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Abstract

In this thesis, the growth dynamics and mechanisms of I11-V semiconductor
nanowires (NWs) and their heterostructures are studied. [11-VV NWs are realized by
self-catalyzed and catalyst-free growth methods on Si (111) substrates by means of
chemical beam epitaxy. The Au-free growth approach is particularly important for the
integration of I11-VV semiconductors on silicon toward a CMOS-compatible
electronics. The morphological and structural properties of the grown NWs are
investigated by scanning (SEM) and transmission electron microscopy (TEM). These
NWs exhibit very high aspect ratio and good material quality, which makes them
useful to be employed for fundamental studies as well as for application in electronics

and optoelectronics.

The first part of the thesis is focused on the growth of InAs/InP/GaAsSb core-
dual-shell (CDS) NWs. Detailed morphological, structural, and compositional
analyses of the NWs as a function of growth parameters are carried out by SEM, TEM,
and by energy-dispersive X-ray spectroscopy. Furthermore, by combining the
scanning transmission electron microscopy-Moiré technique with geometric phase
analysis, we studied the residual strain and the relaxation mechanisms in this system.
We found that InP shell facets are well-developed along the crystallographic <110>
and <112> directions only when the nominal thickness is above 1 nm, suggesting an
island-growth mode. Moreover, the crystallographic analysis indicates that both InP
and GaAsSb shells grow almost coherently to the InAs core along the (112) direction
and elastically compressed along the (110) direction. For an InP shell thickness above
8 nm, some dislocations and roughening occur at the interface. This study provides
useful general guidelines for the fabrication of high-quality devices based on these
CDS NWs. Indeed, we investigated the tunnel coupling between the outer p-type
GaAsSbh shell and the n-type InAs core in InAs/InP/GaAsSb CDS NWs. Low-
temperature (4.2 K) transport measurements in the shell-shell configuration in CDS
NWs with 5 nm-thick InP barrier reveal a weak negative differential resistance.
Differently, when the InP barrier thickness is increased to 10 nm, this negative
differential resistance is fully quenched. The electrical resistance between the InAs

core and the GaAsSb shell, measured in core-shell configuration, is significantly
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higher with respect to the resistance of the InAs core and of the GaAsSb shell. The
field effect, applied via a back-gate, has an opposite impact on the electrical transport
in the core and in the shell portions. Our results show that electron and hole free
carriers populate the InAs and GaAsSb regions respectively and indicate
InAs/INP/GaAsSb CDS NWs as an ideal system for the investigation of the physics of
interacting electrons and holes at the nanoscale.

The second part of this thesis is dedicated to the growth of self-catalyzed
InAs/InSh axial heterostructures. The growth mechanisms of these heterostructures are
thoroughly investigated as a function of the In and Sb line pressures, and growth time.
Some interesting phenomena are observed and analysed. In particular, the presence of
an In droplet on top of the InSbh segment is shown to be essential to form axial
heterostructures in the self-catalyzed vapor-liquid-solid mode. Axial versus radial
growth rates of InSb segments are investigated under different growth conditions and
described within a dedicated model containing no free parameters. It is shown that a
widening of the InSb segment with respect to the InAs stem is caused by the vapor-
solid growth on the nanowire sidewalls rather than by the droplet swelling. The In

droplet can even shrink smaller than the nanowire facet under Sh-rich conditions.

The third part of the thesis is focused on the realization of self-catalyzed InSh
quantum dot (QD) embedded into InAs NW. A systematic study on the influence of
the growth parameters on the morphology of such NWs is performed. Radial and axial
growth rates are studied as a function of growth parameters in order to realize InSb
QD NW with controlled morphology. In particular, we have explored different growth
conditions to minimize the InAs shell around the InSb QD. We found that the shell
thickness around the InSh QD decreases with increasing growth temperature while it
increases with an increase of the As line pressure. Furthermore, from the high
resolution-TEM analysis, we observed that InAs-stem and InAs-top segment have a
wurtzite (WZ) crystal structure with several defects such as stacking faults and twins
perpendicular to the growth direction. It is commonly observed that the InAs NWs
grown by catalyst-free and self-catalyzed growth methods show highly defective (or
mixed WZ/ZB) crystal structure. By contrast, here the InSb QD shows a defect-free
zincblende (ZB) crystal structure without any stacking faults, consistently with the
energetically preferred cubic structure of the InSb crystals generally attributed to the

low ionicity of group Il to Sb bonds. This study gives useful information for the
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realization of InSb QDs with controlled morphology and optimized quality embedded
in InAs NWs in the self-catalyzed regime.
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Chapter 1: Introduction

1.1 Background

Material science is one of the key fields in the development of humankind.
Design, engineering and discovery of new types of materials, ceramics, metals,
semiconductors, and biomaterials are very crucial to establish new applications and
devices, which will facilitate people in order to carry their daily life activities in a more
appropriate and easiest way. The present study is dedicated to the realization of novel
nanosystems based on semiconductor (SC) materials in which carriers are confined in
one or more directions. SC nanostructures have already played their role in a vast range
of different applications. In fact, they are important building blocks of modern
electronics and optoelectronics [1] which enable the technology that helps us to
communicate, entertain, travel, control the energy and many more. Furthermore,
according to the Moore’s law, the miniaturization of integrated circuits by scaling
down the device dimensions has been the principal driver for the SC technology
roadmap in the last decades [2,3]. Indeed, the advantage of SC materials with low
dimension is not only to reduce the size of devices but it also helps for high speed and
low power consumption electronics. However, the big problem with the current CMOS
technology is high power consumption due to increment of leakage currents and
saturation of supply voltage [4,5]. In order to overcome this problem, new materials
and new device architectures are required. Therefore, novel one-dimensional SC
nanowires (NWs) based devices are proposed as one of the potential candidates due to

high capability to inject more carriers in a faster manner [6].

1.2 111-V semiconductor NWs

Semiconductor NWs are defined as quasi-one dimensional crystalline structures
with diameters typically less than 100 nm and length of several um [7]. They have
unique geometry and free-standing nature which confer significant advantages over
conventional SC planar geometry such as high surface to volume ratio, efficient strain
relaxation [8], wave-guiding nature [9,10], and improved light trapping properties
[11,12]. These extraordinary properties make them suitable for a wide range of

applications in electronic, optoelectronics, biological and chemical sensors [13-30].

Chapter 1: Introduction 1



Self-catalyzed and catalyst-free 111-V semiconductor NWs grown by CBE

In this thesis, different types of SC NWs are investigated such as InAs, InP, and
Sb-based NWs. InAs NWs, due to their low energy band gap and high electron
mobility have been employed to realize devices, including high-speed electronic
devices [31], tunnel field effect transistors (FETS) [32], single-electron transistors [19],
resonance tunneling diodes [26], gas sensors [33], and field emission sources [34]. Sb-
based SC NWs like InSh, GaSh and their ternary alloys have attained great interest for
a lot of potential applications such as low power high-speed electronics [35],
thermoelectric generation [35,36], quantum transport [37], Majorana fermions [38],
and mid to long infrared optoelectronics [39]. This is due to their properties such as
very narrow band gap, broken type-Il1 band gap, high hole mobilities, low effective
masses, strong spin-orbit interactions, and large g-factor [35,40-42].

