlanta) facilities, and the (b) InGaN
nanopyramids grown at IRL 2958 GT-CNRS.

Figure 62 - SEM images of the p-type GaN top layer on InGaN nanopyramids on ¥ 2-
inches wafer. Defects are due to low temperature growth of the p-GaN. Growth at higher
temperatures will deteriorate the quality of the InGaN underneath.
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e Selectivity on 2-inches wafer : When we tried to reproduce this results on a 2-inches
wafer, selectivity issues during the growth of InGaN NPs emerged. High density of
crystallites appeared, especially in the center of the 100 x 100 um masks as shown in
Figure 63. Moreover, the NPs were not completely covered by the p-GaN layer during
the regrowth step. More investigations of the mask fabrication process and the growth

conditions were needed to achieve PIN structures on 2-inches wafers.

Figure 63 - SEM image after InGaN NPs growth on a full 2-inches wafer. High
density of crystallites especially in the center of the 100x100 pum? masks.

In this period, a technology transfer of the nanolithography mask fabrication from GT-
Atlanta, USA to the IRL 2958 GT-CNRS in Metz, France was decided. The
optimization study of this second generation of this PIN structures is described in the

following section.
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5.4.2 The Second Generation of the NP-based Solar Cells at IRL GT-CNRS

In this part, the nanolithography process is operated by the RAITH eLine Plus system,
which is a part of the Institut Lafayette cleanroom facilities. It is a versatile nanofabrication
system armed with a 30 kV electron beam column and providing a Gaussian beam smaller
than 2 nm. For our nano-patterns we decided to use an acceleration voltage of 25 kV, which
is close to the limit of the machine and which means that the acceleration of electrons is
reduced by a factor of four compared to the 100 kV exposition used before. For this
purpose, the base dose of exposition needs to be re-optimized. We operated a Monte Carlo
simulation by Casino software to visualize the path of electrons for a 100 kV and a 25 kV
exposure. Since in e-beam lithography, most exposure occurs by secondary electrons [130]
a decrease in the acceleration voltage by a certain factor should induce a decrease in the
base dose by approximately the same factor in order to have the similar contrast in both
cases [131]. Therefore, the Monte Carlo simulation parameters were: 100 kV and 800

uC/cm? versus 25 kV and 200 uC/cm?.

(a) (b)

100KeV-800puc

Figure 64 - Monte Carlo simulation of (a) 100 kV-800 uC/cm? (b) 25 kV-200 uC/cm?.
The substrate in both cases is GaN on sapphire and the HSQ layer is 100 nm thick. In
blue: forward scattering path. In red: backward scattering paths.
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A base dose of 200 pC/cm? was taken as a reference value that will be adjusted afterward
through a base dose test on silicon wafers. As observed in Figure 64, forward and backward
electron scattering occurs more in the 25 kV than in the 100 kV exposure. Therefore, we
have more generation of secondary electrons in the 25 kV than in the 100kV exposure.
Thus, since most exposure occurs by secondary electrons [130], less base dose is needed
for an acceleration voltage of 25kV compared to 100kV. However, using a low acceleration
voltage (25 kV) reduces the resolution of the patterned features and introduced more
constraints on the size of the nano-holes we are targeting. Nano-holes of around 150 nm
were then fabricated on a 2-inches n-GaN/sapphire wafers with different sizes of the mask
as shown in Figure 65. The optimized base dose of electrons beam was found to be 260

nC/cm? for a resist thickness of 100nm.

100x100um?

Figure 65 - SEM images of masks of the size: 10 x 10 um?, 25 x 25 pm?, 50 x 50 um? and
100 x 100 pum?.
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However, the growth of InGaN on this masks triggered a selectivity issue which seems to

depend on two main parameters:

(i) The size of the mask.

(ii) The position of the mask in the 2-inches wafer.

Small masks of 10 x 10 pm? and 25 x 25 pm? are selective in all positions in the 2-inches
wafer whereas larger masks of 50 x 50 pm? and 100 x 100 pm? are perfectly selective on
the edges of the wafer, not selective near to the center and partially selective in between

the center and the edges of the wafer, as illustrated by Figure 66.

/

13cm

- Perfect selectivity

Partial selectivity (small density of crystallites)

1.3cm

\n - /

No selectivity (high density of crystallites)

Figure 66 - A schema of a 2-inches wafer showing the dependence of selectivity on the
mask position in the wafer for masks of size 50 x 50 pm? and 100 x 100 pm?.
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e Optimization of the MOCVD Growth Conditions :
An optimization flow chart was then launched. We first decided to add an in situ baking
step under NH3 at 1000°C and N2 at 600°C. However, no improvement was observed on
the selectivity of the mask in the center of the wafer as shown in Figure 67. Moreover, we
also proceeded to a variation of the growth temperature. Three runs were launched at
815°C, 829°C and 840°C. Although we have less crystallites on the InGaN NPs at higher

growth temperatures on 2-inches wafers, no perfect selectivity was obtained (Figure 68).
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Figure 67 - InGaN growth of NPs on a 100 x 100 um? mask after in situ NHz and after
in situ N2. High density of crystallites is observed.
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Figure 68 - InGaN growth of NPs on a 100 x 100 pm? by varying the growth temperature.
High density of crystallites is observed.
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Moreover, to reach a high indium incorporation in the NPs, growth must be proceeded at
low temperature, thus, increasing the growth temperature higher than 840°C is not a
relevant solution for our application. Therefore, we decided to focus on the optimization

of the nanolithography mask.

e Optimization of the Mask Fabrication Process :
Concerning the mask fabrication process, a standard thickness of 100 nm of HSQ was used
in the previous runs. A base dose of e-beam of 260 pC/cm? was considered to give the
best resolution of nano-holes of around 150 nm. However, we hypothesized that at this
base dose the cross-linking via Si-H bonds scission on HSQ was not efficient enough to
produce an amorphous structure similar to SiO2 allowing to achieve a perfect growth
selectivity. To confirm this hypothesis, a Raman spectroscopy measurement was done on
masks exposed to different doses, however, due to the low resolution of the measurement,
no correlation between the Si-H stretching peak intensity and the base dose was observed.

