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1. Introduction

Chapter 1

Introduction

1.1 Semiconductors: limits and new solutions

Semiconductors are a material class with numerous technological applications
such as electronics, solid state lighting (SSL) and solar energy harvesting. Their
electronic band structure features an energy band gap, spanning a large interval
of energies from less than 0.2eV up to 4eV. Techniques such as alloying, doping
and heterostructuring allow to tune their properties, making semiconductors an
extremely valuable tool for solving practical challenges. One of the most relevant
fields in semiconductor technology is electronics, where the commonly used pa-
rameter to describe its advancement is the number of transistors per surface area.
The famous empirical observation formulated in 1965 by Gordon Moore states
that the number of transistors in a chip doubles every two years. However, as
the size of transistors approaches the nanometer, the granular nature of matter
becomes an important factor, limiting the minimum size of such devices. The
counterpart of Moore’s law for solid state lighting is Haitz’s law, which states
that every decade the cost per lumen of light emitting diodes (LEDs) (1 candela
- 1 steradian) falls by a factor of 10, and the amount of light generated per LED
package increases by a factor of 20, for a given wavelength. Also light emitting
diodes however suffer from intrinsic restrictions which limit their efficiency, par-
ticularly in the green-amber region, a phenomenon called ”green gap”, illustrated
in Fig.1.1.



Hexagonal I1I-Phosphide Alloys for Solid State Lighting

19—

0.8} ° ]
g - green gap

L ﬁ

"; 0.6 Nitride LEDS
e *
g 04r Phosphide]|
x N LEDs 1
m
= 0.2+t / 1

400 450 500 550 600 650
Wavelength (nm)

Figure 1.1: Maximum external quantum efficiency (EQE) of various commercial Nitride
and Phosphide LEDs, illustrating the ”green gap” concept. The efficiency of Nitride
LEDs, based on InGaN alloys, decreases in the green range due to Auger effects, lower
miscibility between GaN and InN and increased strain between GaN and the InGaN
quantum wells. The efficiency of Phosphide LEDs decreases due to the direct to indirect
transition of AlGaInP alloys. Adapted from Ref.!.

Semiconductor research is therefore now focusing on finding new solutions

and even new physical principles on which to build future generations of devices,
progressively moving to nanostructuring in order to exploit the effects arising at
nanoscale size.
One of the focal points of fundamental as well as applied research is to render
available new degrees of freedom, in order to enhance and tailor the material
properties for specific applications. Size, photonic effects, surface to volume ratio,
crystal symmetry and relative electronic properties are among these degrees of
freedom. A type of nanostructure that has recently emerged as a promising tool
to control these and other properties are nanowires.

1.2 Nanowires

Nanowires are high aspect ratio nanostructures which can exhibit unique effects
ranging from strain relaxation to quantum confinement phenomena. One impor-
tant property is the possibility to tune the crystal structure of a semiconductor
nanowire by controlling the parameters during epitaxial growth, up to the point
where the crystal phase can be changed during the epitaxy??3, as illustrated in

10
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Fig.1.2. This process is normally impossible in planar technology, while it is al-
lowed in nanowires due to their unique geometry: when the surface to volume
ratio is high enough, the surface properties of a crystal dominate the volume
properties, thus favoring new crystal symmetries*. For instance, Gallium Phos-
phide (GaP) is found as Zincblende (ZB) in bulk, but can be grown as Wurtzite
(WZ) in nanowires. This allows to explore the properties of new semiconductors
and test them for possible technological applications: GaP exhibits an indirect
band gap in Zincblende structure and a direct one in Wurtzite, being therefore
more suitable for optical applications®%. These concepts will be discussed in
detail in Chapter 2.

WZ ZB WZ

iy
@ O
x

4

Intensity (kcounts/s)
(o]

-

1.395 1.400 1.405
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Figure 1.2: (a) Transmission electron microscopy of InP nanowires showing short
segments of zinc blende (red) in a wurtzite (blue) nanowire. (b) High resolution-
transmission electron microscopy image of a single zinc blende segment in the wurtzite
lattice. (c) Microphotoluminescence spectra of a crystal phase quantum dot: due to the
different electronic band structure of the two crystal symmetries, carriers are trapped at
the ZB/WZ interface and recombine with characteristic energies. Adapted from Ref.2.

The high surface to volume ratio is also a very attractive property for surface
chemistry: catalytic reactions that happens at the surface of a semiconductor,

11
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such as water reduction into hydrogen, will be enhanced by the larger reactive
surface offered, leading to higher overall efficiency”. Nanowires also allow for
effective three-dimensional strain relaxation, causing a wide range of heterostruc-
tures to be grown with higher crystal quality than planar structures, with a low
incidence of defects such as misfit dislocations. These defects are almost al-
ways detrimental as they tend to be non-radiative recombination centers, thus
degrading the optical properties of the semiconductor®. Due to their geometry,
nanowires interact with electromagnetic radiation in a non-trivial way, leading
to peculiar photonic effects. One of the most important phenomena is the ”an-
tenna effect”, which allows nanowires to absorb more light than their volume
suggests, with clear applications where strong absorption is needed, such as pho-
tovoltaics %'°. Nanowires can also have a strong light outcoupling, meaning the
adiabatic conversion of the photonic mode into vacuum, therefore avoiding inter-
nal reflection. This phenomenon, together with strong waveguiding effects along
the nanowire axis, provides with a new degree of freedom in the management of
light emission and directionality !!.

1.3 Applications of nanowires

Thanks to their unique properties, nanowires are promising for several fields of
application. For the materials developed in this work, three fields are of major
interest: solid state lighting, photovoltaics and solar water reduction into hydro-
gen.

1.3.1 Light emitting diodes

Light emitting diodes (LEDs) are nowadays capable of providing performance
that surpasses older conventional solutions both in efficiency and in color ren-
dering index (CRI)!2. Outdoor and indoor lighting, automotive and monitor
backlighting systems often adopt LEDs because of their superior properties. How-
ever, LEDs are far from being perfect and still face high production costs and
low efficiency in the green-amber region %314, The current approach to obtain
reasonably efficient LEDs in the green/amber region is to rely on phosphor con-
version of blue light. However, this introduces some inefficiency and a broadened
emission, while a sharp monochromatic emission is highly desirable, especially
for display applications. The ideal solution would be to use direct green LEDs,
where the emitting material possesses a band gap of about 2.35eV. Unfortunately
a suitable material is still not available, as InGaN alloys face Indium segregation
issues!?, while AllnGaP alloys suffer from a direct to indirect crossover with Al
concentration over 50% '®. New solutions and new materials are therefore needed
in order to produce such LEDs and ”bridge the green gap”. Such innovation

12
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would also affect the efficiency and cost-effectiveness of white LED lamps with
high CRI, allowing better and more advanced color mixing at lower cost 6.

BmA 90 MATS MAZ0 MA2S mA
» 0L

Figure 1.3: (a) Schematic of a GaN/InGaN nanowire LED grown on silicon (111). A
Ti/Au pad constituted the bottom contact, while a Ni/Au pad forms the top con-
tact. The nanodisks are formed along the axis of the nanowire. As these nanodisks
can have different composition and therefore different bandgap, the overall spectrum of
the LED can be in principle be tuned, leading to white emission instead of monochro-
matic. (b) Photographs of the GaN/InGaN nanowire LED emitting white light. (c)
Micro-photograph of the nanowire array emitting during the electroluminescence exper-
iment *”. Different nanowires (single dots in the image) emit with a different wavelength.
The effect is due to different incorporation of different nanowires, due to differences (e.g.
radius) between nanowires.

GaN-based nanorods and nanowires are considered the current state-of-the-
art in NanoLEDs, as they offer several advantages over planar structures 81920,
An example of GaN NanoLED is shown in Fig.1.3. The nanowire geometry al-
lows to grow higher quality crystals with a lower dislocation density than in
planar structures, as these defects bend towards the side surfaces and there they
disappear, by forming, for example, a surface step2!. The entire active area is
also more protected from episodes of thermal stress due to the different thermal
expansion with the substrate, like sapphire or silicon. Nanorods can also guar-
antee a higher light extraction efficiency respect to planar systems, enhancing
the external quantum efficiency of the NanoLED. Finally, core-shell nanowires
where quantum wells are grown on the whole cylindrical surface offer a wider
junction area than planar LEDs. Typical operating currents are relatively high,
causing LEDs to be inefficient (a phenomenon called ”droop”): a reduction of the
current density by extending the active area would mitigate this problem?2, as

13



Hexagonal I1I-Phosphide Alloys for Solid State Lighting

shown in Fig.1.4, where the efficiency advantage in using nanowords is calculated
and found to be in the order of 10-20% in terms of external quantum efficiency.

(a) D=143nm (b) D=159nm (c) D=175nm (d) D=196nm (e) D=237nm (f) D=270nm
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Figure 1.4: (a) SEM images of InGaN/GaN core-multishell nanowires with different
diameters and micro-photographs of their photoluminescence. Adapted from Ref.?.
(b) External and internal quantum efficiency of single and multi quantum well LEDs as
a function of current density. (c¢) Analysis of the losses in a core-shell nanowire LED as
a function of the area factor F (ratio between nanoLED /planar LED junction area for
device). Data points mark simulation results and are fitted with lines. Shaded areas
represent the relative fractions of extracted light (green), internal losses (red) and the
optical loss channels (grey, yellow, orange). Adapted from Ref.?2.

Nanowires have the potential to boost the research on the ”green gap” also
by providing an additional degree of freedom on the control of the active ma-
terial’s electronic properties by controlling the crystal symmetry. For instance,
Zincblende InGaN is considered a possible method of obtaining highly efficient
green LEDs, as it possesses a lower band gap than Wurtzite InGaN, allowing
therefore a device to emit at longer wavelength than normally possible because
of the insurgence of the detrimental effects of the miscibility limit and lattice
mismatch between GaN and InN2%25 Innovative crystal symmetries can also
be adopted in III-Phosphides, as it has been demonstrated that while GaP is an
indirect semiconductor in Zincblende symmetry, it becomes a direct semiconduc-
tor in Wurtzite symmetry®. The low-temperature photoluminescence emission
from WZ GaP and the alloys WZ AlGaP and WZ GaAsP is shown in Fig.1.5.

14
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As we will see in Chapter 2, the resulting complex selection rules for the optical
26

transitions make alloying necessary to obtain efficient light emission

Wavelength (nm)
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Figure 1.5: Left: Low-temperature (10K) photoluminescence spectra of WZ GaP and
the ternary alloys WZ AlGa,Pi1—-, and WZ GaAs,Pi1_,, showing emission tunability.
As we will see in Chapter 2, these alloys have a pseudo-direct bandgap, therefore al-
loying with Indium is necessary to obtain an efficient light-emitting material at room
temperature. Right: SEM image of a WZ GaP nanowire array grown with Au-assisted
vapour-liquid-solid growth®.

Due to their high aspect ratio, nanowires are also ideal candidates for lasing.
Stimulated emission has been demonstrated in many regions of the light spec-
trum, for instance in materials such as ZnO?7, GaN/InGaN 1828 InP2% GaAs?C.
Clearly, lasing indicates excellent optical quality, a prerequisite for the develop-
ment of future nanoLEDs and nanolasers. In Fig.1.6 we report an example of
WZ InP nanowires, lasing around 885nm (1.4eV).

15
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Figure 1.6: Left: SEM image of selective area, catalyst-free grown WZ InP nanowires.
Right: photoluminescence intensity and full width at half maximum (FWHM) of a
single WZ InP nanowire. Inset left: photoluminescence spectrum, showing the lasing
mode. Inset right: false color image of a lasing WZ InP single nanowire, transferred
on a SiOx surface?®. The removal from the native substrate enhances the refractive
index contrast at the ends of the nanowire, increasing the internal reflection of light

and lowering the lasing threshold.

1.3.2 Photovoltaics

Solar energy is considered one of the main future energy sources because of its
abundance and environmental sustainability, constituting about 89.000 TW of
power reaching our planet, compared to the global electricity consumption of
“only” 15TW. Solar cells have reached a very promising efficiency to cost ratio
and are now finally considered as a realistic renewable source with which to satisfy
the evergrowing energy demand?':3%33, The current record for a single junction
solar cell, namely a junction made of a single material, is 26.6% in Silicon and
28.8% in GaAs. The current record for a nanowire solar cell is 17.8%, using
a top-down etched InP nanowire array>#, as shown in Fig.1.7. Multi-junction
solar cells have led to a record of 46.0% under concentrated illumination33. In
this last type of cell, materials with different band gaps are used to cover the
entire solar spectrum, leading to absorption of photons within a material with
optimal band gap, reducing losses due to thermal relaxation. This approach
maximizes the efficiency beyond the limits of a single material. In this type
of devices, InGaP (1.86eV), GaAs (1.4eV), SiGe (1.12-0.65eV) and others with
comparable band gaps are used®®. Nanowires are ideal candidates for solar cells,
as the antenna effect enables a nanowire array to absorb a much larger amount
of light than a planar substrate3”33. Nanowires also show an advantage on
their planar counterparts due to a more efficient light coupling3®34. Nanowires,
by offering an increased strain relaxation, are also ideal candidates to integrate

16
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lattice mismatched materials more easily and with less defectivity than in planar
technology, potentially leading to higher quality multi-junction solar cells with

even higher efficiencies.

<« 3
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= 104 Vue=0.765V a -
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Figure 1.7: (a) SEM image of a cleaved nanowire solar cell device. (b) Schematic image
of the InP solar cell, composed of an InP substrate with a Ti/Au back contact, p-n doped
InP nanowires, obtained through reactive ion etching (RIE), mechanical planarization
layer (BCB, polymer) and ITO front contact. (c¢) Microscope image of the solar cell
device. The red square is the edge of the full solar cell, and the green square is the
edge of the area that is exposed to light. (d) J-V curve of the best nanowire solar
cell device, measured at 1 sun (AM1.5G) illumination. (e) External quantum efficiency
(EQE) measurement of one of the cells obtained by measuring the efficiency of the solar
cell while scanning wavelengths from a calibrated white light source. Adapted from

Ref. 34,
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1.3.3 Solar hydrogen production

Energy vectors, meaning the form in which energy is distributed, are a vital re-
search field, as 80% of the world energy consumption happens in the form of
fuels. Solar fuels are a particularly promising system of storing renewable energy,
which is otherwise very difficult to employ. Hydrogen is a suitable candidate as
future renewable energy vector3%49. Nowadays it is obtained from fossil fuels, a
polluting practice which is not sustainable in the long term. A renewable produc-
tion method is solar water splitting, for example using a semiconductor electrode
to absorb light and use its energy to split water into hydrogen and oxygen, thus
storing energy into chemical bonds.

The water splitting reaction happens at the surface of the electrode, therefore
efficiency can be maximized by enhancing absorption and by extending the reac-
tive surface. Nanowires, with their strong absorption and their high surface to
volume ratio, are ideal candidates for this process’. The semiconductor chosen
for a single junction photoelectrochemical (PEC) cell needs to to have a band gap
low enough to absorb a relevant part of the solar spectrum, but also high enough
to produce a sufficient open circuit potential to let the reaction happen. A ma-
terial having band gap in the ideal range 1.7-2.1eV can perform spontaneously
hydrogen reduction when exposed to sunlight. A material that has been used in
nanowire form for hydrogen conversion in WZ GaP7, as shown in Fig.1.8. Two
semiconductor nanowire systems with an ideal bandgap have been obtained in
the present work: wurtzite InGaP and wurtzite AllnP.

18
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Figure 1.8: (a) Band gap and alignment of several semiconductors with respect to the
reduction and oxidation potentials of water (b) SEM image of a typical array of GaP
nanowires defined by nano imprint lithography. (c) High-resolution TEM image of a
typical p-type GaP nanowire with WZ crystal structure. Inset: Fast Fourier Trans-
form of the same area. (d) Linear sweep voltammograms for direct comparison of
nanowire (red) and planar (black) samples with molybdenum sulphide catalyst. Also
showing open circuit potential (VOC), short circuit current (ISC) and fill factor FF
(filled square/empty square)”.
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1.4 Nanowire growth - MOVPE

Different reactor systems can be used to grow nanowires. In this thesis, all
nanowires were grown with Metalorganic Vapor Phase Epitaxy (MOVPE). The
nanowires were grown with Au-catalyzed Vapor-Liquid-Solid (VLS) mechanism
or Selective Area Epitaxy (SAE), while shells were grown using Vapor-Solid (VS)
mechanism.

1.4.1 VLS epitaxy

In VLS technique the growth happens at the interface between solid, liquid and
vapor phase®!i42. A catalyst is required, which can be a foreign metal (e.g. gold)
or one of the elements of the growth itself (e.g. gallium-catalyzed growth of
GaAs), in which case the growth is defined as ”self-catalyzed”. In this thesis, the
catalysts used were Au droplets fabricated on a substrate using nanoimprint or
electron beam lithography (EBL). In order to initiate the growth, the substrate
is heated, allowing the Au droplet to enter the liquid state. Then the group
IIT precursor, in this case Gallium, is introduced in the chamber, allowing the
formation of a Au-Ga alloy. The growth starts when also the group V precursor, in
this case Phosphine, is provided: GaP segregates at the bottom of the Au droplet,
initiating a deposition which pushes upwards the droplet itself. The details of
the growth will be treated in Chapter 2. With this mechanism, nanowires of
arbitrary diameter and length can be grown, provided that the droplet and the
growth are stable during the entire process. In Fig.1.9 we show a particular
phenomenon which happens during VLS epitaxy: synergetic growth. The growth
rate of a nanowire is not only influenced by the global growth conditions (e.g.
temperature, precursor flows), but also by the surrounding nanowires and in
particular by their catalysts. If the distance is short enough, the growth can
therefore be synergetic, enhancing the growth rate, or competitive, slowing down

the growth due to competition between nanowires for precursors3.

1.4.2 VS /catalyst-free epitaxy

In VS growth the material is grown directly from the vapor phase without the
assistance of a catalyst?*. This mechanism is used grow nanowires through a
Silicon Oxide or Silicon Nitride patterned mask as in the previously shown Fig.1.6.
The main strength of this approach is the absence of a metallic catalyst in the
process which might diffuse into the nanowire and constitute a deep non-radiative
recombination center, degrading the optical properties. The catalyst can also be
an issue during further processing, like shell growth or device fabrication. Au
contaminations, for example can form deep centers in devices such as transistors
and lasers, greatly affecting their performance. Additionally, this mechanism is
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also used to grow shells around pre-existing nanowires as in Fig.1.10, in order to
grow materials which might be particularly challenging to obtain otherwise.

e
Thin-film epitaxy

Figure 1.9: (a-c) Nanowire growth regimes: Trymethylgallium (TMGQG) is catalytically
decomposed to Monomethylgallium (MMG) at a Au particle. Part of the MMG is
desorbed and diffuses through the gas phase, eventually reaching a nanowire or deposit-
ing on the substrate, as a function of the distance between nanowires. (a)Competitive
regime. (b) Synergetic regime (c) Independent regime. (d-e) Nanowire growth rate
increase is observed by decreasing wire spacing L from 1,000 nm (d) to 400 nm (e) for
a constant nanowire diameter d of 25 nm. (f) Nanowires grown from 25- and 100-nm
catalysts with 300 nm spacing. Wires next to a thick wire are taller than the ones

further, showing that the growth rate of one wire is dependent on the catalyst amount
nearby (Au). Adapted from Ref.*3.
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AlinP [ AlnP
active barrier

Distance (nm)

Figure 1.10: Cross-sectional TEM images of a wurtzite InP/AlInP core-multishell
nanowire for Xrar4; = 0.30 in the < —110 > zone axis, showing misfit dislocations.
The nanowire core was grown by selective area epitaxy. (b) High-resolution TEM im-
age of the InP/AlInP core-shell nanowire. (c-d) Enlarged HR-STEM images of the
orange and pink rectangles in panel b: (c¢) AllnP active layer, (d) Interface between
AlInP and InP. (e) High-resolution TEM image of the AlInP shell on top of the InP
nanowire. Insets in (¢) and (e) show the selective area electron diffraction (SAED)
patterns of each area. (f) Energy dispersive X-ray spectroscopy (EDS) line scan along
the lateral direction with a HAADF-STEM image, showing the Al-rich AlInP barrier
layers around the WZ InP core. Adapted from Ref.*.

1.5 Scope of this thesis

In this thesis new hexagonal III-phosphide materials for efficient light emission
are developed and their structural and optical properties studied in detail to pro-
vide fundamental understanding of their band structure. This thesis is composed
of nine chapters, including this introductory one.

In Chapter 2 we discuss the formation of wurtzite in III-V nanowires, finding
that supersaturation, surface energies and diameter of the nanowire play a key
role. We also discuss the band structure of GaP, InP and AlP in both the cubic
and hexagonal crystal structures, explaining the fundamental differences and the
selection rules for their optical transitions.

In Chapter 3 we illustrate the methods used in this work, starting from the sub-
strate preparation and catalyst array fabrication with nanoimprint and electron
beam lithography. We introduce the nanowire growth technique, Metalorganic
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Vapor Phase Epitaxy (MOVPE), followed by the structural and optical charac-
terization techniques, such as TEM and micro-photoluminescence.

In Chapter 4 we develop the epitaxial growth of WZ In,Ga;_,P by growing
WZ GaP/In,;Gaj_, P core-shell nanowires. We study for the first time its optical
properties, finding strong evidence of a pseudo-direct (I's —T'g) to direct (I'y —T'g)
conduction band crossover as a function of composition, around 0.28<x<0.41. We
therefore determine that WZ In, Ga;_,P can be used as an efficient light emitter
up to 2.0eV, in the red emission range.

In Chapter 5 we develop the selective area epitaxy of WZ Al,In;_,P and study
its structural and optical properties, achieving direct green emission, a relevant
result for solid state lighting applications. We also provide fundamental under-
standing of the band structure, finding that atomic ordering of Aluminum and
Indium plays a key role in determining the selection rules of the band gap tran-
sition.

In Chapter 6 we study the asymmetry-induced bending of WZ GaP /In,Ga;_,P,
caused by thickness and composition asymmetry in the shell. We develop a diag-
nostic tool for evaluating the degree of asymmetry in the shell, using experimental
data and finite elements method simulations.

In Chapter 7 we demonstrate a technique to control the crystal phase of GaP
nanowires grown with VLS method. We show that by tuning the growth temper-
ature and V/III ratio we can grow atomically sharp crystal phase homostructures,
with a control almost at the monolayer level.

In Chapter 8 we develop the growth of thin WZ GaP nanowires with diameter
down to 25nm, which show quasi-ballistic phonon transport properties at room
temperature. We also develop the growth of telescopic nanowires, which are pre-
dicted to show heat rectifying behavior.

Finally, in Chapter 9 we illustrate a business plan, formulated using the results
of this thesis on WZ Al,In;_,P, which can be realistically adopted as emitting
material in future nanostructured light emitting diodes, offering advantages in
terms of efficiency and cost reduction, compared to current products.
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Chapter 2

Theoretical concepts: from
wurtzite growth to band
structure

In this chapter we illustrate the origin of the wurtzite crystal symmetry in
nanowires from a theoretical point of view. The current understanding is based
on catalyst-assisted VLS growth. We then discuss the band structure of Wurtzite
ITII-Phosphide alloys and their optical selection rules.

2.1 Formation of wurtzite in nanowires

III-phosphide and III-arsenide materials are always found with zincblende struc-
ture in bulk. In fact, the difference in cohesive energy between zincblende and
wurtzite is 24meV per III-V pair, making zincblende more stable. In nanowires
however, a surprisingly strong tendency to form wurtzite has been noticed right
from the early stages of their development*. WZ can be obtained both with VLS
and catalyst-free growth, but at the current stage the understanding is complete
only in the case of VLS growth. In VLS growth, wurtzite is observed when
certain conditions are met, which can be derived analytically, starting from an
experimental observation in WZ GaAs nanowires grown on a (111)B ZB GaAs
substrate, as shown in Fig.2.1a. When the WZ nanowire growth is started, a ZB
pedestal is first formed, and only after some time the crystal structure abruptly
switches to WZ. Also, when the growth is terminated by closing only the Ga flow
while still providing AsHs, a ZB segment is formed. In this case, the growth is
due to depletion of Ga in the catalyst alloy droplet, which reacts with the AsHj
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still present. This phenomenon happens systematically for every growth, leading
us to the conclusion that WZ forms when a certain high enough supersaturation
condition is met in the catalyst.

b

Figure 2.1: (a) Transmission electron microscopy image of a short GaAs nanowire with
high resolution close-up of the transition zone between zinc blende and wurtzite phases.
(b) Nucleus at the nanowire-liquid interface, with interfaces of interest. (c¢) Nucleus
originating at the triple phase line. Transferring the nucleus to the triple phase line
eliminates and creates interfacial areas, indicated by thick lines in (b) and (c). Adapted
from Ref.*.