1.3 Growth methods of NWs

The realization of SC NWs is achieved by several growth methods. They are
mainly categorized into two different approaches: top-down and bottom-up. In the top-
down approach, the realization of NWs starts with high quality bulk material from
which ordered arrays of nanostructures are obtained by a combination of different
lithographic and selective etching techniques. This approach has several limitations,
such as that only SC materials and SC material combinations already existing in the
bulk form can be used. Furthermore, excess of material is used and a carefully control
of the etching process is required because it can degrade the quality of the material.
Moreover, as the length of devices reduces, the top-down method is becoming

problematic to control all the process to get high quality material at nanoscale [43-45].

Instead, the bottom-up approach helps to overcome many of these issues. The
bottom-up method involves the direct synthesis of NWs and the result depends upon
starting material that grows on the substrates by providing proper growth conditions
such as temperature, beam flux and ratio [43-45]. By growing the NWs with this
method, it is possible to carefully control different combinations of materials. The
bottom-up method provides opportunities for the fabrication of atomically sharp and
complex NWs. Several epitaxial techniques have been used for the NW growth such
as molecular beam epitaxy (MBE), chemical beam epitaxy (CBE), metal-organic or
solid source chemical vapor deposition (CVD), and pulsed laser ablation [40]. Within
the bottom-up approach, there are several methods to grow NWs such as metal-seeded,

self-catalyzed, and catalyst-free [43-45].
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1.3.1 Metal-seeded growth protocol

The most common metal seeded growth method is also known as a vapor-liquid-
solid (VLS) mechanism. It is the most widely used method. It was first introduced by
Wagner and Ellis in 1964 [46] to explain the growth mechanism of silicon (Si) wires
catalyzed by Au particles. In general, the NW growth formation depends on an
anisotropy of the growth rate. The NWs nucleate in a single point where the Au seed
is located and elongate in one direction in which the highest growth rate exists. The
slower growth rate in the other directions constrains the NWs to develop a one-
dimensional (1D) shape. The VLS growth mechanism consists of three phases as
shown in Fig. 1.1: (i) the formation/deposition of solid catalyst nanoparticles onto a
crystalline substrate, (ii) alloying and melting of the precursors with the catalyst
nanoparticle, and (iii) nucleation and growth of the NW. The Si precursor is provided
in the vapor phase at a given growth temperature, the Au seed forms a liquid eutectic
alloy with the Si. The Au-Sialloy particle reaches supersaturation with a further supply
of Si, and the Si crystal precipitates at the particle-semiconductor interface to develop
a solid crystalline Si wire [43,45].
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Au particle {vapour)

v |

(i) Solid (i) Alloying and (iii} Mucleation and
catalyst melting growth

I_H A v . =

1400 4 1414 °C

L
1200 4
1064.4 °C
k (ii) (iii)

200 4

Si erystal
(solid)

8
(=]

Temperature (*C)
& B

[=] o

&

a8

3
]

o LA L L L L L L
0 10 20 30 40 50 60 70 80 9 100

Au Atomic Percent Silicon Si

Figure 1.1. Schematic diagram of the VLS growth process of Si wires using an Au catalyst
particle. The Au-Si binary phase diagram illustrated in the lower portion describes that
different phases of the Au-Si particle can be achieved under different growth temperatures
and composition ranges. Labels (i), (ii), and (iii) explain the different levels of nanowire
growth for a growth temperature of 800 °C, and the corresponding state of the Au-Si particle,
Figure is an adopted from Ref. [45].
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Wagner and Ellis deduced possible explanations to describe the Si NW growth.
The metal particle acts as a catalyst, which decreases the activation energy barriers and
increases the decomposition rate of the gas-phase precursors. The liquid droplet also
helps to reduce the melting temperature of Au and Si to form Au-Si metal alloy
droplets, which behave as preferential sites for the absorption of Si to introduce
supersaturation of the alloy droplet from the vapor source, which leads towards a
nucleation of a solid Si phase. A continuous supply of Si precursor leads to the
formation of NW with an Au-Si droplet on the top of the wire [43,45,46].

Hiruma et al. in 1990 [47] applied the same procedure previously employed for
Si NWs to grow 111-VV SC NWs. They also used Au nanoparticles to growth these 111—
V NWs via a VLS-like mechanism.

In general, for the growth of 111-V NWs, several different metal particles have
been explored so far such as Au, Ag, Cu, Ni, and Sn [43]. However, Au is used widely
because it offers many promising properties such as, formation of low melting alloys
with group-111 materials, high diffusion coefficient, and resistance to oxidation [48].
There are several ways to form Au nanoparticles on the substrate: deposition of an Au
thin film, drop-casting of Au colloidal solutions, and electron beam lithographic
patterning [49]. The first two methods are most commonly used due to simple
procedure protocol and cost-effectiveness. The main target of these methods is to
control the density and size of Au nanoparticles. The use of nanoparticles formed by
Au thin film annealing is widely used. With this method, a thin film of Au is deposited
on the substrate and annealing is carried out at a high temperature, which gives Au
nanoparticles as a consequence of dewetting process. The size of the nanoparticles is
controlled by the initial film thickness, the dewetting temperature and the time of
annealing. However, the main limitation with this method is that it gives a large Au
nanoparticle diameter distribution, which results in a large NW diameter distribution.
In case of Au colloidals, the nanoparticles are deposited directly on the substrate. This
method provides controllability over diameter of NWs because it gives a very narrow
dispersion in NW diameter. The selection of these methods fully depends on the
desired characteristic of NWs [49].

1.3.2 Self-catalyzed and catalyst-free growth methods

Despites the impressive progress and results reported so far with Au-seeded NW

growth, this method presents some limitations. In fact, Au is not compatible with
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current Si-based semiconductor technology, as it creates deep levels in the Si band gap
which can act as carrier traps that might degrade the properties of the devices
[43,48,50,51]. Moreover, it is quite challenging to grow axial heterostructured NWs
with sharp interfaces when there is an interchange in the group Il elements, because
of the reservoir effect or memory effect associated with the incorporation of group 11l
material into the nanoparticle even after the group Il flux is turned off. In addition,
the Au-assisted method does also not provide an ideal platform for core-shell (CS) NW
growth due to undesired axial growth of NWs as well as kinking [52-54]. To overcome
all these issues, alternative growth methods were introduced such as catalyst-free and
self-catalyzed.

The self-catalyzed growth is similar to the VLS growth but the droplet is
composed of an element of the NW instead of a foreign metal [48]. Mostly group I11
elements served as a catalyst due to their low melting point and the ability to form
liquid droplets. For example, in the self-catalyzed growth of GaAs NWs Ga droplets
act as catalyst [48] while in the case of self-catalyzed InAs NWs the In species are
employed as a catalyst [50]. With this method, the catalyst droplet is obtained on the
substrate by in-situ pre-deposition of group 11l elements or by carrying the growth
under group 111 rich condition [48,50,51,55]. The NW growth then starts when also the
group V precursor is introduced. The liquid droplet on the tip of NWs allows
growing NWs in VLS growth mode in a near-equilibrium condition [55-59]. Examples

of self-catalyzed GaAs and InAs NWs grow on Si substrates are shown in Fig. 1.2.