Energy Dispersive X-Ray Spectroscopy (EDX) is needed to achieve a higher resolution.

One solution to confirm the cross-linking hypothesis of the HSQ is to decrease the
thickness of the mask. We fabricated masks of 77 nm (5500 rpm during the resist spin
coating) instead of 100 nm (4000 rpm) and grew the InGaN NPs, but no improvement on

the selectivity was observed as illustrated in Figure 69.

Further steps were based on post-baking the HSQ mask after the development by TMAH
of the unexposed resist as suggested in Ref[132]. The mask was baked at 500°C for 1h
under Oz gas. This is supposed to dissociate the Si-H bonds and increase the number of Si-

O bonds to achieve an SiO»-like amorphous structure. However, the results of this
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experiment were not as expected since after the InGaN NPs growth the density of

crystallites on the mask was high, as shown in Figure 70.
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Figure 69 - InGaN growth of NPs on a 100 x 100 um? masks with two different
thicknesses100 nm and 77 nm. High density of crystallites is observed.
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Figure 70 - InGaN growth of NPs on a 100 x 100 um? mask baked for 1 hour at 500°C
under Oz . High density of crystallites is observed.

Subsequently, a post-exposure to UV was introduced. The UV exposure was done at 500
W (electrical power of the UV lamp) for various durations ranging from 15 minutes to 2
hours. In this experiment also, the results were inconclusive since after the InGaN NPs

growth the density of crystallites on the mask was high (Figure 71).
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Figure 71 - InGaN growth of NPs on a 100 x 100 um? mask exposed to UV
irradiations after development of unexposed HSQ. High density of crystallites is
observed.

The next step was to post-expose the HSQ mask to electrons beam in SEM imaging mode
after the development by TMAH of the unexposed resist. The post-exposition was
proceeded at a low acceleration voltage of 3kV with an aperture of 120 um to maximize
the e-beam current. Each 100 x 100 pm? mask was exposed for a duration ranging between
1 hour and 9 hours. The growth of InGaN NPs at 815°C was achieved afterwards, and we
concluded that a post-exposure duration of 2 h 30 min was enough to have a perfect growth

selectivity of InGaN NPs in the center of the wafer as shown in Figure 72.
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Figure 72 - InGaN growth of NPs on a 100 x 100 um? mask exposed to an e-beam of 3
kV for 2 hours and 30 minutes. High selectivity of InGaN growth is observed.
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The indium content in the NPs was estimated by cathodoluminescence (CL) spectra are

shown in Figure 73 and CL mapping at 360 nm and 530 nm are illustrated in Figure 74.

16000 16000
14000 - nGan 14000
12000 - 12000 -
3 10000 - 3 10000
& &
£ 2
g 8000 g 80001 ooN
€ € YB-GaN
= 6000 = 6000
4000 4000 /_—\
aN
20004 & 2000
T T T T T T T T T T T T T T T T T T T T
350 375 400 425 450 475 500 525 550 575 600 350 375 400 425 450 475 500 525 550 575 600
Wavelength (nm) Wavelength (nm)

s 8§ 88

Normalized1

Intensity (a.u.)
8

No peak shift

_ e - ® T T T T T T T
1600 460 480 500 520 540 560 580 600
1 T T T T T T
350 400 450 500 550 600 650 700 Wavelength (nm)
Wavelength (nm)

Figure 74 - Room temperature CL spectra of (a) a single InGaN NP, (b) HSQ-
exposed region, (c) planar InGaN in the field, (d) mapping of different positions
of the same NP.
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Figure 73 - CL monochromatic mappings of the InGaN NPs arrays.
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The room temperature CL spectra from a single InGaN NP (Figure 73a) combined with the
results of Orsal et al. [133] on the relaxation rate of InGaN and the associated bandgap
bowing parameter confirmed that the In incorporation in the InGaN NPs is around 21%.
The CL spectra in the nanolithography mask region (Figure 73b) shows only the peak of
GaN underneath as well as the defect-related GaN emission because of the yellow
luminescence of Ga vacancies. In the CL spectra of planar InGaN in the field (Figure 73c)
we observe two peaks emission at 487 nm and 543 nm that should originate from the
strained and relaxed InGaN sublayers, and it is found to be varied between 12% and 22%
in the field which is due to phase separation in thick planar InGaN [134], [135]. This
difference in the indium incorporation between the NPs and the field confirms the higher
crystalline quality in the NPs compared to the planar InGaN. Finally, Figure 73d confirms
the high homogeneity of indium incorporation in the pyramids since no peak shift is
observed during the scanning measurement. Finally, Figure 74 shows CL monochromatic
mappings of the InGaN NPs arrays. The 360 nm monochromatic CL mapping indicates
that strong light emission of near band edge emission appears around the NP, and the bright

region of 530 nm emission peak spreads all over the InGaN.