This observation alone, however, does not explain exactly why wurtzite forms
instead of zincblende. To understand, we start by taking into consideration a
solid 2D nucleus of ITI-V material forming between the top surface of a nanowire
and the catalyst, entirely surrounded by the latter, as showin in Fig.2.1b. Its
formation requires a change of free enthalpy which can be written as

AG = —AhAp + Phyp, + Aysn (2.1)

where Ap > 0 is the difference of chemical potential for III-V pairs between
liquid and solid phases, per unit volume of nucleus; P is the perimeter of the
nucleus, 7,1, is the energy per unit area of the lateral interface between nucleus
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and liquid; vsr, vsn, YNL are, respectively, the energies per unit area of the
substrate-liquid, substrate-nucleus and upper nucleus-liquid interfaces. A 2D
nucleus, corresponding to a single monolayer, cannot be defined as ZB or WZ, as
they are defined by the stacking of multiple monolayers (ABC vs. AB) as shown
in Fig.2.2a. However, the nucleus orientational positioning is different in the
two cases: in the ZB case, the GaAs, tetrahedra in the nucleus have the same
orientation as the previous monolayer in the nanowire. In the WZ case, they
are rotated by an odd multiple of 7/3 as shown in Fig.2.2b. The consequence
is an additional cost to form WZ (y%\Z = vr) instead of ZB (v¥3¢ = 0) due
to second-nearest neighbor interaction. As -y is the same for both ZB and
WZ, the formation of ZB is always favored in case the nucleus is completely
surrounded by the catalyst, therefore away from the triple phase line. However,
the experimental observations show WZ formation, therefore the WZ monolayers
cannot have nucleated within the droplet like in Fig.2.1b, but at the triple phase
line as in Fig.2.1c.

Figure 2.2: (a) Schematic representation of Zincblende (3C) and Wurtzite (2H) crystal
structures, highlighting the ABC and AB stacking orders. (b) A given nucleus (empty
large circles) in ZB (left) and WZ (right) positions on top of a (111)B monolayer (full
small circles). Notice the rotation of the III-V tetrahedra between the ZB and WZ case.
Adapted from Ref.*.
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Therefore, we now consider the case of nucleus formation at the triple phase
line as shown in Fig.2.1c. In this case, an area s of the newly formed nucleus-
vapor interface replaces an area 7s of liquid catalyst-vapor interface, where 7 is
a geometrical parameter. If « is the fraction of the nucleus perimeter in contact
with the vapor, its formation enthalpy becomes

AG(a) = —=AhAp + Ph[(1 — &)y + a(viv — 7yLv)] + Aysn (2.2)

where 7y is the energy per unit area of the nucleus-vapor interface, vz is the
energy per unit area of the liquid-catalyst vapor interface and 7 can be estimated
as 7 = sinf, where 8 is the contact angle between droplet and nanowire, as
shown in Fig.2.1c. The formation enthalpy difference between positions (1) and
(2) is

AG(a) — AG(0) = aPh(yv — iz — yLvsing) (2.3)

From TEM observations, the contact angle is often close to 8 = 7/2: Young’s
equation for the interface energies at the contact angle yields v, =~ =1, through
which the inequality condition for the formation of wurtzite is approximately
reduced to

yLvsing >0 (2.4)

As 7y lies between the surface energies of pure liquid Au and Ga (1.14 and
0.72 J - m~?), the inequality is easily satisfied and the nucleus should always
form at the triple phase line. In conclusion, this result means that the nucleation
happens at the triple phase line due to the energetically favorable replacement of
the liquid catalyst surface by the nucleus surface. Now we want to understand
why WZ nucleates instead of ZB. To do this, we consider the atomic structure
of the top facet of the nanowire and of the nucleus, and in particular its edge
confining with the vapor phase, as illustrated in Fig.2.3. Nucleating a mono-
layer of ZB or WZ entails strong differences on the side facet orientations. The
ZB nucleus will develop tilted sidewall facets, {111} A type at Ga edges (j=A),
{111} B type at As edges (j=B). The WZ nucleus instead will develop {1010}
facets parallel to the nanowire axis (j=W). Therefore the effective energy per
unit area y; depends on the configuration j, as the lateral facets will be different
and as they will form different angles ©; with the nanowire axis, therefore chang-
ing the contact angle 8. We therefore conclude that the formation enthalpy of
the monolayer nucleus is configuration dependent. Knowing the aforementioned
three possible configurations (A,B,W) we can define the two conditions for WZ
nucleation. First, 7w < Ja,p, which is material-related as it involves only inter-
face energies. Second, the supersaturation is required to be larger than a critical
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value Ap > Apce in order to reach the inequality between nucleation free energies
AGyy 7 < AGYp, to ensure the formation of WZ exclusively and avoid stacking
faults. Both the interface energies and the supersaturation are affected by the
growth conditions, explaining why it is possible to obtain both zincblende and
wurtzite nanowires, as well as mixed-phase ones.

(11}A 16,=-19.5° {(111}B ,8,=19.5 {1010}} 9, =0
\ .

st alas
hdndhd Yy Y Of

Figure 2.3: Top (top row) and side (bottom row) views of a given nucleus in ZB (a,b)
and WZ (c) positions at Ga (a,c) or As (b) edges of the top facet. The side facet is
located to the left of the scheme. Edges are indicated by arrows (top), the vapor side
by V, and nonvertical dangling bonds by segments (bottom). Adapted from Ref. .

2.2 Band structure of wurtzite II1I-Phosphides

The band structure of the wurtzite III-phosphides GaP, InP and AIP has been
theoretically predicted with density functional theory (DFT) calculations?® and
experimentally studied in the case of WZ InP#® and WZ GaP“5. In this section
the band structure of these compounds and the resulting optical properties will
be discussed.

2.2.1 Density functional theory calculations

The many-body Schroedinger equation contains, in principle, all the informa-
tion about a certain quantum system. However, when trying to simulate the
band structure of a material, such problem is intractable both analytically and
computationally with exact wavefunction-based approaches, due to its extreme
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complexity, as an N-electron system is dependent on 3N variables (three spatial
variables for each electron). The density functional theory (DFT), originated
from the work of P. Hohenberg and W. Kohn, allows to find an approximate so-
lution by reducing the intractable many-body problem to a tractable problem of
non-interacting electrons moving in an effective potential”. In this framework,
the basic quantity used is the ground state electron density n(r):

n(r) = ;| W;(r)? (2.5)

where W, (r) are the electron ground state wavefunctions. n(r) depends only
on the 3 spacial variables, therefore greatly reducing the complexity of the entire
problem. The total energy of the system can be thus calculated as a functional
of the electron density. As the electrons in this theory are non-interacting, in
order to obtain a more realistic result the local density approximation (LDA)
is used, which derives from the homogeneous electron gas model. In LDA the
energy depends only on the point where the functional is calculated and with this
approximation the exchange-correlation energy from electron-electron interaction
can be taken into account. A DFT calculation starts with the assumption of a
certain electronic density, for which the Schroedinger equation is solved, yielding
the single-particle wavefunctions. From these a new electronic density is calcu-
lated and the process continues iteratively until the calculation converges to a
self-consistent solution. DFT calculations were performed to predict the band
structure and the optical transitions of the hexagonal ITI-phosphides relevant for
this work: WZ GaP, WZ InP, WZ AIP. Effective masses and transition energies
in these compounds are listed at the end of the chapter, in Tables 2.2, 2.3 and
2.1.

2.2.2 Selection rules

A two-level transition process in quantum mechanics is described by the coupling
of electron and photon, through time-dependent perturbation theory*?. Where
H’ is the perturbed Hamiltonian, Fermi’s golden rule quantifies the transition
rate Wy,

27T ’
Wyi(hw) = f|Hfi\25(Ef — B — hw) (2.6)

where fw is the photon energy, E; (Ej) is the energy of the initial (final)
state. H}l is the matrix element

Hy; = (W [H|0,) (2.7)
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where U, (¥y) are the wavefunctions of the unperturbed initial (final) state.

In the electric dipole approxzimation the perturbation operator H.,, is simplified
as

He ~qr-E (2.8)
where q is the electron charge, r is the electric dipole and E is the electric
field. From this functional form, we can know the symmetry of Hep,.
We see from 2.6 that Wy; is non-zero only if H}Z is non-zero. Therefore we have to
evaluate 2.7, which we find to be dependent to the symmetry of the wavefunction
and the dipole operator. Therefore, for H}2 to be non-zero, meaning a transition
to be allowed, it has to respect the following symmetry rule

Fy@Tg @ =T (2.9)

where I'; (I'y) is the symmetry of the initial (final) state, I'y is the symmetry
of the electric dipole operator and I'yy is the total-symmetry group. The sym-
metry of the electric dipole is uneven, as it depends on the (z,y, z) dipole vector.
Therefore, in order to yield I'y, I'; and I'y need to have opposite parity (e.g.
I'; even, I'y uneven). When this condition is verified, the transition is allowed,
otherwise it is forbidden*”.
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2.2.3 GaP

Gallium Phosphide (GaP) in bulk is always found in Zincblende (ZB) symmetry,
where it is an indirect semiconductor with a conduction band minimum (CBM)
close to the X-point with a band gap of 2.26 eV. The second CBM in the L-
point at 2.6 eV and finally the direct gap in I' at 2.78 eV. The link between
the ZB and WZ band structures is the following: the hexagonal structure has 4
atoms per cell, while the cubic structure only 2, therefore there are twice as many
bands per k points in the wurtzite structure. Two k points on the zincblende
I' — L line fold onto one k point in the I' — A line of the hexagonal Brillouin
zone. Also, WZ and ZB band gaps are very similar, as in WZ the folded bands
derive from the ZB bands, and are therefore located at similar energies. In the
case of WZ GaP, the L;¢c minimum folds into the I'sc CBM, yielding a pseudo-
direct band gap and pushing at higher energy the I';c band. The I's¢ — gy
transition is forbidden as both bands have p-like (uneven) symmetry, therefore
yielding zero oscillator strength in the electric dipole approximation. Being GaP
a pseudo-direct semiconductor it is expected to be an inefficient light emitter at
room temperature. Band structure and optical transitions of GaP are shown in
Fig.2.4.
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Figure 2.4: Left: detail of ZB GaP band structure (3C symmetry). Center: detail of WZ
GaP band structure (2H symmetry). Right: schematic of the allowed (green) transitions
in WZ GaP, according to the predicted oscillator strengths. Partially adapted from
Ref. %0,
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2.24 InP

Indium Phosphide (InP) is a direct semiconductor both in ZB and WZ symme-
try. In ZB, the Li, minimum is well above the I'y. CBM, therefore the folding
maintains the band order, making WZ InP a direct semiconductor with the al-
lowed transition I';c — I'gy across the band gap. Not only efficient emission, but
also lasing has been demonstrated at room temperature for WZ InP?2°, which
certainly makes it an excellent candidate for solid state lighting. However, the
low band gap around 1.5eV makes it an infrared emitter, therefore alloying with
a higher band gap material, such as GaP and/or AIP is necessary to enter the
visible region. Band structure and optical transitions of InP are shown in Fig.2.5.
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Figure 2.5: Left: detail of ZB InP band structure (3C symmetry). Center: detail of WZ
InP band structure (2H symmetry). Right: schematic of the allowed (green) and weak
(red) transitions in WZ InP. A thicker red line indicates a relatively higher oscillator
strength. Partially adapted from Ref.?S.

2.2.5 AIP

AIP is always an indirect semiconductor, both in the Zincblende (E, = 2.45¢V)
and Wurtzite symmetry (predicted E, = 3.025¢V). In fact, the folding of the L
minimum in I' leads to a I'sc minimum which is still higher than the new M
minimum. Moreover, as the lowest I' point in the conduction band is I'sc, the
transition with the I'gy, highest valence band is forbidden. However, a small oscil-
lator strength is predicted, although more than 2 orders of magnitude lower than
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the I';c — I'gy transition. AlP is therefore an uninteresting material for optical
applications in both the ZB and WZ configurations. However, as it possesses a
high band gap, alloying with InP should lead eventually to a direct-allowed band
gap material in the visible range. Band structure and optical transitions of AIP
are shown in Fig.2.6.
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Figure 2.6: Left: detail of the ZB AIP band structure (3C symmetry). Center: detail of
WZ AIP band structure (2H symmetry). Right: schematic of the allowed (green) and
forbidden (red) transitions, according to the predicted oscillator strengths. Partially

adapted from Ref.2°.

M My Mg M mé  my, miy miy mil mi
WZ GaP 1.13 0.87 0.13 1.18 0.16 0.28 0.31 0.52 0.18 0.25
WZInP 013 029 0.10 0.09 0.13 0.19 0.22 055 0.15 1.26
WZ AP 137 097 0.19 1.14 0.18 0.20 0.22 091 0.22 0.42

Table 2.1: WZ GaP: effective heavy-hole (hh), light-hole (1h), spin-orbit split-off masses
and electron (e) masses in the lowest (1) or second lowest (2) conduction band for T'A
and I'M directions. All effective masses are given in units of the free electron mass m.

Adapted from Ref.25.
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Structure  Eg(eV) Agp(eV) AEy(eV) AEx(eV)

WZ GaP (I) 2123 0.083 0.135 -0.474
WZ GaP (M)  2.266 -0.389
7B GaP (I) 2790  0.082 0
ZB GaP (X)  2.330 -0.460
WZ InP (I)  1.576 0.1 0.082 0.183
ZBInP (I) 1475  0.104 0 0
WZ AIP (T) 3335  0.062 0.123 ~1.000
WZ AIP (M) 3.025 -1.310
ZB AIP (I) 4458  0.061 0 0
ZB AIP (X)  2.877 -1.581

Table 2.2: Characteristic parameters of the WZ and ZB band structures of GaP and
InP from approximate quasiparticle calculations including spin-orbit interaction. The
band offsets AFc and AFEy are given with reference to E¢ and Ev in the ZB phase.
Adapted from Ref.25.

Transition Transition Transition
Material Transition energy (eV) strength L (eV) strength || (eV)
WZ GaP  Tgy —T7c(Tsc)  2.888 (2.123) 6.30 (0) 0 (0)
Pryv —T7e(Tse)  2.929 (2.220) 5.66 (0) 2.05 (0)
I7_v —T7c(Tsc)  3.104 (2.404) 0.59 (0) 18.55 (0)
WZInP  Toy —T7c(Tsc)  1.576 (1.929)  8.85 (0.245) 0.011 (0)
Dryv —T7e(Tse)  1.589 (1.967) 7.75 (0.016) 9.58 (0.016)
I7_v —T7c(lsc) 1.703 (2.080)  4.15 (0.011) 17.46 (0.027)
WZ AP Tgy —T7¢(Tsc)  4.445 (3.335) 8.06 (0.027) 0 (0)
Dryyv —T7e(Tse)  4.479 (3.367) 7.75 (0.016) 6.85 (0.003)
Iy —T7e(Tsc)  4.594 (3.482) 2.10 (0.005) 25.06 (0.011)

Table 2.3: Optical transitions in WZ Gap, InP and AIP between bands of I'gy and
I'7¢(T'sc) symmetry. Listed are the predicted transition energies and transition strengths
in eV. Adapted from Ref.?%.
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2.2.6 Alloy band structure

Alloys of two semiconductors usually possess intermediate properties between
the two pure materials they descend from. Vegard’s law, derived from empirical
observation, states that the lattice parameter of the alloy can be assumed as
linearly dependent from the composition. Considering the III-V alloy In,Ga;_,P
we can write:

GInGaP = TGInP + (1 - m)aGaP (210)

In this work, the lattice parameter of the studied hexagonal alloys was as-
sumed to follow Vegard’s law. The band gap of semiconductors is often related
to the lattice parameter. Having stated the linear dependence of the lattice pa-
rameter to the composition, we can also expect a linear dependence of the band
gap. However, it is often found that a linear relation cannot model properly the
empirical data, therefore a band bowing term is introduced, giving origin to a
parabolic function. Considering again In,Ga;_,P we have

Eg’[ngap = {EEanp + (1 — x)Eg,Gap — bx(l - {E) (211)

where b is the band bowing parameter. Such bowing can be due to different
phenomena, first of all the random distribution of the substitutional atoms in
the alloy, which partially breaks the translational symmetry. The band gap of
an alloy varies because the positions in energy of the electronic bands change.
As they move in energy, their order can also change, leading to crossovers. We
have seen that WZ GaP, WZ InP and WZ AIP have, respectively, a pseudo-
direct, direct and indirect band gap. The order of their CBM at the I' point is
in fact different. We can expect therefore that their alloys will have intermediate
properties, thus leading to conduction band crossovers.
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Chapter 3

Experimental methods,
techniques and fabrication

In this chapter we discuss the methodology used for the metalorganic vapour
phase epitaxy (MOVPE) growth, starting from the substrate patterning with
nanoimprint and electron beam lithography. We illustrate the structural char-
acterization of nanowires with scanning and transmission electron microscopy
(SEM and TEM). We then discuss the optical characterization methods with
photoluminescence.

3.1 Substrate preparation

Nanowire growth requires a careful substrate preparation in order to obtain high
quality material. Two are the growth techniques used in this work: vapor-liquid-
solid (VLS), using an array of gold catalyst droplets, and selective area, where
nanowires grow through openings in a patterned silicon nitride (SiNx) mask.
In this thesis, the patterns for nanowire growth were fabricated by using two
different techniques: nanoimprint and electron beam lithography (EBL).

3.1.1 Nanoimprint lithography

Nanoimprint lithography consists of the mechanical transfer of a predetermined
shape into a resist by simple physical contact. A stamp in PDMS contains the
negative of the features that need to be transferred into the resist. It is fabricated
from a silicon master obtained with EBL lithography, where the positive features
reside. The strategy of this whole process is to shorten the patterning time:
exposing to EBL entire wafers might take a considerable amount of time, while
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here only one EBL exposure is needed and the entire information is transferred
chemically and mechanically in a shorter time.

The process starts with the spinning of a polymethylmetacrylate (PMMA) layer
on the substrate, which will constitute the soft mask, 300nm thick. The PMMA is
baked at 150°C for 15 minutes on a hot plate. Then, a layer of silicon oxide (SiO3)
sol-gel is spinned on top of the baked PMMA. The PDMS stamp is carefully
applied on top of the wafer by hand or by vacuum contact, making sure that no
eventual air bubbles are left trapped under it. After about 3 hours, the stamp
is removed by carefully peeling it off the substrate. The wafer is then treated
with Reactive Ion Etching (RIE): first in a mixture of CHF3/O2 plasma to etch
the SiOs hard mask, then in pure Oy plasma which etches the PMMA layer,
forming the soft mask. The wafer is rinsed in Orthophosphoric Acid (H3POy)
or Hydrofluoric Acid (HF) to eliminate any surface oxide generated during the
last RIE step, then a layer of gold is Evaporated. Part of the gold will land on
the mask, part on the substrate, defining the catalyst structures. The PMMA
is then dissolved using Acetone, allowing the lift-off of the undesired gold layer,
leaving only the gold nanostructures on the substrate.

PDMS Stamp

SiO, Sol-Gel

PMMA
GaP

RIE
so, v ¥ ¥ ¥

Au Evaporation

—

Au — Lift-off

Figure 3.1: Nanoimprint lithography procedure. PMMA and SiO; sol-gel are spun on
the substrate, then a PDMS stamp is used to imprint the nanofeatures. Two steps of
RIE are used to open the features, then a gold layer is evaporated. Finally, the lift-off
step is performed, leaving only the catalyst array on the substrate.
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3.1.2 Electron beam lithography

EBL is based on the reactivity of a polymer to an electron beam, which changes its
solubility and allows its selective removal with a solvent. The advantage of EBL
is the higher resolution, which can produce features down to 10nm of diameter,
allowing the fabrication of nanometric Au catalyst droplets or holes in a SiNx
mask. EBL is used when such resolution is necessary and cannot be provided
by nanoimprint lithography, due to the physical constraints of the PDMS stamp.
EBL lithography is performed on a Raith EBPG 150. The resist used is ZEP
520 with fullerene Cgo (positive resist), spinned uniformly over the substrate,
reaching a final thickness of 20nm. The resist is exposed to an electron beam,
which enhances the solubility of the exposed area. It is then developed using
n-amyl acetate and MIBK selective solvent, followed by gold evaporation. The
lift-off is performed with PRS3000 and acetone.

Electron beam
* * * Development Au Evaporation

Resist —

Au Lift-off
— T —
Figure 3.2: Electron beam lithography procedure. An electron-sensitive resist is spun
on the substrate, which is then exposed to the electron beam. After development in

a selective solvent, a metallic layer is evaporated. The final lift-off step defines the
catalyst array.

3.1.3 Silicon nitride mask

In order to chemically isolate the substrate during VLS growth, or to perform
catalyst-free selective area epitaxy, a Silicon Nitride (SiNx) mask can be fabri-
cated by depositing a layer of SiNx on the substrate itself before the nanoimprint
procedure. Before the eventual Au deposition, one more dry etching step will
be required to open holes in the SiNx and expose the substrate. Such mask is
useful to avoid unwanted layer growth on the substrate during VLS growth or
during shell growth, allowing a more controlled nanowire morphology and easier
photoluminescence interpretation.
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Figure 3.3: Nanoimprinted SiNx mask with 16nm thick Au disks. Such disks will then
become droplets when heated in the MOVPE reactor. A droplet filling step is also
performed before the actual growth by providing a flow of group III precursor.

3.1.4 Pre-deposition cleaning

The catalyst particles fabrication process can leave amounts of organic contami-
nants which can negatively affect the nanowire growth quality. In order to elim-
inate most of these residues, a cleaning step is necessary, for instance using pi-
ranha wet etching. The piranha solution used consisted in [4:1:1] concentrations
of HoSO4, H30O, Hy05. Oxygen plasma is also a viable alternative, especially
when the piranha solution might etch the substrate as well, as in the case of
InP. In order to make sure that all contaminants have been eliminated, a high-
temperature annealing step is performed before each growth.

3.2 MOVPE

Metal-Organic Vapor Phase Epitaxy (MOVPE) is one of the main methods for
nanowire growth, alongside Molecular Beam Epitaxy (MBE). The main advan-
tage of MOVPE is a great flexibility in the choice of precursors and high growth
rate. These are the main reasons why MOVPE and Chemical Vapor Deposition
(CVD) in general are the most common methods of semiconductor growth in
industrial applications. Two types of precursors were used in this thesis: met-
alorganics (e.g. Trimethylgallium, TMGa) and hydrides (e.g. Phosphine, PH3).
The metalorganic precursors are stored in bubblers, immersed in a thermal bath
to allow better control on the mass flow, and are transported to the reaction
chamber by a carrier gas, molecular Hydrogen (H3). The samples are positioned
on a graphite heater plate (susceptor), usually situated in the middle of the re-
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action chamber, which is kept at low pressure, about 10-50mbar. Two reactors
have been used in this work, which are described below.

3.2.1 Showerhead reactor

The Aixtron-CSS reactor operates in showerhead configuration. The precursors
are therefore injected into the reaction chamber uniformly from directly above the
samples: this geometry and the low pressure contribute to establish a laminar flow
of precursors over the susceptor where the samples reside. The temperature of
the sample allows the decomposition of the precursors on its surface and provides
the energy needed for the deposition reaction.

H, carrier gas

H, H,
MO precursors Hydride
bubblers precursors

Pressure control

H, carrier gas
Exhaust

Figure 3.4: Showerhead MOVPE reactor scheme. Two types of precursors are used:
metalorganic, typically carrying the group III atom and hydrides, typically providing
the group V element. The gasses are mixed with the carrier gas, hydrogen, and injected
in the chamber through a showerhead system above the susceptor, where the substrate
(here in red) is located.

3.2.2 Horizontal flow reactor

The Aixtron 200 reactor operates in the horizontal flow geometry. The precur-
sors are mixed with the carrier gas and injected into a transparent quartz tube
where they flow horizontally over a graphite susceptor, heated by infrared lamps
positioned outside the reactor. Compared to the showerhead system, the hori-
zontal flow reactor provides with a slightly different reaction chemistry, as the
precursors are heated by the infrared radiation before they reach the susceptor
itself. The cracking of the precursor molecules therefore starts in the gas phase.
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Figure 3.5: Horizontal flow MOVPE reactor scheme. The system is analogue to the
showerhead reactor, but with the substantial difference that, using IR lamps, the pre-
cursors are heated already before reaching the susceptor. The growth results are however
usually very similar between the two systems.

3.2.3 Cleaning and memory effect

In order to obtain high quality single crystals with high purity and low defectivity,
the reaction conditions need to be optimal, especially when involving complex
reaction mechanisms such as VLS. Due to the fact that the entire susceptor
is heated, the precursors react not only on the samples, but on the entire hot
surface, depositing a layer of material which is present also after the growth.
This fact has to be taken into account when planning each growth, to avoid
cross-contaminations which can alter the outcome of an experiment. Therefore,
before growth, standard preparation recipes are run in order to bring the reactor
to a known optimal state. The first important effect of this protocol is to ensure
the cleaning of the reactor, minimizing any impurity i.e. Indium in GaP growth.
Another important effect is the amount of material present on the susceptor
during a growth: such material can be desorbed in non-negligible quantities and
take part into the reaction, constituting a substantial precursor flow which cannot
be ignored.

3.3 Scanning electron microscopy (SEM)

Scanning Electron Microscopy (SEM) is a necessary analysis technique for nanos-
tructure development. Due to its relative simplicity and immediate accessibility,
it can provide a fast feedback for nanowire epitaxy.