Figure 1.2. (a) Self-catalyzed GaAs NW grown directly on Si (111) by MBE. The figure is
adopted from Ref. [60] (b) Self-catalyzed InAs NW grown directly on Si (111) by CBE. The
figure is adopted from Ref. [55].

However, the self-catalyzed growth requires a careful optimization of growth

conditions such as growth temperature and group V/III ratio. Many groups have
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investigated the effect of growth temperature on the growth of In-catalyzed InAs NWs.
Radial and axial growth rates of NWs showed monotonic behaviour as described by
Anyebe et al. [61]. The axial growth of In-catalyzed InAs NWs is limited by group V
flow at optimal growth temperature [55,61,62], while radial growth of self-catalyzed
InAs NWs is limited by group 11 flow and it increases linearly with group 111 flux at
optimal growth temperature [55,61,62].

In addition to the possibility to grow high-quality structures free from foreign
elements, another advantage of the self-catalyzed growth is the possibility to alter the
size or volume of the catalyst particle dynamically during the growth. The variation in
size of the catalyst is directly linked to the contact angle of particle and diameter of
NWs. The simple modification of the catalyst size also gives a way to control axial
and radial growth. The axial growth of NWs can be stopped by the complete
consumption of nanodroplets and the radial growth starts. Furthermore, axial growth
can be reassumed again by redepositing the droplet on the tip of NWs. As has been
demonstrated, such growth protocol gives a large degree of freedom to grow a different

kind of axial and radial heterostructures [51].

An alternative method is the catalyst-free growth that is also known as vapor-
solid (VS) or self-induced method and it does not involve any catalyst particle. VS
depends on the imbalance of crystal growth velocities as a function of crystallographic
orientations [51]. In the VS method, the growth starts by islands that are formed on the
substrate and evolve into NWs due to lattice-mismatch between substrate and grown
material such as for example InAs NWs on Si substrates [51]. However, the self-
assembled method requires pre-treatment of substrates to control the nucleation sites
and different approaches have been proposed. The growth of catalyst-free NWs is
obtained by employing thin oxides deposited on the substrate and without oxide.
KoblImuller et al. demonstrated the growth of InAs NWs on sputtered SiO; thin films
on Si substrates that were subsequently etched down to a thickness between 2.5 nm
and 6 nm [63]. Rieger et al. studied the growth of InAs NWs on Si substrates by the
VS process by using different thicknesses of the oxide layer deposited on Si substrates
by chemical oxidation method via hydrogen peroxide solution [64]. Gomes et al.
reported that the deposition of SiO2 by an RF magnetron sputtering introduced some
surface defects that acted as nucleation sites for the growth of catalyst-free NWs [65].

The pre-treatment process of the substrates plays an important role in controlling the
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density of NWs with respect to the parasitic islands [64,65]. An example of self-
assembled growth of InAs NWs by the catalyst-free method is shown in Fig. 1.3.

200 nm

| — —

Figure 1.3. (a) 45° tilted SEM image of catalyst-free InAs NWs grown on Si (111) (b) Top
view SEM image clearly reveals the presence of parasitic islands co-existing with InAs NWs.
Images are adopted from Ref. [66].

1.4 Nanowire heterostructures

Heterostructures (HSs) are combinations of different materials. They are serving
as the key component of most SC devices. Since materials have different lattice
parameters, strain fields could arise by combining lattice-mismatched materials in the
epitaxial thin-film growth. The NWs instead provide a new platform to form
heterostructures with high crystalline quality because strain energy is accommodated
due to high surface to volume ratio of NWs. The HS in NWs can be of two types: axial
and radial. In the case of axial HS NWs, the material is varied along the growth axis
during the growth of NWs. In the case of radial HS NWs, after growing the core of the
NWs, a coaxial radial shell (core-shell (CS)) of material is formed around the core

[67], so the composition changes perpendicularly to the growth axis.

(a) 1-d growth nucleation axial nanowire growth
4

\ » —_

B - — g —_—
() "4 N

T — L

axial heterojunction growth radial heterojunction growth

) (e)
S —_—
axial superlattice radial heterostructures

Figure 1.4. Schematic diagram of metal catalyzed NWs and HS NWs. (a) NW growth through
catalyst-assisted axial growth. (b,d) The switching of the source material results in axial HS
NW and superlattices. (c, €) Conformal deposition of different materials leads to the formation
of core shell and core-multishell radial HS NW. Adopted from Ref. [68].
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A schematic illustration of axial and radial HS NWs is shown in Fig. 1.4. In
literature, several examples of defect-free I111-V axial and radial HS NWs are reported,
such as InAs-InSh, GaAs-GaSb, InAs-GaSbh, GaAs-InAs, GaAs-InGaAs, InP-InGaP,
GaP-InGaP, and InAsP-InP [43].

1.4.1 Bandgap engineering

The main idea of the employment of HSs is that they provide precise control
over the location and motion of the charge carriers in SC. When different materials
combine to form an HS their bandgap alignments change. The type of band alignments
is divided according to the relative arrangement of band edge energies [69]. SC HSs
exhibit three types of band gap alignments, type-I (straddling gap), type-I1 (staggered
gap), and type-111 (broken gap). The alignment of the bands depends on the material
type. The three bandgap alignments are schematically illustrated in Fig. 1.5.

Conduction Band (CB) — —_— —

Valence Band (VB) —— e —

type-1I type-11 type-111
(Straddling gap) (Staggered gap) (Broken gap)

Figure 1.5. Three different types of band alignment in SC HS.

In type-I alignment, both electrons and holes are confined in the SC material
with the lower band gap. It is the most commonly observed band gap alignment in I11-
V SC. Typical examples of type | alignment are GaAs/AlGaAs and GaAs/InAs HSs
[70,71]. A type 1l alignment is also known as a spatially indirect band gap in which
electrons are confined in one material and holes in the other material. InAs/AlSb and
InP/Ino52Al0.48As HSs are well known examples of type Il alignment [69]. In case of
NWs, type Il alignment can also be realized in the same type of NWs having
alternating zincblende (ZB) and wurtzite (WZ) crystal structures such as InAs, InP,
and GaAs [72-76]. A type I11 alignment is also called a zero-gap system. For example,
InAs/GaSb and InAs/InSb HSs exhibit type 111 broken band alignments [35,42].

1.4.2 Strain properties of NWs
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The growth of radial HS NWs with lattice-mismatched materials develops strain
fields inside the structure similarly to the case of thin films. The strain value correlates
with the thickness of the growing material and after a certain thickness the strain
energy starts to be released through the development of defects inside the structure.
This thickness is known as critical thickness. In order to explain the strain relaxation
in radial HS NWs a continuum elastic theory has been used [77]. Several models have
been introduced to explain the strain properties in HS NWs. The strain energy tensor
is calculated by the displacement field which is related to the local variation of lattice
constants. In the case of radial HS NWs, the core material acts as substrate and the
shell as a grown material. A coherency limit exists between core and shell materials,
which is closely related to the lattice-mismatch between core and shell material, the
diameter of the core and the shell thickness [78].