The p-type GaN layer on the NPs was optimized by adjusting temperature, precursor
CP>Mg flow rate and 111/V ratio. We started by growing a 80 nm p-GaN planarization layer
at 1000°C to cover the top of the pyramids. Then, a 150 nm thick p-type GaN with moderate
Mg doping and a 50 nm contact layer with high Mg doping concentration were grown at
850°C. Figure 75 gives a top view of the whole PIN structure. We can see that the NPs are

completely covered by the p-GaN layer, even if we have some hole defects on p-GaN due
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relatively low temperature (850°C) of p-GaN regrowth. Using a higher temperature will

deteriorate InGaN NPs underneath.
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Figure 75 - Good coverage of InGaN NPs with p-GaN layer with perfect selectivity
between the pixels.

However, the re-growth of p-type GaN layer was not reproducible over the runs. The
hypothesis that has been put forward is a possible contamination of the mask by a
hydrocarbon layer during the post-exposition step. SEM contamination patterns similar to
the ones reported in literature was observed on our masks during multiple image scanning
[136]. This contaminations can be deposited on the surface due to (a) oil in the vacuum
pumps, (b) organic residue on the sample surface [128]. Moreover, the HSQ masks that
were subject to post-exposition by electron beam were impossible to etch in the HF acid
even by keeping them overnight in HF baths. This result confirmed, in some measure, the

contamination hypothesis.
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¢ Mask contamination related to e-beam post-exposure:
The next step was to apply a piranha etch to the HSQ-exposed mask after the perfectly
selective growth of InGaN NPs. Piranha is a mixture of sulfuric acid (H2SOa), water,
and hydrogen peroxide (H203), used to clean organic residues off substrates. The result of
this experiment is illustrated in Figure 76 and showed that the whole HSQ-exposed mask
is etched after an overnight bath of piranha, which was not the case when applying an HF
etch. This unexpected result make us assume that the HSQ mask was not completely cross-

linked after the nanolithography step, since a well cross-linked HSQ can be efficiently

etched by HF acid [137].
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Figure 76 - SEM images of 100 x 100 um?. mask etched in a piranha bath. We
can observe that the mask is completely etched.

After the growth of InGaN NPs and the complete etching of the HSQ-exposed mask, we
proceeded to the p-type GaN regrowth. First, we started by growing a 80 nm p-GaN
planarization layer at 1000°C to cover the top of the pyramids. The results are shown in
Figure 77 using Inlens and SE2 imaging detectors. Due to the high sensitivity to chemical
compositions, the Inlens detector allows to observe the NPs underneath the p-type GaN top

layer, whereas with SE2 detector, the NPs we can only observe the top surface of p-GaN
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due to its uniformly growth on InGaN. Subsequently, a 150 nm thick p-type GaN with
moderate Mg doping and a 50 nm contact layer with high Mg doping concentration were
grown at 850°C. The results are shown in Figure 78 using Inlens and SE2 detectors. We
observe a good coverage of the surface by p-GaN as well as some defects and v-pits on the

surface related to the relatively low temperature growth of the p-type layer [102].

Inlens detector Inlens detector

10pm Mag= 800X  EHT= 250kV WD= 29 mm Signal A= inLens g 1pm M= 1820KX EHT= 3.00 kV Signal A= InLens

SE2 detector SE2 detector

10pm Mag= 800X  EHT= 300kV  WD= 26mm Signal A= SE2 : = 1829KX EHT= 300KV Signal A= SE2

Figure 77 - SEM images (on the same mask) of the p-GaN planarization layer.
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Figure 78 - SEM images (on the same mask) of the p-GaN top layer.

This concluding achievement of a complete solar cell structure paved the way to the
fabrication of a first InGaN NP-based solar cell on sapphire. The next step to achieve high-
efficiency transferrable InGaN solar cells is to realize a similar PIN structure on 2D h-
BN/sapphire substrate. Thus, it could be possible to use the heterogeneous integration
process based on mechanical lift-off of h-BN to fabrication InGaN solar cells that can be
(i) transferred to flexible and rigid substrate (ii) integrated on top of a silicon solar cell to
achieve a high efficiency Il1-N/silicon tandem cell and (iii) stacked on top of other NP-

based solar cells with different indium incorporations to achieve multi-junction devices.

In this purpose, the same optimization process exposed in this section was conducted on
an n-GaN/hBN/sapphire substrate. The results of this study are developed in the following

section.
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5.4.3 The Third Generation of the NP-based Solar Cells on 2D h-BN

To achieve HSQ-based masks for nano-selective area growth of InGaN NPs on n-GaN on
h-BN/sapphire substrates, an optimization of the base dose of electrons beam as well as an
adjustment of the conventional HSQ nanolithography process was needed. The growth h-
BN layer (3 nm) was first grown on sapphire. Then, an intermediate n-AlGaN layer (300
nm) with an Al mole fraction of 14% was grown. This layer acts as an interfacial buffer
between sp3-bonded epitaxial films and 2D h-BN and promotes nucleation of n-type GaN.
This templates introduce a processing challenge due to spontaneous delamination of 2D h-
BN triggered by the originated mechanical strains. Surpass 3000 adhesion promoter and
HSQ resist spin-coating step are done by minimizing exposure to liquids. The structures

used and the nanolithography process flow is illustrated in Figure 79.

‘\-GaN ¢ ! .
a-aGal
s“v“\te 2D h-BN

n-GaN/h-BN/sapphire substrate Patterning by nano-lithography Growth of InGaN NPs

Figure 79 - Schematics of the process steps of InGaN solar cells on h-BN/sapphire.