The electron source used is a Tungsten tip maintained under a bias of about 10
kV, generating a current of a few pA. The formation and manipulation of the elec-
tron beam is possible through a series of charged plates and magnetic lenses. The
beam can therefore be focused to a fraction of nanometers of diameter, providing
with an imaging resolution sufficient to study nanostructures. The electron beam
is steered towards a rectangular matrix on the target (raster scanning). When the
beam hits the material, backscattered electron (BSE), secondary electron (SE),
Auger electrons (AE) and X-rays are emitted. The secondary electrons are col-
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Figure 3.6: GaP nanowires growth attempt on (111)B GaP, using an Indium-polluted
susceptor. Due to the Indium contamination, the supersaturation of the droplet is very
different from the intended value and the growth rate is orders of magnitude lower than
expected.

lected by an annular detector located in the terminal part of the column (in-lens),
giving topographic information of the analyzed sample. The SEM images shown
in the present work are all generated through secondary electrons.

3.4 Transmission electron microscopy (TEM)

The TEM is very similar to an SEM but differs in type of signal detected and
overall purpose. In this case the electron beam is accelerated enough to be
transmitted through a thin sample. The objective magnetic lens in a TEM is
situated beyond the sample. A TEM can usually accelerate electrons with a
bias of hundreds of kV, which gives them a wavelength small enough to resolve
the dumbells of single rows of atoms in a crystal, allowing to observe directly
the crystal symmetry. Like the SEM, also the TEM can use EDS analysis to
determine the composition of a sample, exploiting the advantage of a higher
beam current and acceleration, which allows for a higher signal to noise ratio,
and higher spatial resolution.

3.4.1 TEM modes

The bright field imaging mode is the most commonly used in TEM. The contrast
is formed by scattering and absorption of electrons while transiting through the
sample. Thicker regions will appear darker, as well as regions containing atoms
with a higher atomic number. Strain can as well modify the contrast of an im-
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Figure 3.7: Schematic representation of an SEM column in section. Adapted from Zeiss
documentation.

age, by changing the interference pattern of the transmitted electrons. In the
scanning-TEM (STEM) mode the beam is concentrated into a spot and used to
scan the sample in a raster, where the signal corresponding to each point consti-
tutes a pixel of the final image. Three detectors can be available, depending on
the microscope: the bright field (BF), the annular dark field (ADF) and the high-
angle annular dark field (HAADF). In the bright field mode, imaging resolutions
of about 14 can be achieved: when observing a crystal, the sample can be oriented
along a specific zone axis and individual rows of atoms can be detected showing a
characteristic ”dumbbell” shape. Electron diffraction through the crystal and the
observation of the dumbbells are useful to determine the crystal symmetry, the
lattice parameter and eventual strain phenomena. The HAADF detector collects
electrons scattered at high angles by the specimen, making it highly sensitive to
the composition of the observed material and in particular to the atomic number
(Z). The HAADF-STEM mode therefore yields images with Z-contrast, useful
to highlight compositional changes and often performed in parallel with Energy
Dispersive X-Ray Spectroscopy (EDS) spectroscopy. Due to the high energy of
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Figure 3.8: Left: Ray diagram for a TEM in imaging mode. Magnetic lenses and
diaphragms allow to manipulate and focus the electron beam. Right: STEM mode.
Different modes can be used: bright field (BF), annular dark field (ADF) and high-angle
annular dark field (HAADF'), which is often used together with EDS as the resulting
image is strongly atomic number sensitive.

the beam in fact, the collisions will induce transitions involving core electrons.
These transitions will result in the emission of X-Ray photons, which can be col-
lected and analyzed through a dedicated X-ray spectrometer. Being the energy
of these transitions a specific property of the atoms involved, one can quantify
the composition of a material. All the TEM analysis contained in this work were
performed by Dr. M.A. Verheijen.

3.4.2 Cross-sectional analysis

In a TEM, transparency of the sample to the electron beam is an important
parameter: a too thick sample will hinder the electron beam in such a way
that a detailed analysis may not be possible. Also, additional information about
the inner morphology of a certain structure may be desired. A sample can be
therefore cut using a Focused Ion Beam (FIB) while being held in place by a metal
layer (e.g. a Cobalt cladding), allowing a nanostructure to be cut transversally in
a thin lamella, thin enough to be observed in a TEM. Such technique is necessary
to properly observe the radial development of core-shell nanowires.
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Figure 3.9: (a) TEM image of 100nm-thick lamellae of WZ In,Gai_.P nanowires,
embedded in cobalt and platinum in a TEM window. The underlying substrate is
silicon (b) Close-up TEM image of a single 100nm-thick lamella of a WZ In,Ga;_.P
nanowire

3.4.3 Nanomanipulation

In order to study single nanowires, it is sometimes necessary to transfer them
individually. For example, in Fig.3.10 we show the successful transfer of two
WZ Al,In;_,P nanowires to a carbon mesh grid in order to perform TEM-EDS
analysis. As these nanowires have a low aspect ratio, they cannot be simply
broken off by mechanical rubbing of the TEM grid on the sample, but require to
be picked singularly with the nanomanipulation needle shown in Fig.3.10a.
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Figure 3.10: (a) SEM image of Al,In;_.P nanowires during the nanomanipulation pro-
cess. The nanowire array is visible (right), as well as bunches of freestanding nanowires
lying on the InP/SiNx substrate. (b) SEM image of two WZ Al,In;_,P nanowires
transferred on a carbon mesh grid for TEM analysis.

3.5 Photoluminescence

Every material has a characteristic electronic structure in which electrons can
perform energy transitions. Some of these transitions involve photons and can be
explored through optical means. In a luminescence experiment the electrons of a
sample are excited through one of different means (e.g. photons, current, electron
beam) in order to let them return to their original energetic states by emitting
photons. These photons can be collected and used for extensive analysis aimed
towards the understanding of the electronic structure of the sample involved.
In a photoluminescence (PL) experiment photons are generated from a known
source and focused on a sample, which will in turn emit other photons at a
different wavelength. When studying a semiconductor sample, the energy of the
excitation photons is usually chosen to be higher than the band gap: the electrons
of the valence band will then be excited to states of the conduction band, leaving
an empty state, called hole, in the valence band. In a perfect semiconductor
electrons and holes will thermalize and gather at the conduction and valence
band extrema. If the semiconductor has a direct band gap and the transition is
allowed (the oscillator strength is non-zero), electrons and holes will recombine,
emitting a photon through a band to band transition.

Other radiative recombination mechanisms can also take place. Excitons are
quasiparticles formed by an electron in the conduction band and a hole state in
the valence band, due to their reciprocal Coulomb attraction. As it is formed
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Figure 3.11: Schematic of the photoluminescence mechanism. An electron-hole pair is
generated by the absorption of an incident photon with energy hwgxc. The carriers
thermalize respectively to the conduction band minimum (CBM) and the valence band
maximum (VBM), where they recombine radiatively, emitting a photon with energy
hwgg. Other radiative recombination mechanisms, such as excitons and impurities,
cause the emission of photons at different, usually lower, energy hw'.

by two elementary charges, this quasiparticle is assumed to have wavefunction
approximable to those of the hydrogen atom. The binding energy of the exciton
is calculated, in the Wannier-Mott approach, as:

4

E,—E pie

- =55 3.1
7 2e2e3h2n? (3:1)

where 1 is the reduced effective mass p=t = mJ ! + mgl, €, is the dielectric
constant, €y is the permittivity of vacuum, and n is the energy level occupied by
the electron. From the formula we understand that these energy levels are below
the band gap F,. Furthermore, the binding energies are in the order of 1-10meV.
For instance, the free exciton in WZ InP has a binding energy of 6.4meV*%. Due
to such low binding energy, most excitons are stable only at low temperature.
With increasing temperature, in fact, the thermal energy of the phonons becomes
sufficient to ionize the exciton. If the ionization rate is too high, the exciton will
not be able to recombine radiatively anymore. The activation energy of this
process can be measured from the temperature dependence of the integrated
photoluminescence emission I(7'):

i _ 1 (3.2)

Ea

14 Ce F*5T

where I is the integrated PL emission at low temperature (in our case 10K),
F 4 is the activation energy of the ionization process, C is a constant.
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At low temperature, carriers are frozen on impurities, leading to free-to-bound
and donor-acceptor pair recombinations. In the free-to-bound transition electrons
in the conduction band recombine with holes in acceptors, where the emitted
photon energy will be Eg — F 4.

Often a semiconductor may contain both donors (D) and acceptors (A). The
photogenerated carriers can therefore be trapped at the D™ and A~ sites to
produce neutral D° and A% centers. To return to equilibrium, electrons in D°
sites might recombine radiatively with holes in A° sites, yielding a donor-acceptor
pair (DAP) transition. It can be represented by the reaction

D+ A° 5 hw+ DT+ A (3.3)

The energy of the emitted photon will therefore depend on the binding energy
of the donor (Ep) and the acceptor (E4), and on the Coulomb interaction be-
tween the ionized donor and acceptor. The energy of the transition will therefore
be

2
dmeper R

where R is the distance between donor and acceptor participating in the tran-
sition. The energy is increased by the Coulomb interaction because the energy
of the final, ionized state is lowered by the interaction itself. It is clear that
as such sites are distributed in host lattice, the distance R will depend on the
donor-acceptor pair actually involved. Therefore, further away pairs will have a
lower energy.
The time taken by an electron-hole pair to recombine is also an important quan-
tity to determine the nature of the transition. When a finite number of photons
(e.g. a laser pulse) is absorbed, it excites a finite number of electron hole pairs,
which start recombining, both radiatively and non-radiatively through competi-
tive channels. The total decay rate of the photoexcited population is therefore

hw=E,—Es—Ep+ (3.4)

1 1 1
RDecay =—=—+
Ttot Tr Tnr

(3.5)

where 1/7, and 1/7,, are, respectively the radiative and nonradiative recom-
bination rates. Intuitively, direct allowed transitions will have a large radiative
recombination rate and therefore short carrier lifetime 7,., while the opposite will
happen for indirect and/or forbidden transitions. For a DAP transition, the ra-
diative rate depends on the overlap of the carrier wavefunctions, therefore it can
be written as*”

1
—— x exp(—2R/apa) (3.6)
TDA
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where R is again the distance between donor and acceptor and ap4 is the
larger Bohr radius between donor and acceptor.

3.5.1 Experimental setup

The setup used can be roughly divided into three sections: sources, optical line
and detection. The sources available are three:

— Pulsed-wave 420nm laser diode, 1-80 MHz repetition rate. Circular excita-
tion spot with diameter 1um.

— Pulsed-wave frequency-doubles Titanium-Sapphire (Ti-Sa) 405nm laser, 80
MHz repetition rate

— Wavelength-tunable source, constituted by a plasma-injected white lamp
emitting between 400-800nm, coupled with a 0.30m spectrometer equipped
with 1200g/mm grating (500nm blazing angle). Coupled in a 300um multi-
mode fiber, resulting into a circular excitation spot with diameter 10pm.

Pulsed sources are used as they enable carrier lifetime measurements. Also,
through a reduced duty cycle, they allow the system to cool down between pulses,
avoiding heating effects which can affect the results.

Mirrors and optical fibers are used to steer the beam, while neutral density
filters and polarizers are used to manipulate respectively its intensity and polar-
ization. A Nikon 50X CR objective (NA=0.7) objective, mounted on an XYZ
piezoelectric stage, is positioned in front of the sample in backscattering config-
uration to perform micro-photoluminescence (uPL). The samples are placed in
an Oxford Instruments MicrostatHiRes2 cryostat to tune the temperature in the
range 4-300K. The signal from the sample is analyzed using a 0.30m spectrome-
ter equipped with 300 g/mm, 1200 g/mm and holographic 2400 g/mm gratings
(500nm blazing angle), with a PIXIS charge coupled device (CCD) detector and
a time correlated avalanche photodiode (APD) detector (130ps resolution).

For time-resolved photoluminescence measurements, a Picoharp 300 time-correlated
single photon counting (TCSPC) system, connected to both the pulsed-wave
420nm laser and the APD. Laser pulse generation and photon detection are there-
fore time-correlated and the intensity of the photoluminescence emission can be
followed in time by repeating the experiment at high frequency and integrating
the results. The intensity decays exponentially in time and the characteristic
lifetime of the transition can be extracted.

3.5.2 Photoluminescence excitation spectroscopy

In photoluminescence excitation spectroscopy (PLE), a single wavelength of the
photoluminescence emission is selected, then its intensity is recorded as a function

50



3. Experimental methods, techniques and fabrication

Cryostat

Liquid H2
Circuit PC
=

Objective Camera

Beam Lens
Splitter
Power -
Meter 10uW

Removable Filter
Mirror

Ti-Sa
Pulsed Laser A

420nm Rem_ovable
Pulsed Laser Mirror

Filter

Avalanche
Mirror Photodiode
Linear

Polarizer

Monochromator

PL Intensity (a.u)

White pom—
Source

Figure 3.12: Schematic of the photoluminescence setup used in this work. Steady-state
and time-resolved photoluminescence can be performed, in a range of temperature be-
tween 4-300K. Photoluminescence excitation spectroscopy is possible using the tunable
source constituted by a white lamp and a monochromator.

of the excitation photon energy. In certain conditions, the PLE can be assumed
as roughly equivalent to the absorption spectrum. We can write the relation
between the PLE intensity Ip;r and the excitation intensity Igxc as

IprE = Pups PraPemlIExC (3.7)

where P,;s is the probability of photon absorption by the probed material,
P,.; is the probability of relaxation to the radiative state, P.,, is the probability
of radiative recombination after relaxation. P.,, can be considered as constant
during a PLE experiment as the radiative rate itself doesn’t depend on the exci-
tation, while P,.; depends strongly on the electron-hole pair energies. However,
if the studied material possesses high crystal quality and low impurity levels,
the probability of non-radiative recombination can be assumed as negligible com-
pared to relaxation by electron-phonon interaction. In this case, P can be
considered as unity, and Ipy g as proportional to P,;s. Therefore we can rewrite
Ippp as?

o1



Hexagonal I1I-Phosphide Alloys for Solid State Lighting

Iprp < (E — Eo)*Ipxc (3.8)

where A = 1/2 for direct semiconductors and A = 2 for indirect semiconduc-
tors.

92



4. Wurtzite GaP/InGaP core-shell nanowires

Chapter 4

Pseudo-direct to direct
compositional crossover in

wurtzite GaP/InGaP

core-shell nanowires

A new degree of freedom in band structure engineering has become available in
the form of crystal phase tuning in semiconductor nanowires, allowing the control
of the material polytype?4°. Crystal phase engineering thus unlocks new optical
and electronic properties while maintaining compatibility with well-established
mainstream semiconductor technology. This provides a promising method to
surpass the conventional limits of commonly used semiconductors®2®. Various
nanowire growth mechanisms enable the formation of unusual crystal phases
which are not accessible in bulk, such as Wurtzite (WZ) in IT1I-Phosphides®, and
by exploiting 3D epitaxial overgrowth such crystal phase can be transferred from
the core to its surrounding shell®®. Wurtzite nanowires are very promising candi-
dates for solid state lighting??, photovoltaics®! and solar hydrogen conversion”.
Recently it has also been shown that Wurtzite III-Phosphides might enable di-
rect band gap green emitters, opening a possible way to ”bridge the green gap”®.
WZ GaP and WZ InP have been studied, both theoretically2® and experimen-
tally 4645 and their optical properties are known. Both materials have a I'gy

OContributions to this work: Dr. M.A. Verheijen (Philips Innovation Services) performed
the TEM analysis, M. Albani and Prof. L. Miglio (Universitd Milano-Bicocca) performed the
FEM simulations, Dr. A Belabbes (KAUST) and Prof. F. Bechstedt (University of Jena)
performed the DFT calculations.
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highest valence band but, importantly, the first two conduction bands have a dif-
ferent order: the lowest conduction band in WZ GaP has I'sc symmetry, followed
by a I'7¢c band at higher energy. In WZ InP this situation is reversed and I'7¢
is the lowest band. This has a strong influence on the optical properties of the
materials as the I'sc — gy transition is forbidden, while the I';o — gy is instead
allowed with a large oscillator strength, as in WZ GaAs®2 and WZ InP?°. By
tuning the In,Ga;_, P composition a crossover at the I" point is expected, where
the I'sc (lowest for Ga-rich) will be crossed by the I'7z¢ band for increasing In
concentrations. Such a I'-crossing has not been observed so far for III-V semi-
conductors through compositional tuning. Moreover, the electronic properties of
the WZ In,Ga;_,P alloy are still fully unexplored.

4.1 Core-shell nanowire growth

4.1.1 Waurtzite GaP core growth

The WZ GaP cores are grown with MOVPE technique in an Aixtron-CSS show-
erhead reactor. Prior to the growth, the substrates are cleaned with piranha
solution. An in-situ annealing step at 615°C is performed at the start of the
growth process. Heating the substrate allows the desorption of carbon-related
impurities and an eventual native oxide. Organic impurities in particular are
responsible for inducing the movement of the Au droplet along the surface, intro-
ducing a randomization of the final nanowire positions. The randomization of the
position can also change dramatically the synergetic growth effect, changing the
effective V/III ratio at every single droplet, disrupting the optimal growth con-
ditions*3. The temperature is then lowered to 480°C to perform a short droplet
filling step providing Trimethylgallium (TMGa) and a nucleation step to initi-
ate the nanowire growth. The temperature is raised again to 615°C, at which
the growth takes place. The (111)B oriented ZB GaP substrate is situated on a
graphite susceptor kept under rotation to uniform the gas flow over the sample,
as shown in Chapter 3. The precursors used were TMGa and Phosphine (PHz),
with the addition of HCl. HCI is used to: 1) enhance the diffusion of the group
IIT adatoms through the formation of partially chlorinated species, allowing more
material to reach the Au catalyst thus enhancing the growth rate®; 2) passivate
the sidewalls of the nanowires to inhibit lateral growth®3; 3) etch excess material
from the sidewalls to maintain atomically sharp surfaces®®*. The final result is
shown in Fig.4.1.
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Figure 4.1: (a) SEM image of a WZ GaP nanowire array. The catalyst array was
fabricated with nanoimprint lithography and the annealing temperature was 700°C,
high enough to desorb carbon impurities, but low enough to prevent wandering of the
Au droplet on the surface. (b) HR-STEM image of a WZ GaP nanowire in the < 1010 >
zone axis. The uniformity of the contrast demonstrates defect-free morphology. A
stacking fault would have been visible as a straight line perpendicular to the growth
axis.

4.1.2 Catalyst Etching

The Au catalyst is etched ex situ after the core growth. Three solutions are used:
H3POy4 to dissolve the native oxide, diluted King’s Water (H2SO4 + HNO3) and
TIodine solution (KI/Iy). We used diluted King’s water first as we speculate that
a thin layer of GaP might form around the Au-Ga droplet during the cooldown
after growth, which protects it from the Iodine solution. After this thin layer is
dissolved, the Iodine solution etches the catalyst while leaving almost atomically
smooth sidewalls as shown in Fig.4.2a-b. The subsequent epitaxy can therefore
be performed without the introduction of defects due to the etching step. An
insufficient etching time leads to the formation of smaller Au nanoparticles, which
in turn diffuse along the sidewalls or form branches during the shell growth.
An excessive etching time instead leads to severe roughness on the WZ GaP
surface, shown in Fig.4.2c-d, which in turn yields an erratic shell growth with
unpredictable effects, as shown in Fig.4.2e.
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Figure 4.2: (a-b) STEM (a) and HAADF (b) images of a WZ GaP nanowire after
catalyst wet etching. Sidewall roughness is present, but very limited. (c-d) TEM bright
field (c) and HAADF (d) images of an overetched WZ GaP nanowire, showing evident
sidewall roughness (e) SEM image of a growth attempt of InGaP shell on overetched
WZ GaP wires. The resulting growth is heavily dishomogeneous and uncontrollable.

4.1.3 Wurtzite InGaP Shell Growth

The etched cores are used as a template for the shell growth at 585°C in the
same reactor, using TMGa, PH3 and Trimethylindium (TMIn) as Indium pre-
cursor with a very high V/III ratio (>1000 in our case) to promote layer growth.
The concept schematic of the nanowire structure is presented in Fig.4.3a. A rep-
resentative SEM image of the resulting WZ In,Ga;_,P nanowires is shown in
Fig.4.3b. The WZ GaP /Ing 24Gag 76P wires are uniform and may bend in ran-
dom directions with an angle up to 10 degrees. In,Ga;_,P in fact possesses a
larger lattice parameter than GaP and we expect the shell to be compressively
strained. Bending is due to possible asymmetrical defect density and/or com-
position in the shell and this phenomenon will be investigated in Chapter 6. In
Fig.4.3c we show an HAADF image of a WZ GaP /Ing 10Gag.goP nanowire, from
which we can notice a large grain, with ZB crystal symmetry, grown on the top
facet of the nanowire itself. This phenomenon is known®, as the [0001] direc-
tion allows the growth of ZB, due to the possibility of adopting its typical ABC
stacking. In the < 1010 > directions instead the epitaxially grown material must
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adopt the ABAB stacking of WZ. Therefore the crystal structure transfer in this
system can be achieved only in the radial direction, but not in the axial one.

Figure 4.3: (a) Schematics of the nanowires in this work. Left: WZ GaP (blue) with
the gold catalyst droplet (yellow). Right: WZ GaP/In,Ga;_,P core-shell nanowire
(InyGa;—,P in red, notice the absence of the catalyst). (b) SEM image of a represen-
tative WZ GaP/In,Gai_,P core-shell sample (in this case WZ GaP /Ing.24Gao.76P).
The bending due to asymmetric strain is visible in some nanowires. (c-d) WZ
GaP /Ing.25Gao.75P core-shell nanowire: (¢) HAADF image. (d) EDS 2D map of In-
dium. The top ZB segment has a higher (Ing.75Gao.25P) Indium concentration than the
WZ shell.

Hydrogen Chloride (HC]) is also used during the growth, in order to control
the shell morphology. HCI has two important effects on the shell growth. Firstly,
it etches material from the nanowire surfaces, preferentially etching Indium over
Gallium: as we show in Fig.4.3d, we observed that the ZB domains are richer in
Indium, and as such they are more effectively etched by HC1%6. As we demon-
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strate in Fig.4.4a-b, the correct optimization of the HCI flow allows to eliminate
almost completely the ZB segment on the top of the nanowire.

Figure 4.4: (a-b) WZ GaP/Ing.¢0Gao.40P core-shell nanowires grown with identical
recipe, but different HCI flow. (a) Lower flow. (b) Optimized flow. Note the large ZB
grains on top of the nanowires in (a), which are rare in (b). (¢-d) WZ GaP/In,Gai_P
core-shell nanowires grown with same precursor flows. (¢) was grown for 45m (same as
Fig. 4.3) featuring passivation removal steps, reaching 80nm shell thickness, while (d)
was grown for 60m, but without passivation removal steps, reaching only 10nm shell
thickness. Core thickness was 100nm.

Secondly, HCI passivates the surface of III-Phosphides®?, leading to a pro-
gressive saturation of the surface by Chlorine, eventually stopping the growth
and limiting the maximum thickness of the shell to about 20-40 nm. This sur-
face passivation effect can be avoided by applying a growth process featuring two
alternating steps: a 15 minutes long growth step as we described earlier, alter-
nated by a 45s step to remove the passivation layer. The passivation removal
step is performed with a lower HCI flow and a higher Gallium flow, providing no
Indium. During this step, TMGa reacts with Chlorine at the nanowire sidewalls,
producing GaCls and thereby removing the passivation layer. Using this cyclic
growth, an arbitrarily thick WZ In,Ga;_,P shell can be grown. In Fig.4.4c-d we
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show the effect of the cyclic growth protocol (c¢), which successfully avoids the
passivation effect of HCI (d).

4.2 TEM analysis and strain simulations

The morphology and the crystal quality, i.e. the purity of the WZ phase and the
absence of defects are analyzed with Transmission Electron Microscopy (TEM).
For this study the overall structures need to be sufficiently transparent to the
electron beam in order to allow high-resolution imaging and therefore a maxi-
mum diameter of about 140 nm is used with a 15nm shell thickness. As shown
in Fig.4.5a, the Ing 3Gag.77P shell shows a WZ crystal structure. Shells with
low Indium content (up to = 0.10) are defect-free, while the ones with higher
Indium content show misfit dislocations (arrow in Fig.4.5a). The shell composi-
tion is determined by Energy-dispersive X-Ray Spectroscopy (EDS), as shown in
Fig.4.5b-e. We used the EDS data to calibrate the precursor flows to obtain the
desired average composition of each shell.