Several experimental techniques have been used to measure the strain relaxation
of HS NWs such as HR-TEM analysis with geometric phase analysis (GPA), X-ray
diffraction (XRD) and XRD reciprocal space mapping [79,80-82]. Among them, HR-
TEM with the combination of GPA maps is the most suitable technique to study the

strain properties of a single HS NW thanks to the higher spatial resolution.

Figure 1.6 panels (a,b) shows a radial HS NWs of InAs/GaSh, in which a core
of InAs is surrounded by a shell of GaSb [79]. The NWs were grown by MBE on Si
(111) substrates. The authors reported a pseudomorphic growth of a 40 nm thick GaSb
shell around a 100 nm thick InAs core without the formation of misfit dislocations
while in the case of planar films strain relaxation starts to occur when GaSh layer
thickness exceeds 20 nm. Other examples of radial HS NWs are present in literature:
Treu et al. reported that the critical thickness of the InP shell for InAs/In(As)P CS NWs
is below 10 nm with an InAs core diameter of 75 nm while above it starts to relax
producing dislocations [80]. Yuan et al. reported strain analysis of GaAs;-xShy/InP CS
NWs by HRTEM and GPA maps [82]. They found that the interface between core and
shell is very sharp. The core of GaAsos6Sho.44 has a hexagonal shape with {110} side
facets while the InP shell has a triangular cross-section with {112}A polar side facets.
No dislocations were observed by HRTEM and GPA mapping, which indicates a
coherent growth of the InP shell. This is reasonable because with 44% Sb content there
is only 0.4% lattice-mismatch between the core and the shell. The authors have also
exploited the same type of CS NWs with less Sb content (GaAso71Sbo29) The
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theoretical critical thickness with 1.5% lattice-mismatch is about 30 nm while InP shell
thickness in this sample is 12 nm. Therefore, a coherent interface exists between core
and shell and the InP shell is under compressive strain but no dislocations are found.

Figure 1.6. Example of radial and axial HS NWs: (a,b) High-resolution transmission electron
microscopy (HR-TEM) images of InAs/GaSb CS NW, adopted from Ref. [79]. (c,d) TEM
study of the interfacial region between InAs and InSb segments of axial HS NWs, adopted
from Ref. [83].

Figure 1.6 (c,d) is an example of an axial HS NW, where the axial HS is formed
along the InAs/InSb NW [83]. Axial HS NWs are achieved by changing the group V
precursor from As to Sb during the CBE growth of the NWSs. A very sharp interface is
observed between InAs and InSb axial junction with few stacking faults in the InAs
segment, while the InSb segment is defect-free. The lattice-mismatch between InAs
and InSb is 7% [83], and the strain energy is elastically relaxed within a few
nanometers from the InAs/InSb interface without plastic relaxation due to the NW

geometry.

Therefore, the investigation of strain relaxation mechanisms and critical shell
thickness in HS NWs is an important and fundamental step towards the fabrication of
high-performance devices with high-quality HS NWs. As a result, a detailed study of
strain relaxation mechanisms in case of InAs/InP/GaAsSb core-dual-shell (CDS) NWs

will be described in chapter 3.
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1.5 Crystal structure of I111-V semiconductor NWs

According to literature, mostly I11-V SCs in the bulk form are found in a stable
ZB crystal structure with the exception of Il1-nitride compounds, which show WZ
crystal structure. Instead, SC NWs can be realized in both ZB and WZ crystal
structures or in a mixture of ZB and WZ [84]. The ZB crystal structure is a face-
centered cubic crystal system and the unit cell consists of two face-centered cubic
crystals that they have an offset of two different atoms to each basis point. Since all
sides of a cubic unit cell are equal, the ZB crystal structure has only one lattice
constant. WZ is a hexagonal close-packed structure composed of two hexagonal unit
cells with an offset of two different atoms to each basis point. The WZ unit cell is
defined by a straight parallelepiped with an equilateral rhombus at the base. Therefore,
two lattice constants are required to define the WZ unit cell, one lattice constant defines
the base of the rhombus and the second one defines the height of the unit cell. Both
crystal structures form by tetrahedral bonds between the atoms as shown in Fig. 1.7.
The energetic difference between these two crystal phases appears from the third
nearest-neighbour atomic spacing, which is smallest for WZ as compared to ZB. The
corresponding stacking sequence of WZ and ZB along the <111> directions is
displayed in Fig. 1.7 [45,84].

<111> ) ) <0001>
4 Zoom in on zincblende bonding Zoom in on wurtzite bonding
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Figure 1.7. Stacking sequence in ZB (a) and WZ (b), respectively, crystal structures in the <-
110> viewing direction. Different atom colours display the two types of atoms (groups Il and
V), while upper and lowercase letters indicate layers of these two atom types. The insets show
zoomed-in views of the bonding configuration in the ZB and WZ crystal structures. Images
adopted from Ref. [84].
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Typically, NW growth occurs in the direction perpendicular to the close-packed
planes in the crystal structure which is the <111>B crystal direction for the ZB
structure and the <0001>B crystal direction for the WZ structure [84]. NWs are grown
in a layer-by-layer fashion in close-packed planes, and crystals are made of a bilayer,
and each bilayer consist of I11-V pairs of atoms. Both WZ and ZB crystal structures
are quite similar along the <111> crystallographic direction, and the only difference
between them is the stacking sequence of bilayers A, B, C of 111-V atom pairs as shown
in Fig. 1.7. For the ZB crystal phase, the repeated stacking sequence of three distinct
bilayers defines as ABCABC.... along the crystal <111> directions. While the WZ
phase consists of a stacking sequence of two distinct bilayers described as ABAB...
along the <0001> crystal direction. A small change in the stacking sequence of layers
leads to defects or changes in the crystal structure. This change in the crystal structure
has a significant impact on the properties of the NWs [45,84], such as different band
gaps for WZ and ZB phases.

Therefore, a good control over the crystal structure of NWs is essential for the
realisation of NW-based electronic and optoelectronic devices. The parameters that
can influence the crystal structure are growth temperature, flux, V/III ratio, and NW
diameter, growth direction, catalyst particle size, and contact angle. The predominant
crystal structure of InAs and InP NWs is WZ, while for InSb and GaSb NWs it is ZB
[84].

For example, the crystal structure of InAs NWs strongly depends on the NW
diameter, i.e. for small diameters they show a WZ crystal structure while for large NW
diameters they exhibit a ZB crystal structure. It has been observed that in the case of
InP NWs, V/III ratio and the growth temperature can control the crystal structure.
Lower V/I1I ratio and lower growth temperature give ZB crystal structure while higher
V/I11 ratio and higher growth temperature give WZ crystal structure. The predominant
existence of WZ phase in this material is linked with lower surface or edge energy
[84]. In contrast to InAs and InP NWs, the Sh-based NWs usually show pure ZB crystal
structure. The high quality of ZB crystal structure in Sh-based NWs is mainly
connected to the low ionicity of the group I11to Sb bonds. The Sh-based materials have
smallest ionic bonds and, therefore are more stable with ZB phase as compared to WZ
phase [85].