The test dose was performed for a range between 120 uC/cm? and 190 pC/cm? and an
optimized dose of 160 nC/cm? was obtained (Figure 80). This low value (compared to 260
nC/cm? used on a conventional n-GaN/sapphire template) can be explained by the higher
electron scattering effect induced by n-GaN/n-AlGaN and n-AlGaN/hBN interfaces. The
HSQ cross-linking reaction being mainly triggered by secondary electrons [130], lower

dose of electrons beam is needed in this case.
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Figure 80 - HSQ masks with test doses of 120 nC/cm? (holes are too large), 160 pC/cm?
(good holes of 150 nm) and 190 pC/cm? (holes small and not completely open). The
optimized dose is 160 pC/cm? for holes of 150 nm diameter.

However, the homogeneity of the diameter of nano-holes between the center and the edge
of the 2-inches wafer was challenging to obtain due to the growth inhomogeneities and the
higher roughness of the n-GaN on n-AlGaN/h-BN/sapphire surface underneath compared
to conventional n-GaN on sapphire as illustrated by AFM images of both templates (Figure
81). N-GaN-on-sapphire template has a roughness root-mean-square (RSM) of 0.3 nm

whereas n-GaN-on-hBN template has a roughness RMS of 3.5 nm.

3.00 —[ 5.00
nGaN-on-sapphire — RMS = 0.3 nm  nGaN-on-hBN — RMS = 3.5 nm

Figure 81 - AFM images of an nGaN-on-sapphire and an nGaN-on-hBN.
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The next step was to post-expose the HSQ mask to electrons beam in SEM imaging mode
after the development by TMAH of the unexposed resist. Different over-exposition
durations was tried on different masks. The growth of InGaN nanopyramids at 815 °C was
achieved afterwards, and we concluded that a post-exposure duration of 1 h 15 min was
enough to have a perfect growth selectivity of InGaN nanopyramids shown in Figure 82,
however, inhomogeneities in the NPs’ size are observed and can be explained by the
inhomogeneities in the holes’ size mentioned above. No delamination of hBN was

observed during the growth of InGaN NPs.
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Figure 82 - Perfectly selective NSAG growth of InGaN NPs on nGaN on n-
AlGaN/hBN.

Finally, to achieve a complete solar cell structure, the re-growth of p-type GaN layer was
conducted but only partial coverage of the NPs by the p-GaN was obtained (Figure 83).
This may be due to the possible contamination of the mask by a hydrocarbon layer during
the post-exposition as discussed in the previous section. Removing the HSQ-exposed mask
by piranha as it was done for nGaN-on-sapphire templates could help to have a

homogeneous p-GaN regrowth. Work is in progress to optimize this step.
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Figure 83 - SEM images after p-GaN regrowth. Only partial coverage of InGaN NPs
is obtained.

After these encouraging growth results of NP-based InGaN solar cell structures on sapphire
and h-BN/sapphire substrates, we focused on the fabrication process of these photovoltaic

devices by optimizing the various technological blocks involved.

5.4.4 Solar Cells Fabrication Process

e Optimization on MQW:-based InGaN PIN structures

To fabricate NP-based InGaN solar cells, a standard photolithography-based process was
used. However, an optimization of different process steps was required to adapt the LED
process described in Chapter 3 to the relatively small-size solar cells devices (around 100
x 100 pum). For this purpose, a conventional planar multi-quantum wells (MQWs) InGaN
PIN structure was used. The mesa etching isolation is used in conjunction with a prior
photolithography step and is achieved by inductively coupled plasma (ICP). Etching of
GaN is accomplished using a Cl-based plasma with BCIz/Cl2/Ar chemistry. This step is
carried out to remove p-GaN and InGaN layers from the regions that are exposed to the

plasma.
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Concerning electrical contacts, a transmission line measurement (TLM) was conducted to
achieve a minimal contact resistance across metal-semiconductor interfaces. This step is
preceded by a surface cleaning in HF acid to remove native oxides of GaN. For n-type
contacts, Ti/Al/Ni/Au (20/200/25/25nm) are deposited by e-beam evaporation and
annealed at 850 °C for 30 s under nitrogen. This optimized recipe allows to have an ohmic
contact with a resistance of 5 x 10 ohm.cm?, which corresponds to the state of the art of
ohmic contacts on n-type GaN [138]. For p-type contact, Ni/Au (10/10nm) is also deposited
by e-beam evaporation and annealed at 600 °C for 60s under an oxygen atmosphere. This
thin layers of metals allow to have a continuous and partially transparent spreading layer
with an ohmic behavior with a resistance of 1 x 10 ohm.cm?. Finally, we added a p-pad

of Ni/Au (20/100nm) on top for a better current collection.

The fabricated devices are then characterized as LEDs through current-voltage (I-V)
measurements and electroluminescence (EL) to estimate the performances as well as the
homogeneity of the process. All devices of the processed 2-inches wafers are tested by an
automated probe station for a statistical process control. The 1-V measurement of a 100 x
100 pm? processed device that indicates a leakage current at (-2V) of 10™* A and a forward
current (at 7V) of 100mA which corresponds to a current density of 1000 A/cm?2. The
threshold voltage is between 3V and 4V. These values correspond to the state of the art of
InGaN-based microLEDs [139]. Moreover, this process is well controlled and very
homogeneous throughout the 2-inches wafer. More details on the photo-lithography mask

and the equipment used is provided in Appendix B of this document.
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e Fabrication of NP-based InGaN solar cells structures

After these optimizations, NP-based PIN devices were fabricated (Figure 84a and 84b).
Light emission was observed during electroluminescence testing, however, the 1-V curve
was not corresponding to a good-quality PIN structure. This is mainly due to the quality of
the p-GaN top layer which is partially covering the InGaN NPs. Therefore, during
deposition and annealing of the p-contact, metals must be introduced between the pyramids
and caused the high leakage current observed in Figure 84c. However, light emission was

obtained for an applied voltage as high as 20 V (Figure 84d).