The experiment is performed in two different crystallographic orientations: in
projection (Fig.4.5b) along the < 1120 > zone axis, and in cross-section (Fig.4.5c-
e), with the nanowire cut perpendicularly to its main [0001] axis as described in
Chapter 3. Cross-sectional analysis is necessary to observe the surface faceting
and to observe the inner structure of the shell. From the cross-sectional EDS anal-
ysis shown in Fig.4.5¢c-e we obtain an average Indium fraction of x=0.2440.04 for
this sample. The facets of the WZ In, Ga;_,P shells belong to two different fami-
lies: {1100} parallel to the core facets and {1120}. The number of facets increases
with shell thickness as it is possible that the {1120} facets in WZ In,Ga;_, P are
low energy facets which appear to minimize the total surface energy. Also, the
substitution of the corner between {1100} facets with a {1120} facet likely helps
to minimize the energy. A 2-5nm thin shell with lower Indium concentration
(5-10%) can also be observed in Fig.4.5d in between two WZ In,Ga;_,P shells
with higher Indium content, resulting from the layer growth during the chlorine
removal step after growing the first In, Ga; _, P shell. Regions with lower Indium
concentration are visible along the rods radially extending from the corners of
the hexagonal core, a phenomenon also observed in previous work on core-shell
nanowires. We studied one of these ”sunburst segregations” more in detail and
we present the results in Fig.4.6. The structure shows a sensibly lower Indium
concentration of about 10% and a thickness of less than 10nm. We judge these
structures as substantially negligible concerning the interpretation of the optical
properties, as they are much smaller in volume than the entire shell and possess
a higher band gap.
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Figure 4.5: (a) TEM image of a WZ GaP/Ing.23Gag.77P core-shell nanowire, showing
a missing crystal plane in the 15nm thick shell (indicated by the arrow). Inset: Fast
Fourier Transform of the shown image, showing the [2-1-10] zone as pattern of the
wurtzite crystal structure. (b) EDS compositional line profile of the same nanowire in
(a), showing the shell composition, with some limited asymmetry. Inset: HAADF image
to show the executed line scan (scalebar: 100nm). The length scale of the EDX line
profile has been converted to a radial profile. A slight shell thickness dishomogeneity
(j10nm) is also visible. (c) 2D EDS mapping (left) and HAADF-STEM image (right)
of a WZ GaP /Ing.24Gag.76P core shell nanowire in cross section (blue: Cobalt). The
core facets and the 6 shell facets parallel to them belong to the < 1010 > family. The

other 6 shell facets belong to the < 1120 > family. (d-e) Quantified EDS element maps
of the same lamella for Indium (d) and Gallium (e).
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Figure 4.6: WZ GaP /Ing.24Gag.76P core-shell nanowire. (a) EDS line scan plot of the
cross section of the nanowire. (b) Bright field TEM image. (c-e) EDS 2D maps of (c)
Indium (d) Phosphorous and (e) Gallium. The light blue box describes the study area,
integrated as a line scan and plotted in (a).

In order to evaluate the strain magnitude and distribution within the core/shell
system, Finite Element Method (FEM) simulations of hydrostatic strain have
been performed for a WZ GaP/In,Ga;_,P core-shell nanowire geometry with a
core apothem and shell thickness both of 50nm and for a corresponding planar ge-
ometry. The simulations have been performed by M. Albani and Prof. L. Miglio
(Universita’ Milano-Bicocca). The results are displayed in Fig.4.7. A six-fold
symmetry is clearly present, with six pockets at lower strain in the shell caused
by the geometric relaxation induced by the six corners, in agreement with previ-
ous studies. This phenomenon results in a much lower average hydrostatic strain
(less than one third) than expected for a corresponding planar heterostructure
with identical lattice mismatch as reported in Table 4.1. This means that the
nanowire geometry allows for very efficient strain relaxation, probably delaying
the onset of plastic relaxation to shell thickness three times larger than the crit-
ical thickness in a planar film. These strain effects have been taken into account
for the analysis of the photoluminescence.
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Figure 4.7: FEM simulations for the shell in WZ GaP/In,Ga;_,P core-shell nanowires
for x=0.25, 0.50, 0.75 and 1. The six-fold symmetry of the strain relaxation is clearly
visible, due to the larger free surface at the corners, which allows an easier bi-dimensional

relaxation.

Indium fraction x Averflge . Stram expected Strain range [min, max]
hydrostatic strain  in planar layer
0.25 -0.7% -2.7% [-0.5, -0.8]%
0.50 -1.4% -5.1% [-1.0, -1.6]%
0.75 -2.0% -7.3% [-1.5, -2.3]%
1 -2.6% -9.2% [-2.0, -3.0]%

Table 4.1: FEM calculated strain in the shell of WZ GaP /In,Gai_,P core-shell nanowires,
compared to the expected strain in a corresponding planar heterostructure. The strong
relaxation given by the three-dimensional nature of nanowires allows to reduce the average
hydrostatic strain by about 60% of the total.
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4.3 Low temperature photoluminescence

4.3.1 Steady-state PL

The optical properties of the WZ GaP/In,Ga;_,P core-shell nanowires are in-
vestigated by photoluminescence (PL) measurements as a function of the Indium
concentration. We directly correlate the emitted PL wavelength with Indium
composition by transferring nanowires onto a TEM grid and performing PL first
and then EDS studies on the same nanowires. With this method we can avoid
difficulties arising from wire-to-wire variations. The emission wavelength of WZ
In,Gay_, P shifts from 590nm (2.1eV) to 760nm (1.6eV) by increasing x from
x =0 to x = 0.76 as shown in Fig.4.8.
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Figure 4.8: Photoluminescence spectra at 10K of various WZ GaP /In,Gai—,P core shell
nanowires, emitting in different spectral regions. Excitation power density: 3kW/cm?.

The emission of the WZ In,Ga;_,P shells is polarized perpendicular to the
growth c-axis (as shown in Fig.4.9) demonstrating that the emission originates
from the WZ crystal structure. The degree of polarization of the photolumines-
cence emission of the WZ GaP/In,Ga;_,P nanowires was calculated using the
following formula:
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I?T_IO'
I+ 1,

where 1, and I, are respectively the integrated photoluminescence intensi-
ties of the polarizations perpendicular and parallel to the axis of the nanowire
(wurtzite c-axis). We obtain a polarization degree for two different nanowires
of 80% in Fig.4.9a and 55% in Fig.4.9b. However, as both the I'sc — I'gyy and
I';¢ — T'gy optical transitions of WZ In,Ga;_,P are expected to emit with po-
larization perpendicular to the nanowire, the polarization selection rules do not
allow to discriminate between these two bands.

pP= (4.1)
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Figure 4.9: Left: photoluminescence spectra of WZ GaP /Ing.soGag.20P core-shell
nanowire at 10K. The signal was filtered by a polarized, rotated perpendicular or par-
allel to the emitting nanowire. The degree of polarization is 80%.

Right: radial plot of PL intensity as a function of signal polarization, superimposed on
a panchromatic image of an emitting WZ GaP/Ing.¢3Gao.37P nanowire. The perpen-
dicular polarization confirms WZ emission.

In PL spectra taken at lower excitation power density, sharp emission lines
are present, located below the average emission of the shell. We attribute these
features to the carrier localization at low temperature in pockets of material with
slightly higher (1-2%) Indium concentration, due to alloy composition fluctua-
tions. We tend to exclude the presence of actual quantum dots, as we find no
evidence of quantum confinement: in cases reported in literature, in fact, such
lines are present above the overall energy of emission of the nanowire, while in
this case they are at slightly lower energy than the overall shell emission, hinting
to simple localization effects. In Fig.4.10 we show a photoluminescence power
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series of a single WZ GaP/In,Ga;_,P nanowire: localization effects are present
at low excitation power, while at higher power a more intense peak emerges,
which corresponds to the average emission of the shell. The integrated PL in-
tensity as a function of the excitation power follows a linear behavior with slope
S =0.90 £ 0.1, indicating a prevalent radiative recombination. The slope S < 1
however suggests a possible impurity recombination such as donor-acceptor pairs
(DAP) or defectivity in the sample. As we know from TEM analysis that the
samples contain dislocations, the latter explanation is a more likely possibility.
However, for the purpose of this work, the eventual presence of DAP recombina-
tion does not prejudice the conclusions, as will be demonstrated later.
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Figure 4.10: (a) Photoluminescence power series of a WZ GaP /Ing.65Gao.35P showing
carrier localization at low power, leading to a more intense emission at higher energy,
corresponding to the average emission of the shell. (b) Integrated PL intensity as a
function of the excitation power. The slope a = 0.90 indicated a prevalent radiative
recombination.

4.3.2 Time-resolved photoluminescence

In order to identify the bands involved in the emission and to find the I'sc —
I'7¢ crossover point as a function of the Indium composition, time-resolved PL
(TRPL) measurements are performed at 10K, using the experimental setup de-
scribed in Chapter 3. Two representative TRPL measurements are shown in
Fig.4.11a from samples with x=0.24 and x=0.75 (WZ In,Ga;_,P) with lifetimes
of 6.2ns and 0.4ns, respectively, obtained by fitting the curve with a single expo-
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nential decay. Measurements performed over a wide compositional range at 10K
and averaged over several nanowires show that the emission from WZ In,Ga;_,P
shells with x < 0.25 features lifetime well above 1ns, while shells with higher In-
dium composition show a lifetime well below 1ns, as reported in Fig.4.11b. A
significant and reproducible difference in lifetime is observed between samples
with # < 0.25 and = > 0.38. Since a small (large) oscillator strength, and
thus a long (short) lifetime, is expected for the pseudo-direct I'sc — I'gy (direct
;o — Tgy) transition, this provides a first signature of the I'sc/T'7¢ crossover.
However, these data are not conclusive as the decrease in lifetime could also be
attributed to other decay mechanisms, for instance induced by defects, which are
indeed present in the shells. Therefore, more evidence is needed to conclude on
the conduction band crossover.
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Figure 4.11: (a) Time-resolved photoluminescence measurements of two nanowires with
different composition, showing an order of magnitude of difference in lifetime. Excitation
power density: 0.2kW /cm?.

(b) Photoluminescence lifetime as a function of Indium fraction: for z < 0.28 + 0.04,
the emission shows a lifetime well above 1ns, while for > 0.4540.04 the lifetime is one
order of magnitude shorter. Excitation power density: 0.1 kW/ cm?. All measurements
are performed at 10K on single wires transferred on SiOs.
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4.3.3 Temperature dependent photoluminescence

From temperature-dependent PL measurements we can further study the I'sc /T7¢
crossover point. The integrated PL emission intensities as a function of temper-
ature for WZ Ing.24Gag.76P and WZ Ing g3Gag.37P are shown in Fig.4.12a. The
ratio between the integrated emission at 300K (I3pox) and 4K (I4x) differs by
more than two orders of magnitude between the two samples. As a side note, in
WZ Ing 3Gag.37P the increase of the integrated PL intensity above 58K, corre-
sponding to a thermal energy of 4meV, is attributed to carrier detrapping from
defects such as impurities and dislocations. The values for the Izg0x /I10x ratio
as a function of the Indium content are shown in Fig.4.12b. Below x=0.25 val-
ues of about 0.01% are obtained, while above x=0.38 the ratio steeply rises by
three orders of magnitude, reaching a maximum of 18%. Since the I'sc — I'gy
transition is only weakly allowed, in WZ In,Ga;_,P with low Indium content
the carrier recombination is mostly non-radiative, causing the low I3gox /IT10x
ratio. In WZ In,Ga;_,P with = > 0.38 instead the high oscillator strength of
the 'y — I'gy transition provides with high band to band transition intensity
up to 300K, leading to a high Isgox /I10x ratio. This therefore substantiates the
Isc/T7¢ crossover at an Indium fraction in the range 0.25 < x < 0.38. This
steep increase in Isgox /I10x Tatio in the range 0.25 < x < 0.38 is directly corre-
lated with the large decrease of the PL lifetime shown in Fig.4.11b. This result
cannot be explained by the emergence of non-radiative recombination channels,
such as surface states or increased defect density, since such channels would also
shorten the lifetime, but at the same time lower the Ispox/I10x ratio. On the
other hand, an increase in I3g0x /10 ratio cannot be explained by a possible de-
crease of surface states with increasing Indium fraction, as this would also have
the effect of increasing the lifetime, not shortening it as we see. We therefore
conclude that the explanation for these observation should be a change in the
nature of the band gap transition from direct-forbidden to direct-allowed, which
explains the increase in I3o0x /l10x ratio and the shortening of the lifetime. We
identify this phenomenon as the I'sc/T'7¢ crossover for WZ In,Gay_,P in the
composition range 0.25 < x < 0.38.
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Figure 4.12: (a) Integrated PL intensity as a function of the inverse of temperature
for WZ GaP /Ing.24Gao.76P and WZ GaP /Ing.¢3Gag.37P core-shell nanowires. In WZ
Ing 63Gao.37P the increase of the integrated PL intensity above 58K, corresponding to
a thermal energy of 4meV, is attributed to carrier detrapping from defects such as
impurities and dislocations. Inset: comparison of the spectra at 300K, showing much
stronger emission by the WZ GaP /Ing.¢3Gao.37P nanowire.

(b) Isoox /T1oxk ratio as a function of Indium fraction x. All samples with z < 0.28+0.05
showed a ratio around 10™%, while for x > 0.41 & 0.04 the ratio strongly increases, up
to 0.18.
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4.4 WZ InGaP band structure

In order to correlate the photoluminescence of our nanowires with the composi-
tion, we performed a PL study on a TEM carbon mesh grid, to be able to directly
correlate the emission location in the nanowire with EDS data. Fig.4.13 shows a
camera image with the relative measured PL spectrum and an HAADF image of
the same wire, with highlighted the emitting area where the EDS scan and quan-
tification were performed. In all studies, PL was performed prior to the TEM
studies, in order to avoid possible changes in PL by electron beam irradiation
effects.
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Figure 4.13: (a) Panchromatic image of an emitting WZ GaP /Ing.45Gao.55P core-shell
nanowire. (b) PL spectrum of the nanowire at 10K. (c) HAADF image of the nanowire,
with circled in red the emitting region during the experiment (as observable in the
panchromatic image).

The inaccuracy in the compositional results is caused by two main factors:
firstly, thickness of the wires which causes X-ray reabsorption, and secondly com-
positional and thickness inhomogeneities of the shells. Small (<100nm) areas of
compositional inhomogeneities cannot be recognized in the side view studies and
can thus not be corrected for. We therefore attribute a +4% of uncertainty on
the EDS quantification of the composition of WZ In,Ga;_,P, as we estimate
it as sufficient to take into account all the experimental uncertainties. To take
into account carrier localization during the PL measurement, we always used the
highest value of Indium concentration obtained in every EDS measurement of a
wire. Carriers in fact tend to migrate and recombine in the regions with lowest
band gap, which correspond to the highest Indium concentration. An additional
factor that affects the PL-TEM correlation is strain which may still be present
in non-relaxed portions of the wire: this aspect will be taken into account at a
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later stage. In order to obtain a calibration function for our photoluminescence
data, we fitted the data obtained from the PL-TEM correlation procedure using
a parabolic fit as shown in Fig.4.14:

EanGap =x- Eanp + (1 — 3}) . Eg,GaP — bx(l — 3;‘) (42)

obtaining for the I';¢ - I'gy a bowing parameter b = 0.7 + 0.1 €V, an accept-
able value for a ITI-V semiconductor. The I'sc - I'gyy data were fitted linearly as
the bowing is expected to be very low and not observable from our data. The
crossover point was calculated from the intersection of these two curves, at about
x=0.43. With this method, we are therefore able to attribute a composition to
the PL emission of WZ In,Ga,_,P, and the resulting fitting functions are our
proposed empirical functions for the transitions energies of WZ In,Ga;_,P. In
the following paragraphs, we will instead compare our experimental data with
theoretical calculations.
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Figure 4.14: Measured emission energy as a function of Indium fraction. Triangles:
data from literature. Red dashed line: I'sc — I'gy transition connecting the literature
data. Green dashed line: I'z¢ — I'gy transition. A parabolic fit is performed for the
I'zc — gy data, obtaining a bowing parameter b=0.740.1. The I'sc — I'7¢ crossover is
estimated to lie at x=0.42.

In order to provide a deeper understanding of the observed transitions, the
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band structure of WZ In,Ga;_,P is calculated for different compositions. The
calculations have been performed by Dr. A. Belabbes (KAUST) and Prof. F.
Bechstedt (University of Jena), using total-energy calculations in the framework
of the density functional theory with the exchange-correlation functional in local
density approximation (LDA)®" as implemented in the Vienna ab initio simula-
tion package (VASP)®8. Quasiparticle corrections to account for the excitation
aspect are considered in the framework of the LDA-1/2 method?®. The results
are shown in Fig.4.15 together with the parabolic fit of the optical transition en-
ergies (solid and dotted lines), to facilitate the comparison with the experimental
data. The band alignment of WZ In,Ga;_,P with WZ GaP has also been cal-
culated and found to be Type I for x<0.75. As all our WZ In,Ga;_,P samples
have x<0.75, we conclude that all observed photoluminescence can be safely at-

tributed to recombination in WZ In,Ga;_,P, as the carriers will be confined in
the shell.

Energy (eV)

Figure 4.15: Calculated band structure of WZ In,Ga;_,P. The top valence band energy
varies by a small amount with composition. The dashed line indicates the valence band
maximum for WZ GaP, indicating the band alignment with Wz InGaP, which is Type
I for x < 0.75, and a shallow Type II for x > 0.75.

To complete our understanding, we now plot the obtained emission wave-
lengths as a function of the WZ In,Ga;_,P composition in Fig.4.14, obtained
by correlation of PLL measurements and EDS analysis on the same wires. In ad-
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dition, we plot the energy values for the I';c — I'gy transition in WZ GaP and
Isc — gy, I'7¢ — Tgy transitions in WZ InP available in literature (triangles in
Fig. 4.16) 4645, As the emission in WZ GaP is impurity-related *6, we report both
the emission in this work and the band position from literature. Although we
note a discrepancy between experimental and calculated data, the results validate
our assignment of the PL emission to the I'sc — I'gy transition for Indium-poor
WZ In,Ga;_.P and to the I';c — I'gy transition for Indium-rich WZ In,Ga;_.P.
This discrepancy is reasonable, considering the predictive power of the quasipar-
ticle calculations within an accuracy of +0.1eV. In addition, we should consider
alloy disorder and carrier localization effects during the PL. measurements, which
will result in a lower emission energy, contributing to this discrepancy. From
these calculations it is clear that the M minimum cannot be responsible for any
observed emission as it is considerably higher in energy. From the correlation of
the PL data with the band structure calculations we can also assess if strain in
the shell is a dominant factor. In Fig.4.16 we also show (green and red dotted
lines) the calculated effect of the average compressive hydrostatic strain on the
I'sc — I'gy and I'7¢ — T'gy transitions, using the theoretically expected strain
without relaxation via defects (Table 4.1). It can be seen that the band shift
compatible with the maximum compressive hydrostatic strain (absence of plastic
relaxation) moves the I'sc — I'7¢ crossover towards the WZ InP side. From this
it can be concluded therefore that the strain in the nanowires is almost com-
pletely relaxed through the previously described geometrical effect and plastic
relaxation confirming the structural analysis. The spread obtained in the data-
points in Fig.4.16 is likely due to a small (<1%) residual compressive strain in
some nanowires, which raises the I'zc — I'gy transition to higher energies.

4.5 Conclusions

In this work we have realized WZ GaP/In,Ga;_,P core-shell nanowires with
tunable Indium fraction between 0 < x < 0.75, obtaining tunable polarized light
emission between 590nm (2.1eV) and 760nm (1.63eV). From the analysis of the
time-resolved and temperature-dependent photoluminescence and the compari-
son of the experimental data with the theoretical DF'T model we have identified
the I'7o — I'se conduction band crossover of In, Ga;_,P. We locate this crossover
at an Indium fraction in the interval 0.25 < x < 0.38, according to the experimen-
tal data, in qualitative agreement with theoretical simulations. As we have seen,
the discrepancy in the crossover composition might be due to the uncertainty in
the experimental method of the PL-TEM correlation. In order to improve the
accuracy of the identification of the crossover composition, future work should
focus first on the growth of homogeneous WZ In,Ga;_,P, for example by grow-
ing shells on lattice-matched cores. As WZ In,Ga;_,P with x > 0.4 has a I'7¢
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conduction band minimum, this material can be used for efficient light emission
in light emitting diodes. In order to tune further the band gap and extend it to
higher energies, alloying with Aluminum is desirable, forming WZ AllnGaP or
WZ AllnP. In particular, WZ AlInP for green light emission will be explored in
the following Chapter.
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Figure 4.16: Experimental and simulated data of the main optical transitions in WZ
In,Gai—,P. Blue (dark red) circles: emission attributed to band to band I'z¢ — Tgy
(Tsc — I'gy-related DAP) transition. Green (bright red) triangles: data from literature
for the I'zc —Tov (I'sc — Tgv) transition. Lines: calculated energy values of the optical
transitions in WZ In,Gaj_.P. Green solid line: I'7¢ — I'gy transition. Red solid line:
I'sc — gy transition. The I'sc — ['z¢ crossover is in this way estimated to lie at
x=0.53. Green (red) dotted line: simulated I'zc — I'gv (I'sc — I'9y) transition under
average compressive hydrostatic strain. Data for average compressive strain in the shell
as a function of composition are taken from Table 1.
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Chapter 5

Infrared to green emitting
pure wurtzite AlInP
nanowires

In Chapter 4 we have realized WZ In,Ga;_,P and studied its optical properties.
In light of technological applications, we have found that the realization of effi-
cient LEDs is theoretically possible, but only up to an emission energy of roughly
2.0eV, in the red range. We therefore now try to increase this limit through the
substitution of Aluminum in place of Gallium, as this will yield a higher band
gap of the alloy. Growing WZ Al,In;_,P in fact allows us to tune the emission
of the material across a wide range in the near infrared (NIR) and visible (VIS)
spectrum, while also obtaining a nanowire geometry, ideal for LEDs and lasers.

5.1 AlInP nanowires growth

The catalyst-free selective area growth is performed in an Aixtron 200 horizon-
tal flow MOVPE reactor, on a patterned (111)A ZB InP surface as described
in Chapter 3. The pattern is fabricated with nanoimprint lithography, with
hole size 200nm and pitch 512nm. The growth is performed at 700°C, using
Trimethylindium (TMIn), Trimethylaluminum (TMAI) and Phosphine (PHs)
and the results are shown in Fig.5.1. The growth protocol is divided in two

OContributions to this work: Dr. M.A. Verheijen (Philips Innovation Services) performed
the TEM analysis, Dr. A Belabbes (KAUST) and Prof. F. Bechstedt (University of Jena)
performed the DFT calculations, M. Kruijsse and S.P.M. de Jong (TU/e) provided research
assistance on PL measurements.
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steps: growth of a short WZ InP stem (about 100nm), followed by the growth of
WZ AlInP. We tested the effect of the WZ InP stem on WZ Al,In;_,P nucleation:
the nanowires nucleate when the stem is used, whereas the nanowire formation is
completely hindered when the stem is absent, as we show in Fig.5.2. This is very
likely due to the insufficient growth rate anisotropy of WZ Al,In;_,P: without
a fast growth in the axial direction, the nanowire itself cannot form, leading to
formation of irregular, low aspect ratio crystals. WZ InP is therefore necessary
to start the nanowire growth, which can be then continued by WZ Al In;_,P.

Figure 5.1: (a) Concept of an AlgIni_oP nanowire. (b) SEM image of a WZ
Alp.25Ing.75P nanowire array. (b) SEM image of a single WZ Alg.25Ing.75P nanowire,
showing the complex faceting.

Figure 5.2: Influence of the WZ InP stem on WZ Al,Ini_,P nanowire formation. (a)
With WZ InP stem. (b) Without WZ InP stem.
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Figure 5.3: V/III ratio as a function of the composition of Al,In;_,P nanowires. The
values are given for the samples used in this work.

We found that the optimized V/III ratio for WZ Al,In;_,P is dependent to
the composition. In particular, the V/III ratio had to be lowered with increasing
Aluminum fraction, as shown in Fig.5.3, up to an extremely low value of about
3.5, in the case of WZ Alg 49Ing.goP. Our understanding is that Aluminum has
low surface diffusivity, as the Al-P is stronger than the In-P bond®®, and lowering
the V/III ratio raised the mean free path of the Al adatoms, allowing them to
reach the nanowires more efficiently. In fact, for too high V/III ratio we observed
parasitic growth on the SiNx mask, indicating that the material nucleated be-
fore reaching the nanowires. The presence of Aluminum also lowers the aspect
ratio of the nanowires, promoting radial growth, a direct consequence of the low
diffusivity, which prevents Al atoms to reach the top of the nanowires. WZ InP
nanowires in fact show an aspect ratio which is higher by a factor of 2-3 compared
to WZ Al,In;_,P nanowires grown on the same pattern for the same amount of
time, as shown in Fig.5.4.

The V/III ratio appeared to change the top faceting of the nanowires, ranging
between top flat {0001} polar facets and slanted {1012} semipolar facets as shown
in Fig.5.4 and more in detail in Fig.5.5. The presence of different faceting seems
to be of kinetic origin, related to the V/III ratio during the growth, which en-
hances or suppresses the growth of the different facets. With a lower V/III ratio,
the semipolar {1012} facets tend to be favored. This behavior has also been ob-
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served in ZnO nanowires, which always adopt WZ crystal symmetry, where the
supersaturation during the growth determines the top faceting®®. High-index
facets tendentially possess a higher surface energy density and typically vanish
quickly in favor of the low-index facets like the {0001}. However, recent litera-
ture® suggests that if a relevant energetic barrier is present which prevents the
diffusion of the adatoms between a high-index facet and a low-index one, such
high-index facet can form, although thermodynamically metastable. This effect
happens mostly at the perimeter of the top faceting of the nanowire, where the
nuclei of new facets appear, then form a crystal plane layer by layer.