12 Chapter 1: Introduction



Self-catalyzed and catalyst-free 111-V semiconductor NWs grown by CBE

1.6 Motivation and challenges
1.6.1 InAs/InP/GaAsSb core-dual-shell NWs

Transistors are fundamental building blocks of electronic devices. Many efforts
have been done over the past years in downscaling and miniaturization of metal-oxide-
semiconductor (MOS) FETSs by using I11-V SC NWs. The NW geometry provides
promising surrounding gate architecture, which enables to enhance the ON-state
current under a lower applied voltage as well as reduced OFF-state leakage current as
compared to conventional Si-based metal-oxide-semiconductor FETs [86]. The use of
a CS NW geometry in a transistor architecture allows a promising path to manage the
drive current issue without compromising neither chip area nor device electrostatics
[28]. Currently, tunnel FET (TFET) have been considered as one of the top candidates
for future low power devices [27,28]. 111-V SC materials and in particular, InAs/GaSbh
CS NWs have been intensively studied for the last ten years and they are considered
as best candidates for TFETs due to excellent properties such as narrow and broken
band gap alignment, minimum tunnelling barrier, and high tunnelling probability
[27,43]. The InAs/GaSh based TFET improved the on-state current by reducing the
tunneling barrier thickness. Moreover, the best performance TFET device up to now
is made of InAs/InGaAsSbh/GaSh, which exhibits a higher on-state current [43].

Furthermore, InAs/GaSbh CS NWs provide tuneable broken bandgap alignment
as a function of source-drain voltage, back-gate voltage and by field effect modulation
which creates a new pathway to explore broken-gap systems and band-to-band
tunnelling in Esaki diodes [87,88] as well as to the study of spin-orbit interaction
[89,90]. In addition, InAs/GaSb CS NWSs could open an interesting way to
fundamental studies on Coulomb drag phenomena in low dimension [91] as well as to
novel schemes for the detection of indirect excitons [92]. For this purpose, we
introduced a thin InP barrier between InAs core and GaSb shell to electrically insulate
n-type and p-type conduction in the InAs core and the GaSb shell, respectively. We
selected InP as barrier because of its small lattice mismatch and large bandgap
compared to both InAs and GaSh. According to the strain study specified above, it is
quite interesting to see the effect of InP barrier thickness on the quality of the
heterointerfaces, bandgap alignment, and strain properties. Therefore, the complete

study of growth mechanisms, strain properties, quality of heterointerfaces, device
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fabrication, and electrical transport of these NWs has been conducted and is described
in detail in chapters 3 and 4.

1.6.2 NW-based quantum dots

Quantum dots (QDs) are zero-dimensional nanostructures with a typical lateral
size of the order of 10 nm, and therefore the charge carriers are confined in all three
directions. So far, several types of QD NWs were grown and investigated both
electrically and optically, such as AlGaAs/GaAs [93], GaAsP/GaAs [94], GaP/GaAsP
[95], INP/InASP [96], InAS/INP [97], ZnSe/CdSe [98], GaN/AIN [99].

InAs/InSb QDs are attractive systems with peculiar properties that can be
employed for various applications such as mid-IR range optoelectronic devices
[100,101], gas sensors [102], quantum computation spintronic, and high-speed
electronics [103]. Also, the InAsSb alloy provides a narrowest tuneable bandgap for
most of the infrared spectrum range which would broaden applications of Sb-based
semiconductors. Consequently, they can be used for high quality mid and long
wavelength infrared emission and detection devices, especially in environmental gas
detectors, and security [104-107].

From the last decade, a lot of effort is made on the growth of InSb and InAsSb
QD materials by self-assembled methods [100-102,108-114]. The growth of InSb and
InAsSb QDs is very challenging on commonly available semiconductor substrates due
to a large lattice mismatch as well as Sb segregation and surfactant effects [111,112].
To the best of our knowledge defect-free growth of InSb QDs on InAs and silicon
substrates have not been achieved yet [115]. Different approaches have been reported
for different types of substrates by introducing an intermediate layer of different
material between the substrate and InAs/InSb in order to reduce lattice mismatch
[102,111] leading to very difficult growth protocol [100,102,111]. Moreover, due to
the large lattice mismatch between InAs and InSb the critical thickness value is very

small [114]. All these challenges could be solved by using NW architecture.

Consequently, in this study we explored for the first-time successfully the
growth of InSb QD embedded in InAs nanowires in self-catalyzed regime. We adopted
the self-catalyzed growth method over the commonly used Au-assisted growth method
because this growth method provides more control over growth dynamics of InAs/InSb

QDs in terms of morphology. The growth mechanisms and dynamics of this system is
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acompletely new area of study and it has not been reported before. Hence, a systematic
study of growth parameters is performed in order to achieve optimized morphology of
InSb QD and to study growth mechanisms and dynamics involved. This investigation
could be useful in the development of Sb-based materials for the application of
optoelectronic devices operating in the middle infrared range. Therefore, a complete
study of growth mechanisms, morphological, and structural properties has been
conducted and it is described in chapter 6.

1.7  Scope and outline of this thesis

The main objective of this thesis is to develop new strategies with the required
appropriate choice of growth parameters to realize radial InAs/InP/GaAsSb and axial
InAs/InSb NWs in catalyst free and self-catalyzed growth regimes. The growth is
performed by chemical beam epitaxy on Si substrates and the growth mechanisms are
studied by tuning the growth parameters and conditions. Detailed morphological,
structural, and compositional analyses of the grown NWs, as well as evaluation of the

electrical properties have been performed.
The outline of this thesis is:

e The growth method and characterization techniques used in this thesis are

briefly explained in Chapter 2.

e In chapter 3, the growth mechanisms of InAs/InP/GaAsSb CDS NWs are

described and a complete strain relaxation mechanism is discussed.

e Chapter 4 is dedicated to the investigation of the transport properties of
InAs/INnP/GaAsSb CDS NWs with different InP barrier thicknesses.

e Inchapter 5, a detailed investigation of the impact of the growth parameters on
self-catalyzed InAs/InSb axial NWs is presented and explained with a

dedicated theoretical model.

e Inchapter 6, the growth of self-catalyzed InSb/InAs QD NWs is presented with

a complete morphological and structural characterization.

e In chapter 7, a summary of the achieved results together with their future

perspectives is described.
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Chapter 2: Experimental methods

2.1 Introduction

In this chapter, a description of the experimental techniques and methods
employed for substrate preparation, NW growth and their characterization is presented.
Chemical beam epitaxy (CBE) has been used for the growth of semiconductor NWs
and scanning electron microscopy (SEM) for the morphological studies of grown
NWs. The chemical composition of NWs was studied by energy-dispersive X-ray
spectroscopy (EDX) and structural analyses were probed by high resolution
transmission electron microscopy (HR-TEM). In this chapter, | will describe briefly
all these techniques.