More optimization of the p-GaN growth is needed to achieve a high-quality NP-based

InGaN solar cells with this technology.

Current (A)

Voltage (V)

Figure 84 - SEM images of processed InGaN nanopyramid-based solar cell
structures. (a) 100 x 100 um? device with arrays of 10 x 10 um? (b) 100 x 100 pm?
device with no arrays.
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5.5 Summary and Perspectives

The results presented for the InGaN NPs on sapphire and h-BN/sapphire templates in this
chapter show that this approach can be an effective method for achieving high-efficiency
InGaN-based photovoltaic devices. This new technique allows to grow high-quality InGaN
absorbers with high indium content. Moreover, we have investigated, through simulation,
the performances of InGaN NP-based solar cells with 30% indium content. When
compared to planar InGaN solar cells, the NP-based solar cells show that the semi-polar
growth planes lead to less polarization charges in the InGaN/GaN interface, which allows
to handle ten times less acceptors concentration in the p-GaN top layer while maintaining
the same performances. Furthermore, the SiO2 mask used in the NP-based structure showed
a light trapping effect in the SiO2/InGaN interface, leading to a higher optical absorption
and thus efficiency. Therefore, for an equivalent absorber volume, NP-based solar cells can
lead to an efficiency (10.8 %) twice higher than planar InGaN solar cells. Accordingly, we
have optimized the fabrication process steps of these NP-based structures by the use of a

conventional MQWs-based InGaN structure through the same photo-lithography mask.

However, challenges remain for the regrowth of high-quality and uniform p-GaN layers on
the NPs. By MOCVD, the low temperature (850°C) regrowth of p-GaN results in a high
density of v-pits and defects that cause a high leakage current in the fabricated devices.
Using a higher temperature deteriorates InGaN NPs underneath. Therefore, low-
temperature molecular beam epitaxy (MBE) of the p-GaN could be a solution. Moreover,
this technique allows high doping levels while preventing the problems of hydrogen
passivation, polarity inversion domains and self-passivation that appear in the case of

MOCVD growth[140] . Therefore, layers with high Mg (p-type dopant) concentration can
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be achieved without significant degradation of the material quality [141], [142]. The
combination of MOCVD and MBE techniques to overcome the problems associated to p-
doping has proven successful for the fabrication of high efficiency LEDs [143] and we
proposed to export such an approach for the demonstration of high-performance InGaN-
based solar cells. For that, several wafers for p-GaN regrowth by MBE are currently under
study. Besides the high p-doping that can result from this approach, MBE regrowth on NPs
could result in conformal deposition of the p-GaN layers (Figure 85), which could reduce
the top surface reflection and thus increase the light trapping in the absorber layer. Optical

and electrical simulations are also in progress to investigate these effects.

Lateral p-GaN Conformal p-GaN

7

p-GaN regrowth by MOCVD p-GaN regrowth by MBE

Figure 85 - Schematics of lateral and conformal p-GaN regrowth by MOCVD and
MBE.

In addition, the successful growth of InGaN NPs on h-BN/sapphire templates could also
pave the way for achieving flexible high-efficiency InGaN-based photovoltaic devices by
transferring these devices from the h-BN/sapphire native substrate to a flexible substrate

of interest as shown in Figure 86.
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Figure 86 - Schematic of a NP-based InGaN solar cell transferred to a flexible
substrate.

Moreover, the nano-selective area growth (NSAG) of InGaN NPs could also be combined
to the innovative techniques presented in Chapter 4 and demonstrated for LED structures.
For example, the NPs structures on h-BN/sapphire could benefit from the improvement of
the crystalline quality of the n-GaN/n-AlGaN buffer layer by a reduction of the threading
dislocation density and thus enhancing the efficiency. Besides, this combination will allow
the simple pick-and-place crack-free transfer of devices for heterogeneous integration of
these devices on silicon or glass with a back-reflector. The transferrable solar cells could
also form a tandem cells by placing them on top of a silicon solar cell or InGaN multi-
junctions by stacking solar cells with different indium incorporations. These configurations

are schematically illustrated in Figure 87 and are also under study.

Finally, the SLOT process could also be used to achieve NP-based solar cells on copper
through a one-step lift-off and transfer. This n-GaN-on-top structure could benefit from the
high reflectivity and the flexibility of the metallic substrate as well as the possibility to

form a bottom cell to which a pGaN-on-top NP-based cell could be transferred (Figure 88).
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Transfer to silicon substrate

Transfer to silicon solar cells Transfer to glass with back-reflector

Figure 88 - Schematics illustrating the possibility of combining the NSAG and SAVWE
approaches for efficient transfer of the solar cells to various substrates.

n-GaN

o

NP-based solar cell by SLOT InGaN NPs Tandem cell

Figure 87 - Schematics illustrating the possibility of combining the NSAG and SLOT
process for achieving free-standing and tandem NP-based solar cells on copper.
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CHAPTER 6. CONCLUSION AND PERSPECTIVES

6.1 Conclusion

The goal of this thesis is to develop efficient, large-scale and low-cost new processes
for heterogeneous integration of I11-Nitride optoelectronic devices onto arbitrary rigid and
flexible substrates. These processes developed were used to fabricate lateral and vertical

InGaN-based LEDs as well as nanopyramid-based InGaN solar cells grown on 2D h-BN.