Figure 5.4: SEM images of WZ Al,In;_,P nanowire arrays. (a) z = 0 (b) z = 0.05
(¢) z = 0.15 (d) z = 0.35. Notice the different aspect ratio between WZ InP and WZ
Al;In; P, and the different top and side faceting.
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Figure 5.5: Examples of faceting in WZ Al,;In;_,P nanowires. Top row: scheme of the
top faceting. Bottom row: SEM images. (a) WZ InP nanowire, showing an hexagonal
[0001] top facet. (b) WZ Alg.15Ino.s5P nanowire, showing both the [0001] facet and
{1012} top facets. (c) WZ Alg.25Ing.75P, showing only {1012} top facets.

The top facets seem to be connected to the dodecagonal cross-section of the
nanowire. This complex cross-section is likely due to radial growth: in fact, when
radial growth is not present, the cross section of wurtzite nanowires is hexagonal,
asin WZ InP in Fig.5.5a. WZ Al,In;_,P nanowires with high Aluminum fraction
tend to expose high-index side facets, which should not be thermodynamically
stable. It is likely that the formation of both the side and top facets are inter-
related, one triggering the nucleation of the other through the aforementioned
kinetic mechanism, as their geometry suggests. As a last remark, we can notice
that even in the most regular sample shown in Fig.5.1b, some nanowires possess
an asymmetric geometry, which indicates a kinetic facet formation mechanism
rather than a thermodynamic one.
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Figure 5.6: (a) TEM bright field images of a WZ Alg.22Ing.7sP nanowire showing nearly
perfect phase purity. (b) EDS line scan of the nanowire in (a), showing the chemical
quantification. (c¢) HR-STEM image of the nanowire in (a). Inset: fast fourier transform
of the image, demonstrating hexagonal crystal strcture. (d-f) HR-STEM bright field
images of other Al;In;_,P nanowires: (d) z =0.05 (e) z = 0.15 (f) z = 0.35.

80



5. Infrared to green emitting pure wurtzite AllnP nanowires

In order to gain insight on the crystal structure, the Al,In;_, P nanowires have
been transferred by nanomanipulation to carbon mesh grids. HR-STEM imaging
and EDS have been performed, as shown in Fig.5.6. EDS yielded the chemical
composition of the nanowires, allowing us to calibrate the precursor flows during
growth. Optimized recipes yielded low-defectivity Wurtzite (<2sf/um) as shown
in Fig.5.6c and f, while unoptimized nanowires showed a higher defectivity or
mixed phase structure between wurtzite and zincblende, as in Fig.5.6d-e. Inter-
estingly, defect-free WZ forms when the characteristic high-index faceting shown
in Fig.5.1c is most regular across the sample. As we have seen in Chapter 2,
we obtain wurtzite when the nucleation energies satisfy AGy,, < AG? 5, which
depends on the supersaturation. Therefore, both the facet formation and crystal
phase nucleation are related by the fact they are both determined by the super-
saturation.

In order to obtain detailed information on the inner structure of the nanowires,
we fabricated lamellae from the WZ Alg 25Ing.75P sample as shown in Fig.5.7 and
Fig.5.8, using the procedure described in Chapter 3. In Fig.5.7 we see the entire
lamella, where three nanowires have been cut. Of these, two have been cut per-
pendicularly to their growth axis, one parallel. From Fig.5.7 and Fig.5.8a-c we
notice that the nanowires possess a core and a shell, although the growth protocol
did not include any shell growth. The core shows a higher (x=0.25) Aluminum
fraction than the shell (x=0.20). There are also evident Aluminum-rich segrega-
tions, which are usually formed at the edges between two facets. The adatoms in
fact tend to migrate away from corners, as they possess a higher chemical poten-
tial than the facets. Statistically, the corners end up being enriched of the slowest
species, in this case Aluminum. In this case they suggest that the shell grows
with 60°-rotated facets respect to the core. A thin (about 10nm) Aluminum-rich
inner shell is also visible between the first and second shell. In Fig.5.8e-f we
show another lamella of a nanowire from the same sample, this time cut along
the growth axis. In Fig.5.8f we notice that the bottom of the nanowire shows
a higher Indium fraction than the top. We therefore conclude that the Indium-
richer shell is thicker at the bottom of the nanowire, as suggested by the contrast
in Fig.5.8e. In light of these results, the growth mechanisms appears particu-
larly complex. To explain it, we formulate the following hypothesis: the epitaxy
begins with the growth of a core with diameter of about 150nm with obliquous
facets, giving the nanowire an inversely tapered geometry. We therefore under-
stand that the Aluminum-rich segregations form at the top of the nanowire, at
the edges between the top facets, during the growth itself. The shell grows almost
at the same time, which renders the side facets of the nanowire vertical. We find
a hint of this in Fig.5.8e, as we see that the Indium-rich shell meets the core at
the top of the nanowire. The different composition might be given by different
reactivity of the facets, which can cause preferential incorporation of one element
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over another. Another explanation might be that, due to the large diameter of
the wires and the relatively small pitch, the precursor gases cannot access the
side facets as much as the top ones. In this case surface diffusion would play
an important role, allowing the fastest diffusing species, in this case Indium, to
reach the bottom of the nanowire more than the slower species, Aluminum.

Figure 5.7: HAADF image of the lamella of three WZ Al 25Ing.75P nanowires, two cut
perpendicular to their growth axis, one parallel. We notice the presence of a core and
a shell in all three nanowires. They both vary in thickness as a function of the length
of the nanowire. We therefore deduce that the nanowire to the left was cut close to its
bottom, while the central wire was cut closer to the top.
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——— 250nm

Figure 5.8: (a) HAADF image of the lamella of a WZ Alg.25In¢.75P nanowire. (b-d) EDS
maps of the nanowire lamella: (b) Indium, (¢) Aluminum, (d) Oxygen, showing no shell
oxidation. The nanowire appears to be composed of a core and two shells with different
composition. The inner shell shows higher Aluminum fraction. Inner shell: Aluminum
x=0.25. Outer shell: x=0.20. Aluminum-rich sunburst segregations are present. The
two shells present rotated segregations, which suggests a phenomenon of facet rotation
during growth. (e) HAADF image of the lamella of a WZ Alg.25Ing.75P nanowire, where
the nanowire was cut transversally across its growth axis. (f) EDS map of the same
nanowire, showing the Indium signal. The bottom of the nanowire is more indium-rich
than the top.

We also investigated a WZ Alg 40Ing 6P (average composition) nanowire in
cross section, as shown in Fig.5.9. This nanowire was standing upside-down on
the TEM grid carbon mesh, therefore we could image it from its bottom. The
nanowire was damaged during the transfer, but its main features are clearly vis-
ible. The nanowire has an average Aluminum fraction of x = 0.40, but shows
inhomogeneities. Aluminum-rich sunburst segregations with z = 0.65 are present,
corresponding to the corners of the nanowire. This is due to the fact that the
nanowire grew not only axially but also radially. Another explanation might be
that the segregations have formed at the top of the nanowire, at the corners be-
tween the facets. However, contrary to the previous case, these segregations point
towards the corners of the nanowire, therefore hinting towards the radial growth
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mechanism. Interestingly, the nanowire shows a dodecagonal cross-section, there-
fore exposing high-index facets. This observation suggests once again that the
exposed facets are formed kinetically, therefore they are the fastest to form. A
minimum of x is reached in correspondence of the facets, where z = 0.27. Con-
trary to the nanowires in Fig.5.8, this nanowire does not present an Aluminum-
poor shell. We therefore conclude that the growth conditions affect the presence
of a shell, likely by controlling the side facets of the nanowire ”core”, which in
turn determine the incorporation of Indium and Aluminum.

c————— 100 nm  IMGl(framel) ————— 100 nm InL

100 nm Al K 100 nm oK

Figure 5.9: (a) HAADF image of a WZ Alg.40Ino.6oP (average composition) nanowire,
which was standing on the TEM carbon mesh, allowing cross-sectional imaging. The
nanowire was damaged during the transfer, but its main features are clearly visible.
(b-d) EDS maps of the nanowire: (b) Indium, (¢) Aluminum, (d) Oxygen, showing
little shell oxidation. The nanowire appears to be inhomogeneous due to the presence
of Aluminum-rich sunburst segregations. The Aluminum fraction in these regions is x =
0.65, while the minimum Aluminum fraction, reached halfway between the segregations
themselves, is * = 0.27. The pure InP section is the stem of the nanowire, used to
obtain correct nucleation.
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5.2 Optical Properties

The optical properties of WZ Al,In;_, P nanowires are investigated with photo-
luminescence (PL). In Fig.5.10 we show the steady-state PL at 10K of several
WZ Al,In;_,P nanowire arrays with Al fraction 0 < z < 0.40, while in Fig.5.11
we show the photoluminescence of the same samples at room temperature. We
therefore demonstrate room temperature emission tunability between the near-
infrared 875nm (1.43eV) and the green 555nm (2.23¢V). The emission of WZ
InP is the sharpest in the dataset, especially at low temperature. WZ Al In;_,P
is in fact affected by alloy broadening, namely the wavelength dispersion of the
photoluminescence emission due to alloy disorder. Also, local compositional fluc-
tuations can cause further broadening®': we see in fact low energy tails which
suggest the presence of impurities, or pockets of material with higher Indium
content and therefore lower band gap, as we saw in Fig.5.8, especially in the
W7Z A10,15In0,85P and WZ A10,401n0,60P Samples. The WZ A10‘05In0.95P and
WZ Alg.15Ing.85P samples contain stacking faults as previously shown in Fig.5.6,
which contribute to broadening. In fact, the presence of ZB in a WZ crystal gives
origin to type II transitions at a lower energy than the WZ band gap, leading
to peak broadening. Also, the growth kinetics might be different in the case of
ZB and WZ nucleation, therefore alloy fluctuations might be enhanced. The WZ
Alp.osIng 75P and WZ Alg 35Ing 5P show a narrower peak, and in fact show lower
defectivity than the previous two samples (see Fig.5.6). In order to understand
more on the identity of the photoluminescence peaks we observe, we analyze the
dependence of the emission as a function of the excitation power.
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Figure 5.10: Low temperature photoluminescence spectra of WZ Al,In;_,P nanowire
arrays. The color coding approximates the real emission color at room temperature.
The WZ InP spectrum presents three peaks, corresponding to band gap-related emission
(1.49 eV), donor-acceptor pair recombination (1.44 €V) and ZB substrate (1.40 eV)%2.
The spectra of all WZ Al,In;_,P nanowire arrays are subject to alloy broadening. The
spectra of WZ Alg.os5Ing.95sP and WZ Alp.15In0.85P are additionally broadened due to
the presence of stacking faults, which causes additonal type 2 transition between ZB
and WZ.
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Figure 5.11: Room temperature photoluminescence spectra of WZ Al,In;_,P nanowire
arrays showing emission tunability between about 850nm (1.45eV) and 555nm (2.23eV).
The color coding approximates the real emission color. The spectra of WZ show alloy
broadening and lower energy emission from pockets with higher Indium content and
possible stacking faults (see TEM analysis).

5.2.1 Power dependence of the photoluminescence

We now study the power-dependence of the photoluminescence of the WZ Al In;_, P
nanowire arrays, in order to gain insight on the origin of the emission. In Fig.5.12a
we show the photoluminescence spectrum as a function of excitation of the WZ
Alg.40Ing 6oP nanowire array. We find two peaks, one at 2.1eV, which domi-
nates at low excitation power, and another one at about 2.3eV, which instead
dominates at higher excitation power. In Fig.5.12b we show the integrated pho-
toluminescence intensity as a function of excitation power density for the same
array, finding a linear relation. The green datapoints refer to the 2.3eV peak
and show a slope S = 1.05 £ 0.05, while the red ones refer to the 2.1eV peak,
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with a slope of § = 0.75 £ 0.05. The slope close to unity indicates a band-gap
related recombination, while a lower slope points towards an impurity recombi-
nation, such as donor-acceptor pairs. It is possible that the high concentration
of Aluminum, which possesses high reactivity, might have promoted the incor-
poration of impurities such as carbon or oxygen. The resulting binding energy
(about 200meV) is high, but realistic for impurities in a wide band gap mate-
rial. Another explanation might be that the extremely low V/III ratio promoted
phase segregation and enhanced the phenomenon of pocketing, therefore causing
a relevant volume of material to have a lower band gap and therefore emit at
lower energy. The EDS analysis in Fig.5.8 and Fig.5.9 suggest that this might be
the case. Regarding the lower slope of the power-dependence, it is possible that
these low band gap regions are usually located closer to the surface and therefore
are particularly affected by surface recombination, which lowers the efficiency. In
Fig.5.13 we plot the slope of the linear dependence between Ip; and Pgpxc at
low temperature, as a function of the composition, for all the nanowire arrays we
studied. For clarity, here we plot only the higher energy emission, for example
the 2.3eV peak in the WZ Alg 40Ing.goP sample, with the exception of WZ InP,
where we report the band-gap related emission (BGR) and the donor-acceptor
pair recombination (DAP), as they are well-known in literature**4® and help us
in the interpretation of the power-dependence of the other samples. The BGR
peak of WZ InP shows a value of S = 1.20 £ 0.05, while the DAP recombina-
tion has a value of S = 0.80 £ 0.05. The band-gap related recombination should
have a value of approximately 1, therefore it is possible that the emission we
are observing contains some excitonic contribution, for example bound excitons,
which present a slope higher than unity%. We see that the slope of the power
dependence increases gradually with Aluminum fraction, up to values around 1
for x > 0.25. It is possible that defectivity, as shown in Fig.5.6, might affect
the result and lead to a lower slope for x < 0.25. For xz > 0.25 the values of
the slopes are compatible with unity, therefore confirming the band gap-related
origin of the emission observed. This is an important result, as a strong band
gap-related emission is needed for solid state lighting applications and the fact we
obtained a power dependence slope close to unity in the yellow and green range
is a strongly encouraging result. However, more evidence is needed in order to
draw conclusions on the nature of the photoluminescence observed. We therefore
proceed to analyze the time-dependent and temperature-dependent behavior of
the emission.
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Figure 5.12: (a) Photoluminescence spectra of the WZ Alg.40Ing.6oP nanowire array
as a function of excitation power density at 10K. We notice two peaks, one at 2.1eV
dominating a low excitation power, one close to 2.3eV, becoming dominant at higher
excitation power. (b) Integrated photoluminescence intensity as a function of excitation
power density for both peaks in (a). Red: 2.1eV peak. Green: 2.3eV peak. The slope
of the 2.3eV peak is close to unity, indicating a band gap-related recombination. The
slope of the 2.1eV peak is instead 0.75 4 0.05, indicating an inefficient recombination
mechanism, for example impurity recombination.
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Figure 5.13: Slope of the integrated photoluminescence intensity as a function of power,
at 10K of WZ Al,In;_.P nanowire arrays, plotted as a function of Aluminum fraction.
The color coding approximates the real emission color. Two values are reported for
WZ InP, as it presented two peaks: a donor-acceptor pair (DAP) recombination and a
band-gap related (BGR) emission. The slope S of WZ Al,In;_,P with x;0 approaches
unity with increasing Aluminum fraction. This might be due to decreasing defectivity
as shown in Fig.5.6. A value close to unity indicates purely radiative recombination.
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5.2.2 Time-resolved photoluminescence

In order to acquire an insight on the nature of the optical transitions involved,
time-resolved photoluminescence (TRPL) is investigated. The Picoharp time-
correlated acquisition system described in Chapter 3 is used. The carrier lifetime
as a function of the alloy composition is shown in Fig.5.14 at 10K (circles) and
300K (triangles). Again, we report two datapoints at 10K for WZ InP, corre-
sponding to the BGR and DAP peaks. We see here a strong difference, with the
BGR peak showing a very short lifetime of 0.5ns, while the DAP peak shows a
two orders of magnitude longer lifetime of 80ns. A short lifetime is typical for a
direct recombination with high oscillator strength, while the long lifetime for the
DAP peak is explained by the small overlap of the carrier wavefunctions in the
impurity pairs, which lowers the recombination rate. Also here we can use WZ
InP as a guide to interpret the rest of the data. For all WZ Al,In;_,P compo-
sitions we observe a rather short lifetime at 10K, with 1.5 < 7 < 0.5, proving a
direct-allowed recombination mechanism, which is a major point for application
in solid state lighting. As a side note, we see that the WZ Alg g5Ing.g5P sample
shows a somewhat longer lifetime at 10K. This might indicate some contribu-
tion of impurities or type II recombination at stacking faults, which increases the
overall lifetime®4. At room temperature the carrier lifetime is below 1ns for all
samples and always comparable or lower than at 10K. This is expected, as non-
radiative recombination channels might be activated with increasing temperature,
therefore decreasing the overall carrier lifetime.
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Figure 5.14: Time-resolved photoluminescence measurements at 10K of WZ Al,In;_,P
nanowire arrays as a function of composition. The color coding approximates the real
emission color. The datapoints are collected at 10K (circles) and 300K (triangles). The
band gap-related emission lifetimes are all around 1ns, suggesting direct recombination.
The resolution limit of the setup is down to 0.3ns, values below should be considered
below the instrumental resolution limit. Inset: TRPL decay plot of the WZ Aly.25Ing.75P
nanowire array, fitted with a single exponential decay.

5.2.3 Temperature-dependent photoluminescence

In order to complete our understanding of the photoluminescence, we analyze its
temperature behavior. In Fig.5.15a we show the photoluminescence of the WZ
Alp.40Ing 0P nanowire array as a function of temperature. We notice again the
two peaks, one dominant at 2.3eV and a less intense one, redshifted. In this case
the smaller peak is at a different energy than in Fig.5.12, previously at 2.1eV, now
at 2.2eV. This is because the position of this peak resulted different in different
points of the sample, while the main peak shifted by a smaller amount. This is
due to inhomogeneities during the growth process, which lead to nanowires with
slightly different composition as a function of the position on the substrate. The
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change in position of the peaks therefore corroborates the hypothesis that the
lower energy peak is emitted by sections of the nanowire with different composi-
tion, as we saw in the EDS analysis. Increasing the temperature from 10K, the
main peak first blueshifts by about 15meV. This behavior can be explained by
carrier detrapping from local alloy fluctuations due to increased thermal energy.
The carriers therefore recombine also in regions with slightly higher band gap,
leading to blueshifted emission. Increasing the temperature further, the main
peak redshifts, ending at 2.23eV at room temperature, following therefore the
typical behavior of band gap decrease with temperature found in semiconduc-
tors%. Fig.5.15b we show the integrated photoluminescence intensity of the WZ
Alg.40Ing goP as a function of the inverse of temperature. We fit the data using
an Arrhenius-type function%¢:

Lok

IT) = 14+ A-exp(—E1/KT) + B - exp(—Es/KT) (5:1)

where A and B are parameters describing the process rate and F; and Es are
activation energies of a thermally activated process which quenches the photo-
luminescence. Two activations energies have been used, as the use of only one
activation energy led to a poor fit. We obtained F; = 11meV and E; = 58meV .
F4 corresponds to a temperature of 127K, which is comparable with the tem-
perature at which we obtain a blueshift in Fig.5.15a, around 100K. FEs is harder
to relate to any known quantity: it might be another detrapping energy from
deeper pockets, or the binding energy of an impurity which was contributing to
the emission. Repeating the same analysis for the other WZ Al In;_,P samples,
we obtain very similar activation energies, which suggests that the same processes
happen in all our samples. We now examine the integrated photoluminescence
intensity at 10K (I10x) and 300K (I300x) as shown in Fig.5.16. We can see that
the intensity overall tends to decrease with increasing Aluminum fraction, with
this trend being much more pronounced at 300K than at 10K. At low tempera-
ture the intensity overall decreases of a factor of 5, while at 300K it decreases by
a factor of 50. We also calculate the ratio between Isgox /I10x as it completes
the overview on the temperature behavior of the emission. We see that indeed
this ratio decreases by an order of magnitude from WZ InP to WZ Alg 40Ing 0P,
following the same trend of the PL intensity at 300K. However, we don’t see
abrupt changes neither in the integrated intensity nor in the I300x/l10x ratio
from one sample to the other, as we would expect in case of a band crossover, as
we saw in Chapter 4. This gradual trend suggests that non-radiative recombi-
nation channels are progressively increasing with increasing Aluminum fraction.
Surface recombination is in fact expected to be very fast in Al,In;_,P with high

x, with surface recombination velocity S ~ 10° — 10%cm/s, in the same range of
GaAsb7i8,
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Figure 5.15: (a) Photoluminescence spectra of the WZ Alg.40Ing.¢oP nanowire array as
a function of temperature between 10K and 300K. We notice again two peaks, a main
one at 2.3eV and a less intense one at lower energy. The main peak first blueshifts, then
redshift. This might be due to carrier detrapping from local alloy fluctuations, then
followed by the typical behavior of band gap decrease with temperature found in semi-
conductors. (b) Integrated photoluminescence intensity as a function of temperature of
the main peak in (a). The Isoox/Isax ratio is 0.2%. We fitted the datapoints with a
double exponential function, extracting two activation energies for thermally activated
processes which quench the photoluminescence.

However, such high recombination velocity would not allow the strong room
temperature emission we observe, like in the case of GaAs where surface pas-
sivation is needed®%°, therefore we speculate that for WZ Al,In;_,P surface
recombination unexpectedly plays a smaller role than in ZB Al,In;_,P. This is
surprising also due to the fact that nanowires possess a larger surface to volume
ratio than planar material. It is possible that the side facets of the nanowires (e.g.
{1010}, {1120}) possess a lower density of surface states than in ZB material,
leading to lower surface recombination velocity. Alloy fluctuations might also play
a role, as they tend to localize the carriers, preventing them from reaching the
surface and therefore avoiding non-radiative recombination. With rising temper-
ature, the carriers are detrapped, leading to lower radiative efficiency at higher
temperature. In Fig.5.8 we showed nanowires with a very peculiar structure,
showing segregations with high Aluminum fraction, which constitute barriers to
the carriers. Such a mechanism might therefore prevent carriers from reaching
the surface, thus blocking a major non-radiative recombination channel. How-
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ever, in Fig.5.9 we showed that some samples might not have such a structure,
therefore this explanation cannot hold for the entire dataset, making the hypoth-
esis of increasing surface recombination a more likely explanation. Aluminum is
also well known for binding with Oxygen, forming non-radiative recombination
centers. Oxygen impurities, which might be present in an MOVPE reactor, would
therefore contribute to lower the efficiency of WZ Al,In;_,P, a phenomenon well
known, for example, in ZB AlGalnP 7' and AlGaAs™®, where the density of non-
radiative recombination centers increases with increasing Aluminum fraction. An
alternative explanation is a higher electron scattering into the indirect M conduc-
tion band minimum, which is expected to increase with Aluminum fraction: since
the radiative recombination probability in the indirect minimum is very small,
these carriers tend to recombine non-radiatively, for example at the surface or at
point defects like vacancies”3.
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Figure 5.16: Integrated photoluminescence intensity of WZ Al,In;_, P nanowire arrays
as a function of composition at 10K and 300K. At 10K, the intensity of all samples
is within an order of magnitude, while at 300K a trend is visible, where the intensity
decreases with increasing Aluminum fraction. This is likely due to increasing surface
recombination, as a higher Aluminum fraction makes the surface more reactive to the
atmospheric oxygen, producing an oxide layer. Another hypothesis is that the decreasing
energy difference between the I' and M conduction band minima might allow increasing
carrier scattering in the indirect minimum, increasing the probability of non-radiative
recombination.
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Figure 5.17: Internal quantum efficiency (IQE) of WZ Al,In;_,P nanowire arrays as a
function of composition. The color coding approximates the real emission color at 300K.
The IQE of the samples is comparable within one order of magnitude and decreases with
increasing Aluminum fraction, respecting the same trend observed in Fig.5.16. Inset:
integrated photoluminescence intensity as a function of the inverse of temperature of
the WZ Alp.25Ing.75P nanowire array.

5.3 Band structure of WZ AllnP

The band structure of WZ Al,In;_.P is calculated by Dr. A. Belabbes (KAUST)
and Prof. F. Bechstedt (University of Jena) using density functional theory
(DFT) calculations in the local density approximation (LDA 1/2) and is shown
in Fig.5.18a, where we compare the model data (lines) with the experimental data
(circles). The theoretical model of WZ Al,In;_,P predicts a fairly complex be-
havior as a function of composition, with two crossovers. WZ InP possesses a I';
conduction band minimum (CBM) but around =z = 0.25 WZ Al,In;_,P presents
a direct to pseudo-direct conduction band crossover, switching to a I's CBM. As
we can see in Fig.5.18b, the oscillator strength of the CBM-VBM transition is
equal to zero around x = 0.25. For z > 0.25, WZ Al,In;_,P is expected to be a
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very weak light emitter at room temperature, due to its pseudo-direct band gap.
Close to = 0.6 we find a pseudo-direct to indirect conduction band crossover,
as the minimum in the M point becomes the CBM. Also a third crossover is
actually present, although it does not involve the CBM: the I'; — M crossover
at about z = 0.40. From these results we can conclude that, according to the
DFT calculations, the predicted interesting composition range for efficient light
emission in WZ Al,In;_,P should be 0 < x < 0.25. However, we observe strong
room temperature photoluminescence also for 0.25 < x < 0.40, which contra-
dicts the theoretical prediction. The experimentally observed behavior was only
gradually changing with composition, which is in contrast with a sharp crossover
behavior like in WZ In,Ga;_,P ™. The discrepancy is due to the fact that the
DFT model is developed considering a digital alloy, where substituional atoms
(e.g. Aluminum) are placed at regular distances between each other. This is
however not realistic: substitutional atoms tend to distribute randomly and this
factor has to be taken into account.