2.2 Substrate preparation

In this work, all NWs have been grown on Si (111) substrates. In order to carry
the catalyst-free or self-catalyzed growth of nanowires, Si (111) substrates have been
covered with 20 nm thick silicon dioxide (SiOz) film. To do this end, in the first step,
the two-inch Si (111) wafer was etched with buffered oxide etching (BOE) solution
for 2 min to remove the native oxide and rinsed in deionized water for 1 min.
Afterward, the Si wafer was immediately transferred to radio frequency (RF)
magnetron sputtering unit and pumped for 1 hour to obtain a chamber pressure of 9 x
10 Torr. Argon gas was used to obtain ionized energetic particles with Ar flow = 50
sccm. The sputtering process is controlled by sputtering DC bias and time. In all the
substrates, the SiO> layer was deposited with optimized DC biased of 400 V for 80 sec
to achieve 20 nm thick SiO> film. Prior to start the growth, the sputtered SiO> layer
was removed with BOE and the etched substrate was immediately transferred to CBE
system. This procedure (SiO2 sputtering and etching) is fundamental for the catalyst-
free NW growth. Indeed, during the sputtering process, the high energetic ions create
some kind of surface defects, which act as nucleation sites for the NWs growth [65].
At the same time, the SiO2 removal ensures the epitaxial growth of uniformly oriented
InAs NWs [66].
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2.3 Chemical beam epitaxy

Chemical beam epitaxy is one of the most important techniques for the epitaxial
growth of I11-V semiconductor materials. It is an ultrahigh vacuum (UHV) deposition
technique. The other most commonly used techniques for the epitaxial growth are
metalorganic chemical vapor deposition (MOCVD) and molecular beam epitaxy
(MBE). Both techniques have some advantages and disadvantages. For example, in
MBE the growth is performed in ultrahigh vacuum environment that allows to grow
high purity materials with very low impurity incorporation and extremely low growth
rates. This ensures a precise control over doping and compositional profiles of the
growing material, at single atomic layer level. However, in MBE elemental solid
sources are used located inside the chamber, so the vacuum of the system has to be
broken for the source refilling and it takes several days to reach again ultrahigh vacuum
level. Moreover, it is hard to grow alloy semiconductors with more than two group V
elements or with abrupt change of the beam fluxes. On the other hand, in MOCVD the
growth is conducted at moderate or reduced pressure and metalorganic (MO) gaseous
precursors are used. These sources can be continuously supplied with controlled and
tuneable fluxes into the reactor, allowing a very high flexibility in material
combination. However, in MOCVD the growth involves chemical reactions, and not
only physical absorption of the precursors. Furthermore, the growth rate is generally
higher, so it is more difficult to grow high quality ultrathin films with monolayer
control and pure composition [116]. The advantages of both MOCVD and MBE
techniques are merged in CBE systems. All the sources of group 111 and V elements
are in a gaseous form derived from the MO precursors, but the growth is carried in a
UHV environment similar to MBE system. The beam nature of the sources in CBE
allows a very high flexibility in combining different material and precursor fluxes. Due
to UHV growth chamber, the mean-free paths between molecular collisions become
longer compare to source inlet and substrate distance and gas transport turn into
collision-free. At the same time, the UHV environment and the low growth rates allow
to grow semiconductor materials and heterostructures with monolayer thickness
control same as in MBE [117,118]. In a typical CBE growth procedure, first, the
substrate is heated some hundreds of degrees, depending upon the type of growth, and
the precursors of group |11 and V elements are supplied through the gas-lines into the
UHV growth chamber. The precursors of group V such as tertiarybutylarsine (TBAS)
and tertiarybutylphosphine (TBP) are pre-cracked in injectors at 1000 °C, while for
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the group Il elements, like trimethylindium and triethylgallium, the substrate
temperature is sufficient to pyrolysis them. The molecules strike on the hot surface of
the substrate through chemical beam and group 11l and V atoms incorporate to form
very slowly and systematically ultra-thin layers. The CBE system used to grow the
NWs presented in this thesis is a Riber Compact-21 as shown in Fig 2.1.

The CBE system consists of three chambers connected with each other through
gate vales and have its own pumping system. The first one is a load-lock chamber,
which allows us to load and unload the samples. The load-lock chamber is pumped by
a turbo-molecular pump and typical pressure is 10 Torr achieve in 1-2 hours. The In
bounded substrates mounted on molybdenum plates carry through cassette from load-
lock chamber to next chamber by opening the gate valve. The second chamber is the
preparation chamber. This chamber is pumped with an ion pump and its typical
pressure is 107° Torr. It also contains a heating stage to degas or remove
contaminations form the substrates before entering the growth chamber.

Turbo{
pump |

Ion
pump

Figure 2.1. An image of Riber Compact-21 CBE system located at NEST laboratory Pisa.
Three chambers with corresponding parts are highlighted.
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The third is a growth chamber, which is pumped with turbo molecular and ion
pump to achieve base pressure around 10° Torr. The chamber is a UHV stainless-
steel chamber surrounded by a cryopanel filled with liquid nitrogen in order to keep
pressure low inside the growth chamber by surface trapping of contaminations and
residual gases on the wall. It is also equipped with a quadrupole mass spectrometer or
residual gas analyser that allows to monitor the background composition and to
evaluate the level of water, oxygen, nitrogen, and other contaminants by determining
the atomic weights of the chemical elements. The CBE system is equipped also with
electron gun and fluorescent screen for in situ reflection high-energy electron
diffraction (RHEED) to study surface reconstruction during the growth. The sample is
moved from preparation chamber to the growth chamber with a magnetic rod (fork).
The substrate temperature is controlled by a thermocouple which is located above the
substrates holder and accurate temperature measurements are performed by an optical
pyrometer. During the growth process the pressure of the chamber reaches 10° to 10-

5 Torr.

Our CBE system contains the following MO precursors for group IlI:
trimethylindium (TMIn), triethylgallium (TEGa) and trimethylaluminum (TMAI) and
for group V: tertiarybutylarsine (TBAs), tertiarybutylphosphine (TBP),
trimethylantimony  (TMSb), tris(dimethylamino)antimony (TDMASb). The
ditertiarybutyl selenide (DtBSe) precursor is used as a source for n-type doping. The
MO sources are stored in stainless-steel bottles in the gas cabinet room. These
precursors are carried from bottles to the gas injectors through dedicated gas lines
pumped by turbo pump through a vent and run valves configurations. The CBE system
is equipped with different types of injectors: two low temperature and two high
temperature gas injectors. TMIn, TEGa, TMAI, TDMASb and DtBSe precursors are
provided with low temperature gas injectors operating at 50 °C. In fact, for these MO
precursors, the elements are derived by pyrolysis directly on the substrate surface. On
the other hand, TBP, TBAs and TMSb precursors need to be pre-cracked in the high
temperature gas injectors operated at 1000 °C. In front of each gas injector, a shutter
allows rapid interruption and resumption of beam fluxes. The precursors flow is
controlled by the vent and run valves. The fluxes are prepared in vent mode before
entering into the growth chamber and then switched to the run mode configuration.

Before the gases are switched to either the vent or run mode, they pass a needle valve

Chapter 2: Experimental methods 19



Self-catalyzed and catalyst-free 111-V semiconductor NWs grown by CBE

and a baratron manometer. The input line pressure value is used as a set point for the
pressure control unit, which adjusts the needle valve to reach the set value and keep it
constant. The precursor fluxes are directly proportional to the line pressures.
Therefore, by using run mode, the beam fluxes enter the growth chamber and the
growth process starts by simultaneously opening group 11 and V precursors. The beam
of group I11 and VV molecules strikes directly on the heated substrate and adatoms start
to incorporate into appropriate lattice sites. Several processes occurred on substrate
surface such as diffusion, adsorption, desorption and incorporation of adatoms. At the
end, when the growth process finishes remaining gases inside the growth chamber and
lines are pumped and collected in dry scrubber to remove hazardous gases.