First, we introduced a novel fabrication method called selective area van der Waals
epitaxy (SAVWE) and investigated its capability to limit delamination and cracks in the
2-inches wafer and to enable a reliable pick-and-place of selected lateral LED devices.
Then, we underwent a side-by-side comparison of lateral LEDs grown on layered h-BN
with and without SAVWE. We proved that the SAVWE of Il1-Nitrides coupled with the
h-BN based mechanical lift-off and transfer lead to an overall improvement of the
crystalline quality of the active layers by a reduction of the threading dislocation density
and thus an enhancement of the electrical and optical device performances. In addition,
transfer onto silicon and silica substrate through an efficient and robust liquid capillary van
der Waals bonding (without the use of an intermediary adhesive layer) was demonstrated
while the yield of the transfer of large-size crack-free devices on host substrates was three

times higher when using SAVWE.

Moreover, we introduced another innovative process called thermo-mechanical self-
lift-off and transfer (SLOT) for an efficient fabrication of large-area crack-free free-
standing I11-N membranes. Using this process, we demonstrated the fabrication of efficient

vertical thin-film (VTF) InGaN light emitting diodes. This approach can provide a solution
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for the fabrication of low cost, wafer scale, crack-free, and highly reproducible free-

standing arrays of vertical LEDs with up to centimeter-size areas.

Finally, we proposed to use the 2D-h-BN assisted mechanical lift-off and transfer
for the heterogeneous integration of solar cells to rigid and flexible substrates. We
especially focused on InGaN-based solar cells by combining the van der Waals epitaxy of
I11-nitrides with the newly demonstrated nano-selective area growth of high-quality and
high-indium-content InGaN nanopyramids (NPs). We performed optical and electrical
simulations of the NP-based InGaN structures and proved that they can lead to an
efficiency twice higher than planar InGaN solar cells. Then, we demonstate a first

successful growth of the NPs InGaN structures on h-BN sapphire.

6.2 Perspectives

The perspectives of this work covers further improvements of the epitaxial growth and
device fabrication, as well as the new process ideas that could arise from the combination

of the different technological blocks presented in this thesis.

e Optimization of the AlGaN buffer layer for lateral LEDs on h-BN :

For the 111-N epilayers grown on 2D h-BN, an optimization of the material quality of the
AlGaN buffer layer could lead to a significant decrease in the density of threading
dislocations that propagates to the InGaN MQWs. Theoretically, the vdWs epitaxy of 3D
I11-Nitrides on 2D h-BN should lead to defect-free epilayers owing to the absence of

dangling bonds at the substrate/epilayers interface. Thus, this optimization could allow to
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reach electro-optical performances of LEDs comparable or higher than conventional LEDs

grown on sapphire, without the need of a thick low-temperature GaN buffer.

e SAVWE process for micro-LEDs :

In the context of this thesis, we demonstrated through the SAVWE process the fabrication
and pick-and-place of 1 x 1 mm? LEDs. However, this approach could also be used for
micro-LEDs and could allow an efficient assembly and integration method for micro-LED
displays. Work is under progress to demonstrate this technology for LEDs as small as 50

X 50 um?.

e SLOT process by etching the AlGaN buffer layer :

As discussed in Chapter 4, the performance of the VTF-LEDs achieved by the SLOT
process were limited by the n-AlGaN buffer layer on the n-contact side. An efficient etch
of the this layer on the free-standing membranes could enhance performances of this VTF-
LEDs by decreasing the electrical series resistance as well as enhancing the ligth extraction
efficiency by modifying the optical cavity length as predicted by the simulations

performed. This process step is currently under study.

e SLOT process for TFFC-LEDs and VCSELSs :

The SLOT process also opens new ways for the fabrication of thin-film flip-chip (TFFC)
LEDs where both contacts are placed on the backside of the LED. Such a configuration
allows for higher light-extraction (no metal is deposited on the emitting side and there is

no requirement of wire-bonding to access the n-contact). TFFC-LEDs can be achieved

123



through the SLOT process, by introducing additional process steps while the LED structure

in still on the h-BN/sapphire native substrate.

Vertical-cavity surface-emitting lasers could also be fabricated via the SLOT process by
depositing the dielectric mirrors on both sides of the epilayers. The first mirror can be
deposited while the epilayers as still on the h-BN/sapphire native substrate whereas the

second mirror can be deposited on the released surface of the free-standing membrane.

e Combining SAVWE and SLOT processes :

The two processes developed in this thesis could also be combined to achieve isolated
vertical LEDs by growing the device structures selectively, depositing the thick copper
layer and releasing the free-standing membranes. This combination can result in higher
electro-optical performances of the LEDs by decreasing the leakage current due to the

physical isolation of each single LED.

e MBE p-GaN regrowth for NPs InGaN solar cells :

For NPs InGaN solar cells, challenges remain for the regrowth of high-quality and uniform
p-GaN layers. By MOCVD, the low temperature regrowth of p-GaN results in a high
density of v-pits and defects that cause a high leakage current in the fabricated devices.
Using a higher temperature deteriorates InGaN NPs underneath. Therefore, low-
temperature molecular beam epitaxy (MBE) of the p-GaN could be a solution. Moreover,
this technique allows high doping levels while preventing the problems of hydrogen
passivation. For that, several wafers for p-GaN regrowth by MBE are currently under

study.
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Besides, MBE regrowth on NPs could result in conformal deposition of the p-GaN layers,
which could reduce the top surface reflection and thus increase the light trapping in the
absorber layer. Optical and electrical simulations are also in progress to investigate these

effects.

e Combining InGaN NPs and SLOT process :