We therefore now repeat the DFT calculations for different atom arrangements,
namely a random configuration, where the substitutional atoms are placed ran-
domly; a clustered configuration, where substitutional atoms tend to be closer to
each other; a superlattice configuration, where substitutional atoms are placed
in precise atomic planes at regular distances, to reproduce an ordering effect as
reported in literature for ZB Al,In;_,P 77677 We then average the results ob-
tained from these configurations and obtain a new predicted band structure, as
shown in Fig.5.19a. We now see that the I'sc — I'gy transition is now at higher
energy and the I'gsc band is never the CBM. The only crossover at the CBM is
now the direct-indirect I'7o — M crossover around x = 0.43. These new DFT
calculations for the WZ Al,In;_,P alloy now lead to an excellent agreement with
the experimental data. This result suggests therefore that the loss in lumines-
cence at room temperature in the samples with higher Aluminum fraction might
be due not only to lack of passivation, but also to scattering of carriers into the
indirect M minimum, leading to enhanced non-radiative recombination. Based
on the oscillator strength calculations in Fig.5.19b, we see that the probability
of radiative recombination decreases by more than a factor of 4 with increasing
Aluminum fraction, from x=0 to x=0.5. Therefore, it is possible that the ratio
between radiative and non-radiative recombination decreases, leading to the de-
crease in photoluminescence intensity and Isgox /I4x ratio. However, in Fig.5.16
we have seen that the brightness of WZ Al,In;_,P was comparable to WZ InP,
therefore the decrease in oscillator strength might not play a larger role than the
expected increase in surface recombination.

Based on our results, we can conclude that all the photoluminescence emission
observed experimentally originates from the direct-allowed 'y — gy transition
of the WZ Al In;_,P band gap. WZ Al,In;_,P is therefore suitable for appli-

98



5. Infrared to green emitting pure wurtzite AllnP nanowires

cations in light emitting diodes between the infrared and green range.

5.4 Conclusions

In this work we have developed the catalyst-free selective area epitaxy of WZ
Al In;_,P nanowires with 0 < x < 0.4, achieving efficient light emission in the
range between 850nm (1.45¢V) in the near-infrared region, to 555nm (2.23eV)
in the green region. We attributed the emission to the I'7c — I'gy direct-allowed
band gap transition, as we did not find any sharp change in emission behavior
as a function of composition, contrary to what we observed in Chapter 4 for WZ
In,Ga;_,P. Comparing the experimental data with a DFT theoretical model,
we have formulated the hypothesis that the elemental arrangement, and in par-
ticular phenomena of ordering of Aluminum and Indium in the lattice, modify
the band structure and allow WZ Al In;_,P with x > 0.25 to emit efficiently.
Future work should be focused on proving this hypothesis, for example through
detailed TEM or Atom Probe Tomography (APT) studies. We have developed
our nanowires on ZB InP (111)A substrates, but it should be possible to grow the
same nanostructures on Silicon substrates. Such a development might have an
impact on light emitting diodes, which are commonly grown on expensive III-V
substrates. WZ Al,In;_,P nanowires can therefore lower the cost of LEDs in
the infrared to green region of the spectrum. As we saw in Chapter 1, nanowires
possess also other advantages in terms of light outcoupling and junction area,
making WZ Al,In;_,P nanowires ideal for practical applications. In Chapter 9
we will discuss these results and draw a realistic business model, which might
serve as a guideline for future innovations in light emitting diodes.
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Figure 5.18: (a) Optical transitions in WZ Al;In;_.P as a function of composition.
Lines: DFT calculated. Green: I'zc — I'gy, red: I'sc — gy, orange: indirect transition
M — Tgy. Circles: PL emission. The emission properties of the samples with x < 0.25
were found to be in line with a I'zo-type behavior instead of the predicted I'sc-type
behavior. (b) DFT-calculated conduction band minimum - valence band maximum
(CBM-VBM) transition oscillator strength of WZ Al,In;_,P as a function of composi-
tion. The oscillator strength reaches zero at the I'z¢ — I's¢ crossover. This is however
in contradiction with the experimental data.
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Figure 5.19: (a) Optical transitions in WZ Al;In;_.P as a function of composition.
Lines: DFT calculated. Green: I'7c — gy, red: I'sc — gy, orange: indirect transition
M — T'gy. Circles: PL emission. Theoretical and experimental data reach excellent
quantitative agreement, as all our experimental datapoints are related to the I'vc — oy
transition. (b) DFT-calculated conduction band minimum - valence band maximum
(CBM-VBM) transition oscillator strength of WZ Al,Ini_,P as a function of composi-
tion. The oscillator strength reaches zero around x = 0.5, a result which is consistent
with the experimental photoluminescence data.

101
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Chapter 6

Understanding the origin of

bending in wurtzite
GaP/InGaP core-shell
nanowires

Nanowires have emerged as a promising platform for the development of novel
heterostructures inaccessible in bulk material. However, although nanowires al-
low for an advanced strain management, the growth of high quality lattice mis-
matched heterostructures is still a relevant challenge. Numerous recent stud-
ies are investigating the elastic properties of nanowires "7, with the attention
recently focused also on their bending properties®®#182. Here we study the
asymmetry-induced bending of wurtzite GaP/In,Gaj_,P core-shell nanowires
with transmission electron microscopy and energy dispersive x-ray spectroscopy.
We compare the experimental data with finite element method simulations, mod-
eling the entire nanowires with good agreement with the experiment. Starting
from this case study, we expand our theoretical predictions to a generalized model
valid for all core-shell nanowire lattice mismatched heterostructures. Our work
provides understanding on a wide range of heterostructured core-shell nanowire
systems and the processes that lead to bending in a core-shell nanowire.

OContributions to this work: Dr. M.A. Verheijen (Philips Innovation Services) performed
the TEM analysis, M. Albani and Prof. L. Miglio (Universitd Milano-Bicocca) performed the
FEM simulations.
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6.1 Single nanowire case study

The structure of the WZ GaP /In, Ga; . P nanowires has been studied with TEM
and Finite Element Method (FEM) simulations, to compare our experimental
observations with a theoretical model in order to understand the bending of
these nanostructures. The FEM simulations have been performed by M. Albani
and Prof. L. Miglio (Universita Milano-Bicocca). In Fig.6.1 we show SEM images
of WZ GaP/In,Ga;_,P core-shell nanowires with core diameter of 100nm and a
shell of about 40nm, grown with the method illustrated in Chapter 4, which show
clear bending. The nanowires are bent in different directions, with apparently
no preferential orientation. Some nanowires are bent in two different directions,
resulting in an S-shape, which indicates an asymmetry which not only develops
radially, but also changes along the length. As the shell is lattice-mismatched
with the core, such bending should be caused by some asymmetry in the shell,
which in turn generates an asymmetric strain condition. This asymmetric strain
condition is enough to cause bending up to 20°. A simple SEM observation is
not enough to gain insight on the structure of the nanowires and understand the
origin of bending. We therefore analyze the nanowires with TEM.

Figure 6.1: SEM images of WZ GaP/In;Gai_,P core-shell nanowires grown on a ZB
(111) GaP substrate. (a) SEM image taken at 30° tilt, showing the clear bending of the
nanowires. The nanowires exhibit different degrees of bending, in some cases being bent
in two different directions, forming an S-shape, suggesting asymmetry in the core-shell
structure developing not only radially, but also axially along the nanowire length. (b)
Close-up of a bent WZ GaP /In,Gai_P core-shell nanowire. (c) Top-view SEM image,
showing the different bending directions of the nanowires. The degree of bending and
the orientation seem to be mostly randomized.

We studied several WZ GaP/In,Ga;_,P nanowires with TEM as shown in
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Fig.6.2. In Fig.6.2a we show the HAADF image of a nanowire, clearly demon-
strating a strong bending. We see that the wire has two sections, one thicker and
one thinner. Knowing that our WZ GaP nanowires are untapered (see Chapter
4), we deduce that the difference in thickness is caused by the In,Ga;_, P shell.
As to the origin of such difference, the thicker part of the nanowire corresponds
to the lower section, therefore we speculate that a larger amount of material
reached the bottom of the nanowire than the top due to surface diffusion on
the substrate. This diffusion likely provided additional material to a portion of
the nanowire already subject to a certain asymmetry, in this case located in the
bottom section, enhancing the phenomenon. The formation of a bottom thicker
section in nanowires due to surface diffusion of adatoms from the surroundings
of the nanowire is a common and well-investigated phenomenon 83:84:%5 (see also
Chapter 8).

Figure 6.2: (a) HAADF image of a WZ GaP /Ing.2Gao.sP (average composition) core-
shell nanowire. The nanowire is bent due to strain, given by the lattice mismatch
between core and shell. The difference in thickness between the upper and lower section
of the nanowire are likely given by a larger flow of material in the lower section due
to surface diffusion on the substrate. (b-c) EDS color map of the same nanowire,
demonstrating the difference in thickness and composition between the two sections of
the nanowire. In (b) we show the signals of both Gallium (green) and Indium (red),
while in (c) we show only the Indium signal to underline the thickness asymmetry.
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In Fig.6.2b-c we show EDS maps in which we can directly observe the thick-
ness and composition of the two sections of the nanowire. The arrows indicate
the points of the nanowire where we report detailed EDS linescans, as shown
in Fig.6.3. In the inset of each plot we show the precise area of the nanowire
where the linescan was taken. The lower apparent Indium concentration in the
center of the nanowire is due to the small thickness of the shell, which causes a
relevant portion of the core to be probed during the measurement, leading to an
underestimation of the Indium content. The linescan is more reliable when only
(or mostly) the shell is being probed by the electron beam, which happens at the
two sides of the nanowire. We notice some relevant differences between the two
sections of the nanowire. First of all, we confirm that the thickness difference is
due to the shell itself: in the upper section the shell is approximately symmetric
with a thickness of 40nm on either side. In the bottom section instead the shell
shows strong thickness asymmetry, with about 80nm of thickness on the convex
side of the nanowire and only about 10nm on the concave one. We notice that
the composition of the shell follows the same trend, with the upper section being
symmetric within the experimental uncertainty (+3%), while the bottom section
of the nanowire shows a strong compositional asymmetry between the two sides.
The Indium content in the shell also tends to increase radially, as it is clear in
the bottom section. This is likely due to the progressive relaxation of the shell,
which is able to accommodate material with larger lattice parameter, while accu-
mulating lower elastic energy. We summarize the experimental data in Table 6.1.
From these results we can understand the cause of bending in the nanowire: the
higher Indium content on one side of the nanowire causes the shell to have larger
lattice parameter on one side compared to the other. Furthermore, the thickness
asymmetry contributes to increase the strain in the same direction. The two
effects, summed together, give rise to the bending. Our hypothesis is that the
asymmetry is due to diffusion of material during the growth. Due to the lattice
mismatch, elastic energy is accumulated during epitaxial growth of a pseudomor-
phic layer, therefore the material tends to minimize this energy by accumulating
preferentially on one side of the nanowire, where it can relax more strain due to
the lower contact surface with the shell. Compositional and thickness asymmetry
are therefore very likely related, as each one tends to induce a favorable condition
for the development the other asymmetry phenomenon. This mechanism appears
to happen in almost all nanowires, as we have seen in Fig.6.1. This might be due
to the fact that such migration mechanism might be triggered by a random event,
for example the formation of an island on the surface of the WZ GaP core, or by
some nanometric roughness caused by the Au catalyst etching. Once the event
happens in a random position on the surface of the core, the asymmetric shell
growth is triggered, thus resulting in a random bending degree and orientation.
The S-shaped nanowires might be then caused by two of these events happening
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independently in distant points of the core.
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Figure 6.3: EDS linescans of the WZ GaP /Ing.2Gag.sP core-shell nanowire. The insets
indicate the positions where the measurements were taken, where (a) is across the top
section of the nanowire, (b) across the bottom section. We notice that the upper section
of the nanowire is approximately symmetric, both in thickness and composition, while
the bottom section shows both strong thickness and composition asymmetry.

Thickness Indium fraction Thickness Indium fraction

left side left side right side right side
Top section 40+5nm 0.30£0.04 35+5nm 0.28+0.04
Bottom section  10£5nm 0.10+£0.04 8045nm 0.22+0.04

Table 6.1: Structural parameters of the WZ GaP /In,Gaj_.P core-shell nanowire shown
in the previous figures, obtain by TEM analysis. We report the thickness and the
composition of the In,Gai_P shell on either side of the nanowire. The resulting
asymmetries cause the bending of the nanowire. We see that the asymmetry is more
prominent in the bottom section, which corresponds with the previously shown TEM
images.

In order to understand the strain distribution in the nanowire, we modeled the
WZ GaP/Ing 2Gag sP core-shell nanowire with Finite Element Method (FEM)
simulations using COMSOL Multiphysics software, performed by M. Albani (Uni-
versita’ di Milano-Bicocca). In FEM simulations we define a three-dimensional
model of the nanowire (the "mesh”) and subdivide it in smaller domains where the
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elastic calculations are carried out. We choose the structure to be an untapered
single core-shell nanowire with hexagonal cross section, as shown in Fig.6.4. In or-
der to perform the simulations, some assumptions are needed: the WZ In,Ga;_,P
alloy has never been studied in detail before, therefore no structural information
about it is available in literature, to the best of our knowledge. The lattice con-
stants of WZ GaP and WZ InP are indeed available36:%7, therefore we assume
that the lattice constant of WZ In,Ga;_,P follows the empyrical Vegard’s law 3%
for alloys, where it varies linearly with composition between the two extremes,
represented by the lattice constants of the binaries. As WZ In,Ga;_,P has never
been studied, also its elastic constants are unknown, without which elastic cal-
culations are evidently not possible. The elastic constants for ZB In,Ga;_,P
cannot be used, as the WZ crystal structure, being hexagonal, has a lower sym-
metry than the cubic structure, therefore needs more elastic constants. Such
constants have however been predicted from pseudopotential calculations3%9°,
allowing us to use them for the present calculations. In Fig.6.4 we show the
concept of the strained core-shell nanowires considered in this study. The shell
is asymmetrical in thickness and causes bending of the entire nanowire due to
the asymmetric strain condition in the shell. In Fig. 1b-c we show the two types
of asymmetry considered. First, thickness asymmetry, which we model as a core
displacement respect to the center of the shell. Due to the different thickness,
the two sides of the shell will store a different amount of elastic energy, higher on
the thicker side. The thicker side of the shell will then tend to bend the nanowire
towards the thinner side. Second, we consider compositional asymmetry, where
the composition varies linearly across the shell, around an average value. The
lattice constant of the crystal is related to the composition, therefore the side of
the shell with the higher lattice constant will bend the nanowire towards the side
with the lower lattice constant.
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Figure 6.4: Schematic concept drawing illustrating the structure of the studied
nanowires. (a) WZ GaP/In,Gai_P core-shell nanowire. Blue: WZ GaP core. Red:
WZ In,Gai_.P shell. The nanowire is bent due to asymmetry in the shell, which can
be of two types. (b) Illustration of thickness asymmetry, which we model as a displace-
ment of the core respect to the center of the shell. (c) Illustration of compositional
asymmetry, where the orange side represents a lower Indium composition than the red
side. We model the composition as varying linearly between the two sides.

In Fig.6.5 we show the result of the simulation, where we overlay the FEM
model over the TEM image, obtaining excellent agreement. We modelled the
displacement of the core as linearly varying across the length of the nanowire, as
shown in Fig.6.5b. Regarding the total thickness, we selected a model divided
in three parts: a 3.5um long top part with 180nm of thickness, a 5.5um long
lower part with 190nm of thickness and a 1pum long central section connecting
the two, with linearly varying thickness in order to avoid surface discontinuities
in the simulation. The composition of the shell was the one listed in Table 6.1,
with intermediate composition selected for the central segment. In Fig.6.5¢ we
show the hydrostatic strain in the nanowire by displaying three bidimensional
cross sections, corresponding to the three different segments. We can see that
in all cases the core is in average tensilely strained (red color), while the shell is
in average strained compressively (blue). The distribution of the strain changes
across the length of the nanowire, passing from a substantially symmetric distri-
bution in the top to a strong asymmetry in the bottom section. Also the core
is affected by the asymmetry, and even shows compressive strain on the concave
side of the bottom section. We notice that the shell on the convex side of the
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bottom section shows very little strain, being almost completely relaxed in its
last 20nm closer to the surface. On the other hand, the opposite side of the shell
is very strongly compressed. The same behavior is visible in the central section,
although less pronounced. From these results we conclude that the strain con-
ditions and consequent bending are directly connected to the asymmetry in the
shell.
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Figure 6.5: (a) Comparison between FEM simulation and TEM HAADF image of the
WZ GaP /Ing.2Gag.sP core-shell nanowire. The inset shows the three sections used for
the FEM simulation. The central section was used to avoid surface discontinuities in the
model. (b) Plots of the axial strain in the three sections of the nanowire, to illustrate the
variation of the displacement of the core as a function of the length of the nanowire. (c)
Hydrostatic strain plots in the three sections of the nanowire. The degree of asymmetry
in the shell clearly affects the asymmetry in strain distribution. In the bottom section,
the left side of the core is subject to compressive strain, while the right side is almost
completely relaxed. Only elastic relaxation is considered in the simulation.
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6.2 Systematic study of the shell asymmetry

We now want to understand the relation between the asymmetry and bending in
a systematic way, considering also the influence of the core diameter on the bend-
ing. We therefore calculate the nanowire curvature as a function of core diameter
and total shell thickness (the sum of left and right side thickness) using FEM
simulations, for WZ GaP/In,Ga;_,P nanowires with average Indium fraction
x=0.25. The simulated nanowires have a compositional asymmetry of x=0.05,
therefore at opposite facets have Indium fraction x=0.20 and x=0.30. The thick-
ness is also asymmetric, with a core displacement equal to 1/4 of the shell thick-
ness. The results are shown in Fig.6.6a. In Fig.6.6b we report three curves for
core-shell nanowires with three core diameters, from the data in Fig.6.6a. The
colors are shown to facilitate the comparison between the two plots. We see that
the curvature is highest for core-shell nanowires with thinner core. This is due
to the fact that a thinner core is more easily bent by a shell, as it requires less
elastic energy. We also notice that, given a fixed diameter, the curvature of the
nanowire depends on the total shell thickness. For small thickness the bending
is intuitively smaller, then it rises up to a maximum, to finally decrease with
increasing thickness. This is due to the fact that the elastic energy needed to
bend the nanowire increases with increasing total nanowire thickness, therefore a
larger degree of asymmetry is needed to bend a thicker nanowire than a thinner
one.Our aim is then to use this simulation method to develop a diagnostic tool
for the shell asymmetry of nanowires which show bending. We do so by collect-
ing the structural parameters of a number of nanowires using TEM, as shown in
Fig.6.7a and reported in Table 6.2. We compare these data on the shell asym-
metry with FEM simulations, obtaining the results displayed in Fig.6.7b-c. The
experimental datapoints are reported as colored squares, where the sides repre-
sent the uncertainty, while the color represents the curvature, using the same
scale as the graph. As we can see from both Fig.6.7 and Table 6.2, the sim-
ulation and the experimental data reach an excellent agreement, proving FEM
calculations as a very accurate predicting tool for the degree of shell asymmetry
in a lattice mismatched core-shell nanowire. As the simulations did not consider
plastic relaxation, we can conclude that defectivity does not play an important
role in these nanowires, with a contribution within the experimental uncertainty.
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Figure 6.6: (a) Calculated curvature of a WZ GaP/In,Gai_,P core-shell nanowire as
a function of the shell thickness and core diameter. The average composition is fixed
to be equal to x=0.25, with a constant asymmetry of £0.05. The core shift is equal
to 1/4 of the shell thickness. The scalebar indicates the nanowire curvature in 1/pm
units. (b) Nanowire curvature as a function of the total nanowire diameter, based on
the data from panel (a). The color coded area conserves the scale from (a) and is used
only to facilitate the comparison. The trend does not depend only on the total nanowire
diameter, but also on the core diameter. The plot of the curvature for three fixed core
diameters is outlined by the red curves.

6.3 Conclusions

In this work we investigated the origin of bending in WZ GaP/In,Ga;_,P core-
shell nanowires and developed a predictive tool to estimate the asymmetry of a
core-shell nanowire structure. By measuring the bending in a nanowire, for exam-
ple with scanning electrom microscopy (SEM), we cannot determine exactly the
asymmetry in shell thickness and composition, but we can accurately determine
an ensemble of possible cases, thus defining a certain "degree of asymmetry”
as a combination of thickness and composition inhomogeneity which produces
a certain curvature radius in the nanowire. As the curvature is due to inho-
mogeneity, such condition should be avoided in those applications, for example
quantum wells, where homogeneity is required. An asymmetry in the composi-
tion of a quantum well in fact promotes the diffusion of carriers in the portion
with lower band gap, changing the average emission energy of the quantum well
in an undesired and uncontrolled way and promoting detrimental phenomena
which happen at high carrier concentration, such as Auger non-radiative recom-
bination. A thickness asymmetry leads to the obvious disadvantage of rendering
the quantum well confinement effect non homogeneous, thus increasing the Full
Width at Half Maximum (FWHM) of its emission. As we conclude that the
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asymmetry is strain-driven, and in particular lattice mismatch-driven, the strat-
egy we propose to avoid bending is to grow a graded buffer shell with composition
changing from the same as the core to the desired final composition. In this way
one can allow a gradual elastic strain relaxation due to the nanowire geometry,
thus avoiding the strain-driven effects that lead to inhomogeneity. Due to this
elastic relaxation in the buffer shell, it should be possible to avoid the nucleation
of misfit dislocations, giving nanowires a definite advantage over planar geometry
in hosting lattice-mismatched heterostructures. This work has been developed
on WZ GaP/In,Ga;_,P core-shell nanowires, but can in principle be extended
to any kind of core-shell nanowire system, provided that the elastic constants
of the materials are known, or realistic values can be assumed, like in our case.
Core-shell nanowires are of great interest due to the possibility of fabricating het-
erostructures, such as quantum wells, which might be lattice mismatched 31:91:92,
In such cases a diagnostic tool for quickly estimating the degree of asymmetry of
nanowires, avoiding time and resource-consuming TEM studies, can be of great
help. Recently, semiconductor nanowire-superconductor heterostructures have
gained great attention due to applications in quantum computing and majorana
physics. These systems often see the asymmetric integration of very dissimilar
materials with different lattice constants, leading to systems subject to strain-

driven bending ?3:%4.
Average - Measured
Nanowire  Indium Shell Core Composition (predicted)

thickness shift asymmetry

fraction curvature (1/pm)

0.27+0.03  32+5nm  6+4nm 0.0440.03 0.05+0.01 (0.05)
0.26+0.03  42+5nm  124+7nm 0.06+0.03 0.06+0.01 (0.06)
0.24+0.03 47+£5nm  7+3nm 0.03+0.01 0.02+0.01 (0.02)
0.58£0.03 170£5nm 17+7nm 0.04+£0.01 0.02+0.01 (0.02)
0.61£0.03 155£5nm  35+5nm 0.07%0.01 0.04+0.01 (0.06)

T W N~

Table 6.2: Experimental data gathered with TEM from the WZ GaP/InGaP core-shell
nanowires considered in this study. We also compare the measured curvature with the
curvature predicted by the FEM simulations. These results are visualized in Fig.6.7.
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Figure 6.7: (a) HAADF image of two WZ GaP/In,Ga;_.P nanowires grown under the
same conditions, clearly showing bending. The curvature is measured by interpolat-
ing the nanowire geometry with a parabola (blue line) and by computing the second
derivative of this function in the center of the nanowire. The red arrows are a guide to
the eye to indicate the bending-induced displacement of the tip compared to the center
of the nanowire. (b-c) Calculated curvature of WZ GaP/In,Gai—_,P nanowires as a
function of average shell thickness, with overlayed experimental data (red rectangles).
The numbers refer to Table 6.2. The scale bar represents the curvature in 1/pm. The
size of each red rectangle represents the experimental error on the two axis dimensions.
The color gradient in the rectangle represents the error on the experimental curvature.
Parameters: (b) Core 100nm, shell 50nm, average x=0.25. (¢)Core 100nm, shell 160nm,
average x=0.60. The comparison between calculated and experimental data yields very
good agreement.
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Chapter 7

Growth of atomically sharp
homointerfaces in GaP
nanowires

A major goal in the field of quantum photonics is to fabricate sources which can
reliably emit identical photons?®. The growth of heterostructured quantum struc-
tures finds a challenge in the realization of sharp interfaces: variations between
each quantum structure leads to a spread in emission wavelength”. Nanowires
have recently opened the way to homostructures, namely confinement structures
realized with one single material: the confinement is obtained by exploiting a
controlled phase switching between two crystal structures with a favorable band
alignment, which can behave as single photon sources for quantum photonics 798,
In the WZ/ZB GaP system, electrons and holes will be confined in WZ because
of the type I band alignment with ZB26. Large polarization fields are predicted
for WZ 26, therefore by tuning the thickness of an embedded ZB segment one can
tune the resulting polarization field across it, producing a controllable shift in the
emitted photoluminescence, in analogy for what has been reported for GaN%9.
Here we demonstrate controlled crystal phase switching between the zincblende
and wurtzite phases of GaP nanowires, with a control extending almost to the
monolayer (ML) level®. This system can be used in the future for crystal phase
quantum well emission of entangled photons.