2.4 Scanning electron microscopy

The scanning electron microscopy (SEM) is one of the most widespread
techniques for the morphological study and analyses of micro to nano structures in the
field of material science. SEM produces three dimensional image of a sample by
scanning it with a focused beam of electrons. The electron beam is produced in an
electron gun by thermionic or field emission. For the acceleration of electrons, a high
potential difference is applied between the cathode and anode. The electron beam is
focused on the specimen surface with the help of three electromagnetic lenses. When
primary beam touches the sample surface, it generates different kinds of signals such
as secondary and back scattered electrons, Auger electrons and X-rays photons and
cathodoluminescence as shown by the Fig. 2.2 [119]. Then these signals are collected
by suitable detectors and converted into an electric signal. One of these signals is made
of secondary electrons, which are a result of inelastic interactions between the electron
beam and the sample and they are low energy electrons. They escaped from few nano-
meters of surface of the sample. The signal generated from secondary electrons is used

to form images of sample surface.

This characterization technique is very useful to study the morphology of grown
NWs. Samples are generally mounted on sample holder with a conductive adhesive
such as carbon tape and must be grounded to avoid the accumulation of electrical
charge. Insulator samples are made conductive by a deposition of a thin conducting
layer. In our case, there is no need of sample preparation for SEM imaging because as
grown array of NWs can be directly imaged due to their semiconducting nature as well

as grown semiconductor substrates. Top-view imaging was performed in order to
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collect information about areal density, homogeneity, and kinking of NWs. 45°-tilted
SEM images were used to measure diameter and length of NWs, and morphology of
2D and island growth.

Incident
e-beam

Back-scattered

electrons Cathodoluminescence

X-rays

Scattered Ao
Transmitted -

electrons ., mitted
electrons

Figure 2.2. Different kind of signals produced by interaction of electron beam with the sample,
which provide information, related to the morphology, chemical composition, and optical
properties of the sample.

In the present work, Zeiss MERLIN and Zeiss Ultra Plus field emission SEM
were used operated at 5 keV. The SEM Zeiss MERLIN is equipped with a GEMINI 11
column, a process chamber with a 5-axes motorized stage (X, Y, Z, tilt, and rotation)
and a semi-automatic airlock. The stage and specimen surface are located at the
eucentric point, which means that all rotation axes intersect the same point. This
assured that the focus is maintained when the specimen is tilted at a certain working
distance. We can get very high resolution of 0.8 nm. A Zeiss MERLIN SEM installed
in the NEST laboratory is shown in Fig. 2.3.
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Figure 2.3. An image of Zeiss MERLIN SEM located at NEST laboratory in Pisa.
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2.5 Transmission electron microscopy

Transmission electron microscopy (TEM) is a very powerful tool for structural,
morphological, and chemical composition analysis of nanomaterials. It is a
microscopy technique in which a high energetic beam of electrons shines into a very
thin specimen and it is transmitted through the specimen. An image is generated from
the interaction of transmitted electrons. The image formation depends upon several
image modes such as bright-field (BF), dark-field (DF) and high resolution (HR) TEM
modes. Since electrons used in TEM measurements have high energy this allows the
TEM to capture very fine information even as small as a single column of atoms.
Different kind of information is collected by using various detectors such as
backscattered and secondary electron detectors, electron energy loss and X-ray
detectors, bright field and dark field transmitted electron detectors. Consequently, it
gives detail on the crystal structure, quality and size of different kinds of materials,
structural defects, grain boundaries, dislocations, strain and chemical compositions of
different materials [119].

Over the past few years, another extraordinary feature of HR-TEM is scanning
TEM (STEM) mode that has become a valuable tool for the characterization of
nanostructures. The STEM operates on the similarly way of normal SEM: the electron
beam is focused in a spot over the specimen and the desired signal is collected to
generate an image. A BF detector is placed below the sample to collect transmitted
beam while an annular DF (ADF) detector collects scattered electrons through small
angles and a high angle ADF (HAADF) detector gathers electrons scattered at higher
angles. Each detector gives a unique and compactable view of specimens. HAADF
images are produced to as Z-contrast images because the contrast relates to the atomic

number Z of the chemical element [120].

The STEM mode is also useful to obtain a spatially distributed chemical
composition of the specimen with EDX. The focused electron beam is incident on the
sample and the X-ray spectrum is measured by an energy dispersive spectrometer. This
spectrum is a fingerprint of each chemical element and its analysis gives the chemical

composition of the sample.

In the present work, the crystal structure, the elemental composition, and the
chemical phase distribution of NWs were measured with a JEOL JEM-2200FS

microscope operated at 200 keV, equipped with an in-column Q filter and a detector

22 Chapter 2: Experimental methods



Self-catalyzed and catalyst-free 111-V semiconductor NWs grown by CBE

for X-ray energy-dispersive spectroscopy. Imaging was performed either in HR-TEM
mode combined with zero-loss energy filtering or scanning (STEM) mode using a
high-angle annular dark-field (HAADF) detector yielding atomic-number (Z) contrast.
For TEM observation, the NWs were mechanically transferred onto carbon-coated

copper grids.

2.5.1 Focused ion beam

Focused ion beam (FIB) has become the most popular and demanding technique
in the semiconductor industry. It was developed at the University of Chicago and at
the Oregon Graduate Institute in the 1970s. It is used for the surface modification of
materials, bottom-up and top-down approach for the material fabrication, for the
etching of materials and for the preparation of structural cross-sections [120,121]. This
technique is also used for the sample preparation for the TEM analysis because for
TEM measurements the sample should be very thin (50-100 nm). A FIB system
consists of three main parts: a source of ions, an optical column of ions, and a sample
displacement table. The basic working principle of FIB is similar to SEM but instead
of an electron beam, an ion beam is used. A focused ion beam is fixed and the stage is
moved in various positions in a high vacuum environment. The ion column is joined
with the high vacuum chamber. A Ga liquid metal ion source (LMIS) is typically used
in FIB because of the low melting point and a low vapor pressure [120,122]. The ion
column is equipped with all the required elements for the acceleration, focusing and
deflection of ion beam. The ions are accelerated and focused through electrostatic
lenses to obtain focused beam. As displayed in Fig. 2.4, the Ga ion beam (primary
beam) strikes on the surface of the sample and a small amount of sputtered particles of
material as well as neutral ions or secondary ions and also secondary electrons leave
the sample surface. The sputtered particles enable local removal of material from the
sample surface. These particles are further processed or collected through different
kind of detectors to give various information about the sample and they are used for
FIB imaging, etching, deposition, sample preparations for SEM and TEM and
tomography.
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Figure 2.4. Schematic illustration of basic principle of FIB technigue.