The SLOT process could also be used to achieve NP-based solar cells on copper through a
one-step lift-off and transfer. This n-GaN-on-top structure could benefit from the high
reflectivity and the flexibility of the metallic substrate as well as the possibility to form a
bottom cell to which a pGaN-on-top NP-based cell could be transferred, to achieve a

tandem double-junction InGaN photovoltaic device.
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APPENDIX A. I11-NITRIDES FUNDAMENTALS

Al Properties and Growth

The I11-Nitrides are wide bandgap semiconductors that enabled a revolution in modern
electronic and optoelectronic applications in the few last decades, resulted in demonstration
of blue, green, red, and white LEDs, blue and green laser diodes (LDs) and even more,
high electron-mobility transistors (HEMTS) for sensors and power electronics, solar cells
and photodetectors [144]. One advantage of 11I-N alloys including binary, ternaries, and
quaternaries of (B, Al, Ga, In) N is their wide bandgap ranging from 0.65 eV to 6.05 eV.
Except BN which is still under investigation, all other ternary and binary alloys have direct
bandgap that make them the suitable for light-emitting applications. 11I-N semiconductors
can cover a large spectral range from the near infrared to the deep ultraviolet, including the

entire visible spectrum (Figure 89).

BN AIN

Visible
2 b BGaN

Energy bandgap (eV)

InGaN InN

2.6 238 3.0 3.2 3.4 3.6

Lattice parameter (Angstrom)

Figure 89 - Bandgap energies of different I11-Nitrides and their alloys showing
the suitability of light-emission from infrared to ultraviolet spectra .
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I11-Nitrides also display high chemical, mechanical, and thermal stabilities, high thermal
conductivities, high carrier saturation drift velocities, and high radiation hardness, making

devices suitable for harsh environment and long lifetime applications.

I11-N semiconductors crystallize into two different structures: hexagonal wurtzite and cubic
zincblende, among which the hexagonal wurtzite structure is thermodynamically stable for
bulk 111-Nitrides. In this thesis, the crystal structure of all the samples was of hexagonal
wurtzite type. Such a crystal structure has a hexagonal unit cell and therefore is described
by the lattice constants a (in- plane) and ¢ (out-of-plane) as shown in Figure 90. Nitrogen
atoms are forming a hexagonal close packed structure and group 111 atoms occupying half
of the tetrahedral sites available in the lattices. Since there is a large disparity of electro-
negativity between Ill-group elements and nitrogen atoms with small atomic radius, the
I1l-group elements and nitrogen are bound by strong covalent bonds. Typical crystal
orientations and planes of wurtzite I11-Nitrides are illustrated in Figure 90 and Figure 91,
respectively. The lattice parameters and thermal properties of the 111-N binary alloys are
given in Table 3. The {0001} plane is called the c-plane, the {1-100} plane is the m-plane,

the {11-20} plane is the a-plane, and the {1-102} plane is the r-plane

Figure 90 - Waurtzite crystalline structure of I11-Nitrides
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Figure 91 - Typical crystal orientations and planes of wurtzite 111-Nitrides.

Table 6 - Lattice parameters, bandgap and thermal expansion coefficients of I11-N binary
alloys [145]-[147].

Material In-plane lattice Out-of-plane Bandgap at Thermal expansion
parameter (a) lattice parameter 300 K coefficient x 10° K
(©) Aa/a Ac/c
GaN 3194 5.19A 3.42 eV 5.6 3.17
InN 3.54 A 5.70A 0.65 eV 2.85 2.9
AIN 3.104A 4.97 A 6.2 eV 4.2 5.27
BN 2.55 A 417 A 5.9eV 2.7 38

The lattice parameters of the ternary alloys can be obtained from Vegard’s law [148]:

a,c(A,B;_ N) =a,c(AN) X x+ a,c(BN) x (1 —x)

where X is the indium composition and (a, ¢) are the lattice parameters of the A, B;_,N alloy.
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Homogeneous epitaxy of I11-N materials allows to achieve high-crystalline quality layers
but usually requires expensive substrates, while heterogeneous epitaxy is limited by the
lattice and thermal expansion coefficients mismatch between the epilayers and the growth
substrate, which generates a high-density of defects and dislocations in the epilayers. These
defects and dislocations results from the in-place strain that can be compressive or tensile.
If the lattice parameter of the epilayer is larger than the lattice parameter of the substrate
the strain is compressive, whereas it is tensile if lattice parameter of the epilayer is smaller

than the lattice parameter of the substrate.

e Spontaneous and Piezoelectric Polarizations

Due to the lack of a center of inversion symmetry, the wurtzite structure of nitride materials
are subject to polarization. In this type of structures, geometrical centers of the positive and
negative charges are not at the same position, causing a polarity of the charges. This
polarity depends on the direction of growth and the first element deposited. Taking GaN

grown along the c-axis [0001] direction as an example, if the first element is nitrogen (N),

Ga-face N-face

[0001]

Substrate Substrate

Figure 92 - Schematics of Ga-face and N-face polarity[149].
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the last atomic layer will be gallium (Ga), which results in a polarity called Ga-face or metal-
face. Otherwise, an N-face polarity is obtained. Schematics of these two configurations are given
in Figure 92 [149]. The epitaxial growth of GaN on the sapphire substrate along the c-axis
direction is a relatively mature method and results a high-crystalline quality. The most studied
group I11-N semiconductor devices are based on the c-plane Ga-polar face. In order to reduce the
effect of the polarization on the performance of the device, nitride devices built on non-polar
surfaces such as a- and m-plane or semi-polar r-plane have also been studied. Although there are
still many difficulties in the quality of epitaxial crystals, many studies have reported the high-
performance devices on non-polar or semi-polar crystal planes, where the performance of the

devices is close to that built on polar materials [150].