OContributions to this work: Dr. S. Assali (TU/e) for epitaxy, Dr. M.A. Verheijen (Philips
Innovation Services) performed the TEM analysis, Dr. L.-F. Feiner (TU/e) performed the
theoretical modeling.
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7.1 Growth of WZ/ZB homostructures

The patterned arrays of 100nm diameter GaP nanowires are defined by nanoim-
print lithography. The final result is shown in the SEM image in Fig.7.1a. A
scheme of the crystal phase homostructures is shown in Fig. 7.1b, with WZ in
blue, ZB in red, the Au catalyst droplet in yellow, the ZB (111)B GaP substrate
in orange.

Figure 7.1: (a) SEM image of the GaP nanowire array grown on the nanoimprinted pat-
tern. (b) Schematic of the crystal structure of the GaP nanowires. Blue: wurtzite. Red:
ZB. Yellow: Au catalyst droplet. After growth of the WZ stem several ZB segments are
grown along the nanowire, alternating with WZ segments.

The nanowires are grown using a multi-step protocol. First, a 2.5um WZ
stem is grown at 615°C using TMGa, PH3 and HCI, with a V/III ratio of 23
as reported in Chapter 4 and Ref.?. The growth is then stopped by closing the
TMGa and HCI flux, while still providing PH3 to prevent the nanowires from
melting or evaporating by losing phosphorous to the gas phase. The temperature
is reduced to 490°C, while the PH3 flow is increased to increase the V/III ratio.
When the temperature becomes stable, the TMGa is opened for a short time
(tzp) to allow growth using a V/III ratio of 67. HCI is not used during ZB
growth. After tzp, the TMGa flux is closed again and the temperature is raised
to the original 615°C, while the PH3 flow is reduced to reach the previous V/III
ratio of 23. A new WZ segment can now be grown by reopening the TMGa and
HCI flux, allowing the repetition of the protocol.
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Figure 7.2: (a) In situ temperature profile, V/III ratio, and sketch of the supply of
the precursor gases during growth. The dark red shaded area indicates the range of
the V/III ratios used in this work. The time interval tzp has been enlarged for better
comparison with twz. (b) HR-STEM bright field image of a WZ GaP nanowire with a
7ZB segment. The arrow indicates the nanowire growth direction.

7.2 Zincblende growth control

The process is repeated several times with varying tzp, in order to grow ZB
segments of different length, while maintaining a fixed WZ growth time (ty z
= 90s). The final result of a tzp series from 3.1s to Os is shown in the TEM
bright field image of Fig. 7.3a. Notably, the only ZB inserts present have been
introduced in a controlled way and the nanowire is devoid of stacking faults. In
Fig. 7.3b-c we report STEM images of the ZB segment with tzp = 3.1s and
tzp = 1.5s, which demonstrate the crystal purity of the ZB segments. The side-
walls of the ZB segments are tilted compared to the nanowire axis. As mentioned
in Chapter 2, ZB develops {111} A or B facets, which are tilted, opposed to the
{1010} facets of WZ, parallel to the nanowire axis'%’. In order to observe the
dependency from precursor flows, we varied TMGa and PH3 during ZB growth:
while the growth rate was found to be insensitive to the PH3 flow, the growth
rate varied considerably with the TMGa flow, indicating a Ga-limited growth
regime. In Fig. 7.3d we show the length of the ZB segments as a function of tzp
and TMGa flow (color-coded numbers, Unit: 1075 molar fraction).
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Figure 7.3: (a) TEM bright field image of a nanowire with ZB segments grown for
a variable time tzp, separated by WZ segments grown for a fixed time twz = 90s
(XTMGa = 3.04-107°). (b-c) HR-STEM images of the nanowire in (a) for ZB segments
grown for tzp = 3.1s (b) and tzp = 1.5s (c), showing defect-free crystal phases with
atomically sharp interfaces. (d) Length of ZB segments as a function of the Ga supply
time tzp for different TMGa molar fractions 7 Ga, indicated in units of 1-107°. The
dashed horizontal line indicated the shortest stacking sequence for the ZB phase (ABC
stacking), which is equal to 0.945nm. (e-f) ZB growth rate Rzp (e) and delay time
tper (f) as a function of the Ga molar fraction x7aca. The error bars in (d-f) refer to
a set of four nanowires measured via HR-STEM.

From this figure we can draw two observations, which are in turn summarized
in Fig. 7.3e-f. First (e), the ZB growth rate shows a decrease with TMGa
molar fraction up to xrarga = 1.35 - 1075 reaching about 3nm/s (7-9 ML/s),
then increases to 10nm/s. The initial decrease can be explained simply by the
lower Ga flow, which intuitively leads to slower growth. For the increase at
very low molar fractions, we speculate that a lower Ga fraction might lead to
a higher incorporation of P in the Au droplet, thus leading to an increase in
supersaturation, with the effect of increasing the growth rate. Second (f), the ZB
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segment starts growing only after a delay time which depends on the TMGa molar
fraction, which hints to the necessity of filling the Au droplet with enough Ga,
implying a supersaturation condition which needs to be met before the growth
can start.
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Figure 7.4: (a) TEM image of a nanowire grown using 0.1 s steps for the Ga supply time
tzp and a TMG molar fraction xrymge = 1.35- 107°. (b-d) HR-STEM images showing
controlled ZB segment lengths of 3, 7, and 8 MLs. The red and blue dots indicate the
Ga and P atoms, respectively, while arrows indicate the growth direction. (e) Number
of ZB monolayers as a function of the Ga supply time tzp for four different nanowires.
The dashed line corresponds to the shortest stacking sequence for the ZB phase in a WZ
wire, which has a length of 3 MLs (ABC stacking). The diameters of the four nanowires
are in the range 96-106 nm.

We now explore the possibility of obtaining monolayer control on ZB growth
in the nanowire: in order to achieve the maximum precision allowed, we use the
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TMGa molar fraction that yielded the lowest growth rate, x7arge = 1.35 - 1075,
In the nanowire in Fig. 7.4a, we used 4.6s < tzp < 3.4s with 0.1s steps for the
time series. In Fig. 7.4b-d we show STEM images of ZB segments of, respectively,
3MLs, TMLs and 8MLs. We also highlight the stacking for better understanding,
also noting that the group-V polar growth direction (B) is maintained when
switching between WZ and ZB crystal structures. In Fig. 7.4e we report the
thickness in ML of the ZB segments of 4 nanowires. We observe that several
monolayers are grown during a 0.1s interval: as this is the resolution limit of
our MOVPE reactor, more accurate control cannot be achieved. We predict
however that a finer flow switching control, below 0.1s, would be able to achieve
the monolayer control. We also observe that in 2 nanowires (NW3,4) the growth
starts with 5-7MLs, instead of 3MLs observed for NW1,2. We suppose that wire-
to-wire variations, due to fabrication imperfections, might influence the properties
of the catalyst droplet, causing different supersaturation conditions, leading to
different behavior between nanowires.

7.3 Wurtzite growth control

The formation of WZ has also been investigated, using the same method: fixed ZB
segments (10nm) were grown as markers, while the WZ growth time (tyz) was
varied, as shown in Fig. 7.5a. In Fig. 7.5b we show a STEM image demonstrating
phase purity of both the ZB and WZ segments. The length of the WZ segments
as a function of tyyz are reported in Fig. 7.5c. When a TMGa molar fraction
XTMGa = 7.42-107° is used, a constant WZ length Ly z = 7+ 3nm is observed
for all supply times below the offset time topr = 1442s, while beyond this time a
linear increase in WZ segment length is observed. When a TMGa molar fraction
XTMGa = 5.40- 1075 is used, the offset time rises greatly to torr ~ 100s. Below
this time, WZ segments are present and show the same Ly, 7 as for the previous
molar flow. In the inset we show the length of WZ segments as a function of ¢y z
for a single nanowire, showing the linear increase of the WZ segments length
when tywz > topp, from which we can extrapolate a growth rate of Ry z =
2.4 4 0.2nm/s. The variation between the WZ segments for a single nanowire is
minimal, contrary to the comparison between different nanowires (the error bars
in Fig. 7.5c are obtained by averaging between nanowires), demonstrating the
critical role of the Au catalyst pattern uniformity in achieving uniform growth
throughout a sample.

From these data we conclude that Lyy z is independent both of x7rarrgq and ty z
(for twz < torr), and therefore the WZ segment is formed by unwanted WZ
growth, that is, growth in the absence of Ga supply, either when the temperature
is at 490°C or during a temperature change (increase or decrease) between 490°C
and 610°C (see Fig. 7.2). The residual Ga in the Au droplet is able react with
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the P still provided and cause growth of this WZ segment of constant length,
while regular WZ growth happens only when tyz > torr, with topr dependent
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Figure 7.5: (a) TEM image of a nanowire with WZ segments grown for different supply
times tyz using a TMGa molar fraction xrarge = 7.42- 107°. The ZB segments grown
for a fixed time tzp are used as markers. (b) HR-STEM image showing unintentionally
grown WZ in between two ZB segments. (¢) WZ length as a function of twz for two
different TMGa molar fraction xraGa, indicated in units of 1 - 107°. The error bars
refer to a set of four nanowires measured via HR-STEM. Inset: WZ length as a function
of twz for the nanowire in (a).
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7.4 Nucleation model of ZB and WZ

The model used for the understanding of this process is based on the work of Dr.
L.F. Feiner and Dr. S. Breuer!°!. In Chapter 2 we have shown that nucleation
in a nanowire grown with Au-assisted VLS method happens at the triple phase
line (TPL), corresponding to the rim of the catalyst droplet. We have also shown
that when the supersaturation is above a certain critical value Ay > Auc, WZ
nucleates as its free energy of nucleation is lower than for ZB (AGwz < AGzp).
In the experiments presented in this Chapter, we have seen that we can switch
from pure WZ growth regime, to pure ZB growth regime by lowering the temper-
ature, which is the main driving factor of this switch. However, by lowering the
temperature we actually increase the supersaturation, therefore Apzp > Apw z,
which apparently contradicts our conclusions above. However, when a nanowire
is thick enough a new route for ZB nucleation opens: in fact, the number of nu-
cleation centers at the TPL scales with the nanowire radius R, while the number
of nucleation centers at the nanowire-catalyst interface scales with R?, favoring
the latter when a nanowire is thick enough. As our nanowires are approximately
100nm thick, we have to take into account also the possibility of nucleation at
the nanowire center (namely, the nanowire-catalyst interface) as a realistic possi-
bility. In this case, only ZB would be nucleated, as this central nucleation equals
the nucleation in the bulk case, where the energy of the atomic configuration
favors the ZB case (see Chapter 2). Our understanding of crystal phase switch
is therefore the following: when lowering the temperature, the supersaturation
rises, thus crossing a certain critical supersaturation (Aurpr o (7)) which allows
us to change the nucleation region from the TPL to the catalyst-droplet inter-
face, where only ZB can nucleate. In this way we can selectively and reproducibly
nucleate WZ and ZB, realizing atomically sharp homointerfaces.

7.5 Conclusions

In this work we have developed a method to epitaxially growth atomically sharp
crystal phase homointerfaces using W7 GaP nanowires. These systems are par-
ticularly promising for quantum optics applications, as the sharpness of typical
quantum dots and quantum wells based on heterointerfaces is limited by inter-
diffusion between the quantum dots/wells and their cladding. One of the main
challenges in quantum optics is the generation of identical photons from two
separated sources, for example two quantum dots: as we have mentioned, het-
erostructures suffer from interdiffusion, which smears the confinement potential
of the quantum structure and leads to small, but substantial differences from
source to source. This challenge might be overcome by the use of crystal phase
homointerfaces, which are atomically sharp and not subject to interdiffusion, as
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the crystal structure is well defined and stable. The energy of the emission can
be designed by selecting the thickness of the crystal phase quantum dot/well
with an accuracy down to the single atomic monolayer. In our work we prove
that this result is achievable, for example by using a reactor with a gas switch-
ing accuracy finer than 0.1s. Differences between the homostructured quantum
dots/wells might still be present, for example due to differences in diameter be-
tween nanowires, therefore more work is needed in this field in order to realize
a perfect emitter. On the other hand, the emission wavelength of a quantum
dot can be tuned using electric fields, for example by fabricating gates around
the nanowires 1°2. Future work will be aimed to demonstrate light emission from
crystal phase quantum dots/wells in WZ GaP with digital control, therefore con-
trolling the emission by selecting the number of WZ monolayers in the crystal
phase quantum dot/well.

Temperature

Figure 7.6: Phase diagram temperature-Ap for nanowire growth according to the nu-
cleation model, including the effect from nucleation sites, according to Ref.19%1%1 The
fields indicate different nucleation mechanisms: nucleation of wurtzite at the triple
phase line (W Zrpr), zincblende at the triple phase line (ZBrpr) and zincblende in
the center of the catalyst-nanowire interface (ZB¢). In our experiments, by manipu-
lating temperature and supersaturation Ap and reaching the conditions indicated by
the two circles, we can alternate between WZrpr, (WZ nucleated at the triple phase
line) and ZBc¢ (ZB nucleated at the center of the top facet of the nanowire, at the
nanowire-catalyst interface).
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Chapter 8

Wurtzite GaP nanowires for
thermal transport study

More than half of the energy produced at all times is wasted in the form of heat
due to the inefficiency of a wide range of processes and devices. Thermal engines,
electronics, but also poor thermal management in buildings are major sources of
energy waste. Therefore, advances in the understanding of the thermal processes
in materials can lead to better thermal management and, ultimately, to more
efficient thermoelectric devices 04105 Efficient thermal management is also nec-
essary to maintain devices in the correct temperature range, for example using
heat sinks to disperse excess heat, in order to maximize their efficiency 106107,
Ballistic phonon transport is the ideal phenomenon on which to base future heat
sink technology, as it can provide heat transport without losses!%8109. Another
important phenomenon for heat management is thermal rectification, which we
will introduce further in the chapter. During this work, wurtzite GaP nanowires
with a range of diameters from 100nm down to 20nm have been developed to
study the thermal transport in this material for the first time. This led to indi-
cations of quasi-ballistic transport for diameters below 35nm. We also developed
telescopic nanowires, with a variable diameter along their axis, as they are can-
didates for thermal rectification due to their asymmetric geometry.

OContributions to this work: Dr. M. Swinkels and D. Vakulov (TU/e) performed the device
fabrication and thermal transport measurements.
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8.1 Thin wurtzite GaP nanowires

In order to achieve small diameters, electron beam lithography is used as de-
scribed in Chapter 3, as nanoimprint cannot provide diameters below 50-70nm.
In order to obtain nucleation of nanowires with diameters smaller than 40nm, the
V/III ratio had to be increased by a factor of 5 during the nucleation step and
by a factor of 2 during the WZ GaP growth, with respect to the V/III ratio used
for nanowires with larger diameter. This might be due to the Gibbs-Thomson
effect 110111 where the small diameter of the catalyst droplet causes the super-
saturation to be lower than in larger diameters, due to the high surface tension.
By increasing the V/III ratio the supersaturation is brought again to an optimal
level for nanowire growth. Therefore, we can obtain WZ GaP nanowires with
diameter down to about 20nm, as shown in Fig.8.1, ideal to perform a diameter-
dependent study of the thermal transport properties of WZ GaP for the first
time.

TMGa molar PHj3 molar

Wire diameter V /111 ratio

fraction fraction
100nm 75-107° 1.1-1072 147
25nm 1.9-107° 3.4-1072 1789

Table 8.1: Precursor flows and relative V/III ratio used in the nucleation step of WZ
GaP nanowires with 100nm and 25nm of diameter.
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R

Figure 8.1: Array of WZ GaP nanowires grown on (111)B GaP substrate with VLS
mechanism. The diameter of the nanowires is about 20nm, while the pitch of the array
is 10um. The nanowires show a large pedestal due to accumulation of material during
growth. During nanomanipulation, only the thin nanowire will be removed, leaving the
pedestal behind.

8.1.1 Quasi-ballistic phonon transport

The aim of the study is to determine the thermal conductivity of WZ GaP
nanowires as a function of their geometry, namely diameter and length. The
thermal measurements were performed by Dr. M. Swinkels and D. Vakulov.
To this purpose we used a thermal bridge microdevice!'?, which is illustrated in
Fig.8.2. The device is based on 0.5mm long suspended SiNx beams to ensure ther-
mal isolation, supporting two membrane platforms with platinum meanders that
act both as heaters and thermometers. The nanowire is placed between the two
suspended membranes, which are kept at different temperatures. The nanowire
acts as thermal contact on either side, bridging a hot area with a cold one and
transferring heat through phonons. The temperature difference is measured from
the resistance of the platinum meanders, using four point probe technique. In this
way the temperature difference as a function of heating power is measured, which
can be converted into thermal conductance and, through appropriate geometrical
scaling, to the thermal conductivity of the nanowire!!'2.
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Figure 8.2: (a) False colour SEM image of the suspended bridge microdevice used for the
thermal measurements, fabricated by Dr. M. Swinkels and D. Vakulov. Red corresponds
to SiNx, yellow to the platinum stripes and meanders used for thermal control. The
nanowire, suspended between the two membranes, is colored in green. (b) Working
scheme of the device. The two membranes are kept at two different temperatures, using
the platinum stripes as both heaters and thermometers. Px is the power dissipated,
ATy is the temperature difference, Gx is the conductance. The subscript H denotes
the heating side, S the sensing side.

The nanowire length dependence of the thermal conductivity is investigated
by fabricating a series of devices with different spacing between them. First, the
diameter dependence of the thermal conductivity is investigated by measuring
nanowires with diameter d in the range 25-140nm, around room temperature.
The results are shown in Fig.8.3. The blue curve represents the expected thermal
conductivity x of the nanowires as a function of the diameter d, also taking into
account the contact resistance, using the formula '13:114:

4GL

d
R = W = Rbulk * |:1 — €xp <_A_O):| + Ceontactd (81)

where G is the conductance of the nanowire, L and d are respectively the
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nanowire length and diameter, kp,x is the conductivity of bulk ZB GaP (27
Wm~1K~1), Ag is the phonon mean free path and Ciopntact is @ constant taking
into account the interface phonon scattering between the nanowire and the sus-

pended bridge, which causes contact resistance''®. The term {1 —exp (—Aio)]

accounts for the decrease in conductivity in a nanowire with respect to bulk,
due to boundary scattering, namely the scattering of phonons at the nanowire
sidewalls. The exponential term approximates the probability of such scattering
event. We notice that it yields a good fit for nanowires with d > 40nm. From
the fit of those datapoints the mean free path of phonons in WZ GaP can be
extracted and is found to be 800£100nm. However, nanowires with d < 40nm do
not follow the expected behavior of diffusive phonon transport described by the
formula: instead of having a smaller thermal conductivity than nanowires with
larger diameter, their conductivity increases by up to a factor of 5.

In order to obtain a better insight on the phenomenon, the dependence of the
thermal conductivity on the nanowire length is investigated. The conductance
normalized to the square of the diameter is plotted as a function of length in
Fig.8.4, obtained by measuring a number of nanowires on thermal bridge mi-
crodevices with different spacing between the beams. The data shows that for
nanowires with d > 50nm the area-normalized conductance varies with nanowire
length with a 1/L behavior, typical for diffusive transport (blue and black dashed
lines are guides to the eye). The area-normalized conductance of the nanowires
with d < 50nm does not depend on the length up to 12um. The data indicates
therefore that the phonon mean free path Ay in nanowires with d < 40nm is equal
or greater than 12pm. This is an indication that in thin wires diffusive boundary
scattering is surprisingly absent. Our current hypothesis is that, when reducing
the nanowire diameter, the properties of the facets become more relevant. It is
possible that, under a certain diameter, vibrational modes associated with the
facets might become dominant, leading to a new heat transport mechanism. In
order to confirm this behavior, more data needs to be gathered in future experi-
ments, in order to reduce the scattering in the data and to measure the phonon
mean free path for thin wires. Theoretical modelling is also recommended, for
example using molecular dynamics, in order to understand the nanoscopic mech-
anism of phonon transport and to properly quantify the influence of diameter on
these phenomena.
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Figure 8.3: Conductivity of WZ GaP nanowires as a function of their diameter. The con-
ductivity of nanowires with diameter larger than 50nm is well fit by the blue line, which
describes the expected diffusive behavior, according to Equation 8.1. The nanowires
with a smaller diameter show an unexpected increase in conductivity with decreasing
diameter, which therefore cannot belong to the diffusive regime. Such a rising thermal
conductivity suggests an increasing ballistic phonon transport behavior with decreasing
diameter. With ballistic transport, phonons are not backscattered anymore and the
total thermal conductivity of the nanowire increases.
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Figure 8.4: Thermal conductance of the WZ GaP nanowires, normalized with the square
of the diameter, plotted as a function of length. The lines are guide to the eye, where
the black and blue line follow a 1/L behavior, typical for diffusive transport. The red
line is instead constant, as expected for ballistic transport, where the length of the
nanowire does not influence the conductance. The red points, belonging to nanowires
with diameter 25nm and 35nm, tend to follow the red line.
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8.2 Telescopic GaP nanowires

In order to facilitate thermal management in a system, thermal rectification is
desirable. Thermal rectification is realized when the conductivity of a system
is dependent on the sign of the gradient of temperature, giving the system an
asymmetric response to temperature gradients, as shown in Fig.8.5a. A thermal
rectifier can be seen as the thermal equivalent of an electric diode, for example a p-
n junction. A possible practical use of this phenomenon is in thermal coatings and
heat sinks, where it is desirable to promote a certain direction of the heat flow over
the other. In Fig.8.5b we show theoretical results from literature, where a thermal
rectification up to 15% is predicted for telescopic nanowires with a 50% diameter
difference 6. Interestingly, in Fig.8.5b we notice that the rectification does not
depend directly on the diameter ratio between the two sections. In fact it depends
on the difference in thermal conductivity x between the sections of the telescopic
nanowire, which might have a non-trivial dependence with the diameter, as lateral
confinement modifies the phonon density of states!'6. Therefore, in order to
maximize the thermal rectification, an accurate design of the nanowire structure
has to be performed during the epitaxial growth. Telescopic nanowires have
been realized in Si, through a combination of modulated doping and selective
we etching!'”, and in GaAs, by partially consuming a Ga catalyst droplet and
resuming the growth afterwards!'®. The diameter of a nanowire can also be
tuned by changing the volume of the catalyst particle, for example by depletion
of by providing a higher precursor flow 1. Here we develop telescopic WZ GaP
nanowires in order to investigate in the future a possible thermal rectification
effect.
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Figure 8.5: (a) Scheme of the thermal rectification phenomenon. Depending on the sign
of the thermal gradient, the thermal conductivity s changes. (b) Calculated thermal
rectification as a function of temperature difference AT for three different telescopic
nanowires with different diameters. The thermal rectification r is the difference of
thermal conductivity x of the nanowire obtained by changing direction of the thermal
gradient cross it. The two diameters refer to the two different sections of the nanowire.
Adapted from Ref.*°.

In order to obtain telescopic WZ GaP nanowires, we used two methods. In the
first method we fabricate patterns of gold catalyst arrays on (111)B GaP through
a SiNx mask, using EBL. We grow the nanowires in the same conditions as the
nanowires shown in Fig.8.1. Due to the presence of the SiNx mask, the material
accumulates at the base of the nanowire does not form a pyramidal pedestal like
in Fig.8.1 as it tends to be confined within the hole. It forms instead a tapered
shell for about half of the total nanowire length. In this way we are able to
grow telescopic nanowires with a very large diameter difference between the two
sections, as shown in Fig.8.6, where the bottom section has 235nm of diameter,
while the top section has a ten times smaller diameter of 27nm. Remarkably,
this is the highest ratio observed in a telescopic nanowire so far, to the best
of our knowledge. However, this method does not allow to tune accurately the
diameter of the larger section, as the accumulation of material on the sidewalls is
a side effect of an unoptimized process, rather than a phenomenon directly and
elementarily dependent from a variable we can control during the growth.
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<= 235nm

Figure 8.6: WZ GaP nanowire grown on (111)B GaP substrate with SiNx mask. Due to
material accumulation at its base, the nanowire develops a partial shell which grows from
the bottom up, slower than the nanowire itself. This shell can have a large diameter,
in this case 235nm, while the nanowire has a ten times smaller diameter of 27nm.

In order to achieve accurate control over the diameter of both sections of the
telescopic nanowires, we grow WZ GaP nanowires with VLS method on (111)B
GaP substrate without a SiNx mask. This time we perform the growth in three
steps as illustrated schematically in Fig.8.7a. We first grow the core of the first
section of the nanowire at 615°C, then we stop the growth by closing the TMGa
flow and lower the temperature to 550°C. At this temperature we grow a WZ GaP
shell. By tuning the growth time of the shell, we can select the final diameter, with
a growth rate of about 10nm/min. We then raise the temperature again to 615°C
and perform a short droplet refill step (1.5s) to increase the Gallium concentration
in the catalyst. This is needed due to the shell growth step, which tends to deplete
the droplet of Gallium. The optimization of the refilling time is critical, as an
incorrect time will lead to kinked nanowires as shown in Fig.8.7b. It is known in
fact that kinked geometries can be grown by tuning the supersaturation in the
catalyst particle'20. After the refilling step, we resume the growth of the second
section of the WZ GaP nanowire.

By following these steps, we obtain telescopic nanowires as shown in Fig.8.7c-d,
where the nanowire possesses two sections with respectively 22nm and 94nm of
diameter. In Fig.8.8 we demonstrate the purity of the wurtzite crystal phase,
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except only at the junction between the two sections of the nanowire, where
a few stacking faults can be seen (red arrows). These defects are generated
during the shell growth, which happens at different growth conditions than the
axial growth of pure wurtzite GaP. Some axial growth happens also during the
shell growth and, as the conditions are non-optimal for WZ growth, some ZB
planes are nucleated. The yield is close to 100% for diameters above 40nm, but
becomes very low for smaller diameters. This might be due to the fact that the
success of the protocol depends on the optimization of the growth parameters for
a certain diameter. When a Au droplet possesses large volume, eventual droplet
to droplet variations, due for example to the fabrication procedure, are relatively
small. With very small (< 40nm) diameters however fluctuations in the catalyst
volume will greatly affect the outcome of the growth procedure. Our conclusion
is that with the due optimization of the fabrication procedure, 100% yield can
be achieved.

8.3 Conclusions

In this work we have demonstrated the realization of telescopic nanowires with
controlled diameter in both sections, opening the way for testing the hypoth-
esis of thermal rectification in this type of nanostructures. As we have shown
in Fig.8.5, the rectifying behavior depends on the diameter of the two sections
of the nanowires, due to the different thermal conductivity s of the two seg-
ments. Our growth method allows for the tuning of both diameters, therefore
being promising for fabricating nanowires with potentially strong rectification
behavior. Future studies will be performed using the previously shown bridge
microdevices, by measuring the conductivity of the nanowires for both directions
of the temperature gradient across the nanowire, in order to find an eventual
rectifying behavior. An added value of our nanowires is the indication of ballistic
transport at low diameters, which might play a role also in thermal rectification,
for example by having two sections of the nanowire with different dominant trans-
port mechanism, one ballistic and one diffusive. Such design might also help in
clarifying the underlying mechanism behind the indications of ballistic transport
we observed in WZ GaP nanowires.
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Figure 8.7: (a) Growth scheme of a telescopic nanowire using the step method on (111)B
GaP substrate without a SiNx mask. We start from a Au catalyst droplet (1), then
(2) grow a WZ GaP thin nanowire (about 25nm diameter). We then stop the growth
and lower the temperature to 550°C to grow a WZ GaP shell (3), then increase the
temperature again to 615°C and grow the final section of the nanowire (4). (b-d) WZ
GaP nanowires grown using the protocol described in (a). (b) The second section of the
nanowires results kinked, as the droplet refilling step is unoptimized. (c-d) Nanowire
grown with optimized recipe. Droplet refilling time: 1.5s for a Au particle diameter of
about 20nm. The overall morphology is controllable and the diameter of both sections
can be tuned. Tapering can be observed at the junction between the two sections,
probably due to unwanted axial growth during the shell growth.
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100 nm

Figure 8.8: (a) TEM bright field and (b) STEM images of two different telescopic
nanowires grown with the controlled mechanism in Fig.8.7, with different section diam-
eters. The crystal structure is pure wurtzite for both, except at the junction between
the two sections of the nanowire, where a few stacking faults can be seen. These are
due to axial growth during the shell growth step.
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Chapter 9

Wurtzite 11I-phosphide
nanowires for solid state
lighting

The LED market has been steadily growing for the last decades and is pre-
dicted to keep growing at a 3% yearly rate. Lower costs, high efficiency and
high colour rendering are sensibly decreasing the customer adoption resistance
and LED market is predicted to constitute 90% of the global lighting market by
2025. Nanostructured LEDs (NanoLEDs) are predicted to further increase LED
efficiency and therefore decrease the cost of the final products, further promoting
the use of LEDs and increasing the market volume. In the present work we pro-
pose a novel NanoLED system, based on scientific work performed at Eindhoven
University of Technology, which can be realistically translated into a commercial
gamma of LEDs emitting between the infrared and green regions of the visible
spectrum. Based on our current knowledge, we propose a roadmap of activities
needed to further study the NanoLED system and develop a working prototype.
As a solution, we propose to implement the technology into the portfolio of an
existing, well-established company operating in the LED market by performing
a technology transfer. Our preliminary conclusion is that the biggest challenge
is the development of the technology itself and the scientific and technological
questions should be addressed first.
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9.1 Market Analysis

LEDs are widely recognized as the future standard of general lighting, due to
their high efficiency and high brightness. The LED market volume has been
steadily rising in the last decades, is still rising today by about 5% per year and
is expected to reach between 20 and 50 billion dollars by 2020. LED market
is predicted to reach over 90% of the entire lighting market by 2025. To make
a notable example, Philips Lighting has seen a decrease of their overall sales
between Q1 2016 - Q1 2017 (-1.3%) but the LED-based sales grew by 17%, now

representing roughly 60% of their total sales!'?!.
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Figure 9.1: Global LED sales between 2013-2019, mixing historical and projected data
in a 2016 report. The general lighting market is expected to account for almost 50%
of the global LED market. CAGR: Compound Annual Growth Rate. Adapted from
Ref. 122,

The players on the LED market can be roughly divided in two categories,
namely the companies manufacturing the LED chips (the physical light emitter)
and the companies selling the final packaged solution. In this discussion, we want
to focus on the LED chip manufacturers due to the nature of our invention. The
main LED chip manufacturers, namely the companies manufacturing the highest
quality LED chips, are:

— Cree, based in Durham, NC, US
— Nichia, based in Anan, Japan

— Osram, based in Munich, Germany
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— Lumileds, based in Netherlands and US
— Toyoda Gosei, based in Japan

— Showa Denko K.K., based in Japan

These major players compete mostly on efficiency, as this is the key parameter
needed to cut the cost by maintaining performance, therefore determining the
competitiveness of a product. Innovation is therefore developed through scientific
research, often in partnership with universities (e.g. Santa Barbara Univ., Nagoya
Univ.). All these companies employ LED research scientists and possess research-
dedicated infrastructure where semiconductor R&D is performed.

Historically, LED white lamps have faced customer adoption resistance due
to high cost. Constant decrease in manufacturing prices, increased customer
awareness of the high efficiency and continuous improvements in the quality of
lighting (e.g. color rendering index CRI>90) are leading to less resistance!23.
Due to competition pressure, costs are decreasing even faster than expected.
Major manufacturers now offer LED lamps with payback time of less than 1
year 124,

Year 2012 2016 2020 2025 2030

Im/W 58 93 118 142 169
Price (€) 18.0 10.0 75 50 25

Table 9.1: Price and performance forecast for a 10W LED light bulb from the CLASP
2013 review study '2?. The efficiency is expected to rise by a factor of 2 between 2016-
2030, while the price is expected to decrease by a factor of 4, leading to an increase in
cost-effectiveness of 8 times.

The efficiency of LEDs is of great importance, as a higher efficiency allows cut-
ting costs of the final device (e.g. a white lamp) and reduces the payback time,
making the product more competitive. Recent innovations such as laser light-
ing for automotive applications and microLED displays are opening new market
applications for LEDs with high added value. Additional applications are also
healthcare and security, especially for infrared-emitting LEDs. The possibility to
add ’smart’ functions like dynamic dimming and colour mixing to create custom
’scenes’, plus the integration with wireless connection systems are promoting the
use of LED lights beyond the traditional applications.

Current LEDs still have some fundamental limits which need to be overcome
in order to further improve their performance and reduce their cost. First of all,
substrate cost is still high, as most LEDs are grown on sapphire (GaN LEDs) or
GaAs/GaP (AllnGaP LEDs). This limit is due to the intrinsic need of planar
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LEDs to be grown on high quality substrates with compatible properties (es-
pecially lattice parameter) in order to avoid excessive defectivity in the active
region, which would deteriorate their brightness and lifetime. Efforts are un-
derway to grow GaN/InGaN LEDs on silicon, a very cheap substrate, where a
viable method is to grow three-dimensional nanowire structures due to the high
lattice mismatch (about 17%) between GaN and Si. GaN/InGaN nanowires are
considered the state of the art in LED technology and major players such as
Samsung and Osram are strongly investing in this direction. Many innovative
startups such as Glo (Sweden), Aledia (France) and Cryonano (Norway) are cur-
rently exploring nanowire solutions to achieve high efficiency at a reduced cost.
Besides the potential cost cut regarding substrates, nanowire structures offer the
possibility of increasing the active emitting area in comparison to planar systems,
as the total surface area of a three-dimensional pillar structure is higher than the
simple planar counterpart. This increase in junction area allows the lowering of
the current density while maintaining the same total current, thus reducing the
droop phenomenon, namely the loss of efficiency at high operating current. A
typical challenge in planar devices is the extraction of light from the emitting
device. Internal reflection happens due to the contrast in refractive index be-
tween the semiconductor crystal and its surroundings (capping resin and air).
Nanowires, due to their geometry, have shown very high light outcoupling and
are therefore suitable for light emitting devices with very low losses due to in-
ternal reflection. One additional limit of LEDs is the poor performance of direct
emitters in the green-amber region!. The GaN/InGaN system is affected by poor
material quality, due to lattice mismatch and low miscibility of Indium, causing
alloy fluctuations. AlGalnP alloys instead become indirect semiconductors in the
green-amber region and are no longer able to emit efficiently.
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Figure 9.2: Examples of innovative LED systems. (a) A matrix of LEDs embedded in
a flexible polymer for flexible LED displays. (b) Apple watch with microLED display.
(c) Headlight of an Audi car, mounting a laser lighting system based on semiconductor
diodes. (d) Color-tunable LED lamp, with dedicated mobile application.

9.2 Our proposed invention

In this thesis we have started developing a new solution for NanoLEDs, emit-
ting in the infrared to green range, using wurtzite (WZ) Al(Ga)InP nanowires.
These nanowires are grown with Metalorganic Vapour Phase Epitaxy, show strong
light emission properties and are a novelty, as WZ AlInP has never been grown
using catalyst-free selective area epitaxy before, making the invention suitable
for patenting, in order to protect the intellectual property. Wurtzite material
also emits polarized light, therefore a possible patent might protect a polarized
light emitter. We judge that our nanowires possess several advantages if used as
emitting material in LEDs as also described in Chapter 1, in terms of efficiency
increase, light outcoupling and potential cost reduction. The ideal device would
be fabricated on Silicon, the cheapest epitaxy substrate available so far. Thanks
to the nanowire geometry, such integration will lead to defect-free nanowires, ca-
pable of efficient light emission. In order to contact the nanowires collectively, a
transparent conductive oxide such as ITO or ZnO can be used. The final LED can
be packaged by using standard techniques used for existing commercial LEDs.
We show a concept of the WZ AllnGaP nanowire LED in Fig.9.3.
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Figure 9.3: Concept of AllnGaP NanoLED. Green/red: AllnGaP nanowires, with radial
multi-quantum well structures (red). Grey: substrate (e.g. silicon). Yellow: metallic
back contact. Transparent: conductive oxide front contact, transparent to visible light.

9.3 Business Model

Two different approaches could be adopted towards this new technology: a new
venture can be created, based on a patent portfolio, or the technology can be
implemented into an existing company operating in the sector, through a tech-
nology transfer. The choice has to be made by comparing the requirements and
the potential of the two approaches, and especially by considering the total mar-
ket size available to a product based on the invention, which is possibly the most
important factor determining the potential of a new venture. In the case of a
new venture, the necessary infrastructure and equipment have to be made avail-
able or built anew. Due to the nature of the venture the necessary equipment is
particularly expensive and is estimated as:

— Metalorganic vapour phase epitaxy (MOVPE) reactor
— Photoluminescence optical setup with cryogenic equipment

— Cleanroom fabrication equipment to produce experimental LEDs

Special solutions could be arranged, by obtaining access to already existing
infrastructure, which is however rare and anyway expensive. It is also possible
to place the venture in a particular point of the value chain, for example the
fabrication of only the basic LED chip, without any packaging. The LED chip
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can be then sold to a company specialized in packaging and lighting solutions.
This is a solution adopted by some startups (e.g. Cryonano, Norway). In the case
of the implementation of the knowledge into an existing company, for example by
licensing the intellectual property, the infrastructure and equipment requirements
are met by definition. Additionally, the expertise available in a competitive
company can only be beneficial to the success of the operation.

An even more important aspect is the market segment. In LED applica-
tions, lighting based on white lamps consists in almost the totality of the market.
The possibility to fabricate efficient white lamps is key to the success of a LED
venture. This is unfortunately not possible with the AllnGaP alloy, due to pre-
viously mentioned intrinsic physical limits which cannot be overcome, making it
impossible to fabricate blue LEDs. A venture based solely on infrared to green
emitting material cannot access the main customer segments of the general light-
ing. Strong and well established competitors constitute an additional risk factor.
Major players also possess a large wealth of intellectual property, which is very
likely to block the operations of a newcomer. All these limitations can be over-
come through a strategic partnership, by transferring the technology to a well
established company operating in the LED market. In this case the invention can
be integrated into existing products and solutions already existing in the partner
company can be used, all leading to a much lower time to market and increased
probability of success. In light of these considerations, we now want to delineate
an effective business model based on our AllnGaP NanoLEDs. We do this using
the Business Model Canvas framework'?>. Within this framework, we define a
series of areas necessary to define a solid business model, which are listed and
discussed below.

9.3.1 Value proposition

The added value of our invention is the potential to reach higher external quan-
tum efficiency than current infrared to green LEDs based on planar technology,
with the mechanisms explained in the previous sections. Efficiency is of great
importance in lighting as higher efficiency leads to lower cost of the final prod-
uct, thus increasing market competitiveness. The projected increase in efficiency
therefore makes our technology highly desirable. Being our material a direct light
emitter, phosphors are no longer necessary to produce efficient emission, leading
to reduced costs and a more monochromatic emission, interesting for display
technology where sharp monochromatic emission is desirable to obtain a larger
gamma of colors.
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9.3.2 Key partnerships

As our decision is to perform a technology transfer to an existing LED company,
partnership is of fundamental importance in our plan. The PhD project was
co-funded by Philips, which owns the patent filed so far. Philips operates in
the lighting market and is therefore interested in securing a supply of superior
LED lights for their own applications. Philips is therefore our first ally in the
plan. As Philips does not manufacture LEDs, a second partnership is necessary.
LED manufacturers such as Lumileds, Cree and Osram are ideal to receive our
technology and innovate further.

9.3.3 Customer segments

Two levels of customers can be defined: receivers of the technology transfer,
customers buying LEDs based on our invention. The receiver needs to be a well
established company operating in the LED sector. Lumileds, Cree, Osram are ex-
cellent candidates. The customer segments of the final LED products are already
defined and a relationship with them is already established, greatly increasing
the chances of success for this plan. As our NanoLEDs can emit between the
infrared and green range, the target market should be a niche market, as white
lights require a blue component in order to be built. A suitable market is in
high-power LEDs for projection and outdoor signs and displays, where bright
and monochromatic emission is required.

Figure 9.4: (a) Sony 4K Ultra Short Throw Projector. (b) Outdoor LED screen with
high brightness, necessary to provide with sufficient contrast in natural illumination
condition. Source: YSLV.
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9.3.4 Key activities and resources

The most important activity at the beginning will be the actual technology trans-
fer, therefore the development of the necessary methods and processes in the
receiving company. The company will have to allocate the resources necessary
to the epitaxial growth of the active material, its optical study, LED fabrica-
tion and their electrical characterization. A dedicated reactor for research on
III-phosphides has to be used. Specialized personnel, expert in LED growth and
fabrication is preferable. All these resources are already present in LED man-
ufacturing companies as well as TU/e. Additional resource is the intellectual
property, in the form of patents.

9.3.5 Cost structure

R&D activities concerning semiconductor epitaxy are expensive and pre-existing
equipment should preferably be used. Specialized personnel is already available
both in university and receiving company. Patenting is also a necessary invest-
ment to protect the intellectual property from competitors. The final advantages
on cost reduction given by the adoption of NanoLEDs are on all the aspects
shown in Fig.9.5. The use of cheap substrates such as silicon, reduced epitaxy
time due to high growth rate and less material use, reduced wafer processing due
to higher outcoupling of light, no phosphors and higher efficiency, which reduces
the complexity of packaging.

9.3.6 Channels and revenue streams

A well established LED company already possesses all the necessary distribution
and marketing channels needed to monetize on the invention. The revenue stream
is constituted by the sales of LEDs containing our technology.
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Figure 9.5: Cost breakdown of an LED device. NanoLEDs can cut the costs on all
aspects of the LED manufacturing.

9.4 Activity roadmap

Here we discuss the courses of action to undertake in order to perform the technol-
ogy transfer and develop a NanoLED prototype. Such a prototype can be consid-
ered as a minimum viable product which should be benchmarked and eventually
further developed.

9.4.1 Scientific developments

Once an industrial partner has been found, additional scientific development can
start. In order to develop a prototype of an AllInGaP NanoLED, additional fun-
damental knowledge needs to be gathered. First of all, the AllInGaP alloy can be
grown in two crystal structures, zincblende (ZB) and wurtzite (WZ) with different
optical properties. ZB is the commonly used crystal structure for conventional
AllnGaP LEDs, while WZ is the novelty. The experimental data gathered so
far suggests that WZ might be more efficient than ZB up to the yellow range.
Conclusive data on the efficiency in the green range also has to be obtained. For
most purposes, ZB or WZ AllnGaP might be substantially equivalent in internal
quantum efficiency. However, nanowire geometry is anyway essential in order to
maximize the external quantum efficiency through high light outcoupling. The
best course of action is to continue the scientific study of AllnGaP nanowires,
in-house at the receiving company or possibly through university collaborations.
The same TU/e could carry out a follow-up of the original PhD project which
generated the present invention.

The personnel necessary to initially carry out the project can vary between one
or more, depending on the size of the project and the experience of the available
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personnel. The original project was carried out by one single PhD candidate in
4 years. In order to accelerate the development time, a higher number of people
assigned to the project is desirable.

9.4.2 Technological nodes

In order to evaluate the opportunity of the technology transfer, we need to exam-
ine the main technological nodes influencing its potential success as a commercial
product. The most critical element is the efficiency of AllnGaP NanoLEDs, as the
improvement of the LED external quantum efficiency is the main purpose of the
research. The critical node is the potential to obtain a higher external quantum
efficiency than currently available infrared to green emitting LEDs. This main
driving factor can be broken down in more specific driving factors, specifying
the main challenges that need to be overcome. In order to succeed in developing
a future complete product, all these factors need to be addressed by developing
appropriate solutions. Material quality is necessary to obtain homogeneous mate-
rial with high internal quantum efficiency. The possibility to tailor composition,
in order to obtain quantum wells, and nanowire structure, in order to control
the aspect ratio, are important for the final outcome. At the current stage, our
NanoLED candidates are grown on InP wafers, which are expensive and absorb
the emitted light. The possibility to grow on (semi)transparent substrates such
as GaP or a very cheap substate like Si would be optimal. Additionally, due to
the three-dimensional geometry of our nanowires, a solution for the top contact
has to be developed. The top contact needs to be ohmic with WZ AlGalnP, be
highly conductive in order to spread the current evenly throughout the device
with minimal losses and most importantly needs to be fully transparent to the
emitted light.

9.4.3 Substrate development

As the substrate is one of the main cost factors in LED manufacturing, the
possibility to grow AllnGaP nanowires on silicon would be optimal to guarantee
a high cost-efficiency of the final devices. Nanowire growth on silicon has been
demonstrated and is already of major interest for the GaN/InGaN system. Also
AlInGaP nanowires can be epitaxially grown on Silicon, thus offering a large cost
reduction. The cost reduction is also associated on the availability of Silicon
wafers which have a larger diameter than III-V based wafers, which are usually
limited to 4-inch, while Silicon wafers can reach 8 or 12 inch. In Table 9.2 we
list our estimation of the price of common 2-inch semiconductor wafers for LED
epitaxy.
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Walfer Price(€)
GaN-Sapphire  150-500
GaP 150-400
InP 150-400
GaAs 150-300
SiC 100-300

Si <25

Table 9.2: Estimated commercial price of 2-inch semiconductor wafers for epitaxy.
Prices vary between different suppliers and as a function of quality and doping.

9.4.4 Electrical top contact

Due to the three-dimensional geometry of our nanowires, a solution for the top
contact has to be developed. The top contact needs to be ohmic with WZ Al-
GalnP, be highly conductive in order to spread the current evenly throughout
thedevice with minimal losses and most importantly needs to be fully transpar-
ent to the emitted light. A high-band gap conductive oxide should be an optimal
choice for a NanoLED. For this purpose, ITO is commonly used but other ma-
terials such as ZnO are emerging 26127, Both should be investigated during the
development of the NanoLED, possibly in collaboration with a university. In
TU/e transparent conductive oxides are developed and a joint project could be
started to evaluate their use. Here, the main challenges are the contact resis-
tance of the oxide with AlGalnP and the morphology of the oxide layer (e.g.
conformality, voids, etc.).

9.4.5 Estimated time of development

In light of our results and our present knowledge, the amount of time needed
to translate the present scientific findings into a viable product is estimated be-
tween 2 and 5 years if a partnership with an established company is established.
Notably, most of the knowledge and expertise needed can be provided by the com-
pany receiving the technology (e.g. Lumileds), thus shortening considerably the
time to market. A suggested approach is also to fund PhD projects at Eindhoven
University of Technology working on the previously listed technological nodes, so
to speed up the process and obtain in-depth knowledge on the material.
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9.5 Conclusions

Based on our current knowledge, we judge wurtzite AlGalnP nanowires as a
realistic candidate for NanoLEDs in the infrared to green region. They offer
a potential increase in efficiency and, most importantly, a strong reduction in
production costs, which would make them very competitive on the LED mar-
ket, especially in the field of projection and outdoor displays. We strongly sug-
gest to continue the scientific research on the subject, possibly in collaboration
with Eindhoven University where this NanoLED candidate was first developed.
Through a university-company partnership, the time to market can be consider-
ably shortened, due to the technological solutions and knowledge already present
in a well-established LED manufacturer.
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Summary

Semiconductor materials play a key role in technologies such as solid state light-
ing, photovoltaics and solar fuels production due to their unique properties, first
of all the presence of an energy gap in their electronic structure. Conventional
band gap engineering is performed by changing their chemical composition, but
such approach sometimes encounters severe limitations such as alloy miscibility,
strain at heterointerfaces and in general intrinsic limits which cannot be overcome
with known methods. Recently, a new degree of freedom in band gap engineering
has been unlocked. By changing the crystal symmetry of a semiconductor, one
can induce a change in its electronic properties. For example, gallium phosphide
(GaP) is a known indirect semiconductor in the zincblende (ZB, cubic) symme-
try, but its band gap becomes direct in the wurtzite (WZ, hexagonal) symmetry.
However, the resulting selection rules make WZ GaP a pseudo-direct semicon-
ductor, where the band gap is direct, and the main optical transition is forbidden.
In order to obtain light emission, alloying is necessary.

In this thesis, we explored new materials for efficient light emitting diodes (LEDs)
by developing novel hexagonal III-phosphide alloys. Such materials were grown in
the form of nanowires with metalorganic vapor phase epitaxy (MOVPE) growth,
both using gold catalyst assisted vapor-liquid-solid (VLS) and selective area epi-
taxy (SAE) techniques.

We realized WZ GaP /In,Ga_,P core-shell nanowires with tunable composition
in the range 0 < x < 0.75 and we investigated their optical properties with pho-
toluminescence (PL). Band gap tunability was achieved between 750nm (1.6eV)
and 590nm (2.1eV). By studying the time and temperature dependency of the
PL, a pseudo-direct to direct band gap crossover was identified, thus defining the
limits of application of WZ In,Ga;_,P as emitting material in LEDs.

We developed WZ Al,In;_, P nanowires with tunable composition, using selective
area epitaxy. These nanowires were found to provide tunable emission between
875nm (1.42eV) and 550nm (2.25e¢V) in the green region and constitute a possible
candidate for future practical application in LEDs.

We studied the structure of WZ GaP /In,Ga;_,P core-shell nanowires, which
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were found to be inhomogeneous and affected by strain due to lattice mismatch.
We performed an in-depth analysis of both crystal structure and composition of
the nanowires, using transmission electron microscopy (TEM) and finite element
method simulations (FEM). This work provided with improved understanding
of lattice-mismatched heterostructured core-shell nanowires by providing direct
insight in their growth mechanism and structural properties.

Alloying is not the only method to achieve band gap engineering: crystal symme-
try control in nanowires allows the realization of atomically sharp homostructures
which can in the future be used for the emission of single entangled photons. We
developed WZ/ZB crystal phase homointerface, approaching the monolayer con-
trol and improving the understanding in crystal phase switching in VLS-grown
nanowires by controlling the growth of both phases.

We developed thin WZ GaP nanowires, down to 25nm in diameter and show their
quasi-ballistic phonon transport at room temperature. We also develop telescopic
nanowires, with controllable variable diameter for future use as thermal rectifier.
In the final chapter we discuss the practical application of WZ Al,In;_,P for
solid state lighting and illustrate a possible business plan for the employment of
nanowires in current light emitting diodes technology.
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