The spontaneous polarization has a nonlinear dependence on the material composition and can

be obtained for from the following formula:

Psp(AxBlfo): X Psp(AN)+(1_X)Psp(BN)+b X (I_X)

where X is the indium composition, b is the bowing parameter [150].

In addition to the spontaneous polarization, I11-N materials are also subject to a piezoelectric
polarization induced by the tensile or compressive stress that modifies the atomic positions and
the charge distribution in the epilayers. Polarization charges will appear at the interface of the
layers and are related to the strain ¢ of the epilayer, expressed as the ratio between the lattice

constants of the substrate and the epilayers, to the lattice constant of the substrate [150] :

e=(asubs—aL)/ar
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The piezoelectric polarization of AIN, GaN, and InN are:

—1.808c + 5.624¢% < 0

P,,AIN =
pAIN { —1.808c — 7.888¢%¢ > 0

sz(GaN) = 0.918¢ + 9.54182

P,.(InN) = —1.373¢ + 7.559¢>

where B,, is the piezoelectric polarization in [C/m?]. The sum of the spontaneous and
piezoelectric polarizations is the net polarization Py.
Pr = Psp + sz

e FElectron Band Structure

In the energy band theory, the problem can be described and analyzed more clearly using
the inverted lattice and the Brillouin zone of the wurtzite structure of the I11-N materials is
shown in Figure 93 where k,, ky, and k; are three coordinate axes orthogonal to each other
in the inverted lattice [151]. GaN, AIN, and InN are direct band gap semiconductor
materials and are suitable as luminescent materials. In addition, the second energy valley
M-L valley and the third energy valley A valley are also found in the energy band. Due to
the action of the crystal field and the spin-orbit coupling, the valence band splits into a

heavy hole band, a light hole band, and a spin-coupled split band.

The dependence of the energy bandgap for the wurtzite I11-N semiconductors on

temperature is given by:

2

T
Ey(T) = E,(0) — —

T+ 8V

where E;(T) represents the band gap width when the temperature is T, E,(0) is the band

gap at zero Kelvin, and o and P are the Varshni thermal coefficients.
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e O—k,,

Figure 93 - The first Brillouin zone of the wurtzite crystal structure [150].

The energy bandgap for I11-N unstrained ternary alloys can be calculated with simple

Vegards law as following :

Eg(AxB1-xN)= X Eg(AN)+(1-xX)Eg(BN)-b x (1-x)

where X is the indium composition, b is the bowing parameter [150].

Materials with different compositions and strain have different bowing parameters that are

empirically calculated.
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A2 Growth of I11-Nitride Materials

I11-Nitrides can be grown by several techniques including molecular beam epitaxy (MBE),
hydride vapor phase epitaxy (HVPE) and metalorganic chemical vapor deposition

(MOCVD - also referred as metalorganic vapor-phase epitaxy (MOVPE) -.

In the MBE method, the material vapor under ultra-high vacuum conditions. The material
beams are directly sprayed onto a substrate and controlled to scan the substrate. The slow
growth rate allowed by this technique facilitates the precise control of thickness while the
low growth temperature reduces the thermal expansion mismatch between the epilayers
and the substrate. Moreover, MBE is a dynamic process of growing one-by-one atoms or
molecules and not a thermodynamic and mass transfer process, thus it allows to grow films

that are difficult to grow according to ordinary thermal equilibrium growth methods [150].

On the other hand, MOCVD includes thermodynamics, hydrodynamics, mass transport,
and Kinetics. It is a chemical vapor deposition technology widely used in compound
optoelectronic devices and microelectronics devices. It involves the gas-phase transport of
(1) organometallic precursors (trimethylaluminum (TMAI), trimethylgallium (TMG),
cyclopentadienyl magnesium (Cp2Mg)) and associated carrier gases for the successful
transport of the vapors of these liquid and solid sources into the reactor chamber, (2)
hydrides containing nitrogen, and (3) diluent gases including Hz and N> that prevent
pyrolysis of the precursors in the gas phase prior to reaching a heated substrate on which
occurs decomposition of the reactants, reaction of the products of the decomposition, and
growth of the desired film [152]. The schematic of I11-Nitride epitaxial growth is illustrated

in Figure 94 [153].
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Figure 94 - Schematic illustration of I11-Nitrides MOCVD growth [153].

The MOCVD process can be summarized by the following steps [150]:

e Metal-organics such as TMGa and TMIn are transported into the reaction chamber
through carrier gases such as N2 or H;

e The mixed source gas is transported on the surface of the heated substrate and
thermally decomposed,;

e Atoms from the chemical reaction are adsorbed on the surface of the substrate;

e The reacting atomic cluster migrates to the nucleation site to form a stable physical
adsorption;

e The by-product of the surface reaction leaves the surface of the substrate and is

pumped to the exhaust gas treatment system;
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The growth rate and the quality of the epilayers depend on temperature, pressure, V/I1I
ratio (the ratio of NHs flow rate to the total flow rate of 1l and V precursors) and choice of
the carrier gases. Compare to MBE, MOCVD technique (i) doesn’t need a high vacuum,

(ii) it allows a high growth rate, (iii) scalable for large-scale production.

It has been commercialized on a large scale for industry and research by AIXTRON and
VEECO. These two companies monopolize the world 90% market [150]. All the h-BN-
based and GaN-based MQWs LED structures presented in this thesis were grown on an
AIXTRON Close-Coupled Showerhead (CCS) MOCVD reactor at IRL 2958 Georgia
Tech-CNRS Laboratory whereas nanopyramid-based InGaN structures were grown on a

custom-made T-shape MOCVD available in the same laboratory.
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