FIB is the most commonly used technique for the preparation of TEM samples.
The lamellae of semiconductor material can be formed 10-15 pm wide, 8-10 pm deep,
and 50-100 nm thick within the area of interest for example to examine specific defects
at the interface between different materials [122]. Prior to the FIB process, the surface
of sample is polished with conducting material such as carbon or gold material. The
next important step is the deposition of protection layer of platinum or tungsten on
area of interest. The ion beam of a FIB is scanned over the sample surface and an area
of interest is located with the help of secondary ions or electrons: the progress of
sputtering process is observed by acquiring secondary electron images of the sample
by tilting it and the thickness of sample is measured. The process is carried out to get

the final required sample thickness.

Figure 2.5. A STEM image of lamella of InAs/InP/GaAsSb CDS NW prepared using FIB
technique.
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In this work, cross-sectional lamellae of InAs/InP/GaAsSb CDS NWs were
prepared by FIB (FEI-Helios 650) at the university of Beijing with a Pt deposited
protection layer by transferring as-grown NWSs onto a suitable substrate. These
lamellae are useful to study structural properties at InAs/InP and InP/GaAsSh
interfaces such as defects, dislocations, interface roughness and strain. An example of
typical prepared lamella of InAs/InP/GaAsSbh CDS NW is shown in Fig. 2.5.

2.5.2 Geometric phase analysis

Geometric phase analysis (GPA) is a method used in HR-TEM to quantify the
local lattice displacements and strain field of crystalline materials with the nanoscale
resolution. This method was first reported by Hytch et al. in 1998 [123]. The basic
algorithm of this method is related to the Fourier transform of HR-TEM images. The
Bragg reflections (BR) are obtained from Fourier transmission. These BR spots
represent the two-dimensional (2D) unit cell of the corresponding crystal structure of
HR-TEM image. A sharp BR spot gives perfect crystal while diffused BR spot
represents variation in lattice planes of the crystal. An image is formed by choosing
these two BR reflection spots, which help to determine the local variation of the
corresponding crystal structure. The local variation is obtained by an image in a 2D

color map format. An image of perfect crystal is defined by Fourier sum as:
I(r) =X, H, exp exp {2mig.r} (2.1)

Where 1(r) is defined as the intensity at position r and g is reciprocal lattice

vector of corresponding to the BRs of the lattice. The Fourier component H, is written
as Hy = Agexp{iF,}, here A, represent the amplitude of lattice fringes and F; is the
phase. After insertion of H, relation the equation 2.1 can be written in term of

amplitude and phase of corresponding lattice fringes or reciprocal lattice vector g,
I(r) = Ay + Z45924, cos cos {2mg.T + P } (2.2)
The image of the corresponding particular set of BR fringes B, (r) is written as,
B,(r) = 24, cos cos {2mg.T + P,} (2.3)

To convert this equation in the image format by GPA, one BR has to be filtered
from the Fast Fourier Transform (FFT) image and perform the inverse FFT. In other
word, the equation 2.3 represent the image, which would be obtained by Bragg filtering

of original image by placing a mask around the positions g in the Fourier transform.
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The images can be generated by considering both the phase and amplitude of images.
The displacement field is extracted from the components of the phase image in the

direction of two non collinear reciprocal lattice vectors. Strain maps are calculated by

taking derivative of displacement field U;, (i = x,y) that is ¢;; = ‘Z—ljf [123].

In our case GPA maps of InAs/InP/GaAsSbh CDS NWs were performed by using
STEM_Cell software [124] in order to quantify the strain field at InAs/InP and
InP/GaAsSh heterointerfaces as well as to directly observe dislocations. Figure 2.6
panel (a) shows STEM image of InAs/InP/GaAsSbh CDS NW along {110} side walls
of the NW. The corresponding FFT image is displayed in panel (b). Two FFT spots
are selected as indicated by green and red rectangles. The resultant phase and
amplitude image obtained by inverse FFT is shown in Fig. 2.6 (c). In order to observe
variation in a lattice, 2D strain maps can be formed by choosing InAs as the reference
and measuring the lattice variation in the other phases (InP and GaAsSh). The
corresponding GPA maps of Ex (i.e. variation of the interplanar spacing in the <112>
direction, parallel to the interface) and €yy (i.e. variation of the interplanar spacing in
the <110> direction, perpendicular to the interface) are displayed in Fig. 2.6 panel (d)

and (e), respectively.

Figure 2.6. Procedure to perform GPA analy3|s @) a STEM |mage of InAs/InP/GaAsSbh CDS
NW at the {110} side walls. (b) The FFT micrograph of image in panel (a). (c) Phase and
amplitude image obtained by applying inverse FFT. (d)-(e) Strain maps & and Eyy,
respectively.

26 Chapter 2: Experimental methods



Self-catalyzed and catalyst-free 111-V semiconductor NWs grown by CBE

2.6 Summary

In this chapter, we briefly described the experimental techniques and methods
employed in this work. The first part of the chapter was mainly dedicated to
experimental techniques such as the RF-Magnetron sputtering, which we have used
for substrate preparation, and to the chemical beam epitaxy (CBE) technique, which
was employed for the growth of semiconductor NWs. In the second part of the chapter,
we described the techniques that have been employed for the characterization of the
grown NWs. Scanning Electron Microscopy (SEM) measurements were performed for the
morphological investigation of grown NWs. Moreover, the chemical composition of NWs
was determined by energy-dispersive X-ray spectroscopy (EDX), while the structural
analyses were performed by high-resolution transmission electron microscopy (HR-
TEM). Furthermore, by combining the scanning transmission electron microscopy
(STEM)-Moiré technique with geometric phase analysis, we studied the residual strain
and the relaxation mechanisms in the core-dual shell NWs.
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Chapter 3: Growth protocol and strain
relaxation mechanisms of
InAs/INnP/GaAsSb core-dual-
shell NWs

3.1 Introduction

Over the past few years, CS NWSs become major topic of research because radial
geometry can improve the performance and/or add new properties in NW-based
devices [53,125]. For example, surface passivation by the introduction of one or more
shells around the core can enhance the radiative emission efficiency reducing the
carrier surface recombination [126]. So far, many CS NWSs based on IlI-V
semiconductors were demonstrated, among them, InAs/GaSb CS NWs attracted great
attention because of their peculiar properties such as InAs and GaSb have very small
effective masses with high electron and hole mobility, respectively, type-111 broken
gap band alignment [87], and a very low lattice mismatch of 0.6% [127]. All these
properties make InAs/GaSh CS NWs suitable for applications in devices like tunnel
field effect transistors [128], Esaki diodes [87], frequency multipliers [126], and for
fundamental studies on spin states [129] and electron-hole hybridization [89]. Indeed,
electronic devices fabricated with these heterostructures implement radial interface
between n-type and p-type conductors, and can display negative differential resistance
owing to transport across the broken-gap junction [87]. Furthermore, interesting
electronic device configurations can be achieved if the carriers are separated in two
channels, i.e. in the InAs core and GaSb shell, respectively. To this end, in the present
work we inserted thin InP barriers of different thickness in between InAs core and
GasSb shell. We choose InP as barrier material because of its small lattice mismatch
with InAs and GaSb, and its larger band gap compared to both InAs and GaSh. The
InP barrier will provide a separation of the carriers in two distinct channels, i.e.
electrons in the InAs core and holes in the GaSb shell and it will allow to realize novel

electronic devices.

It is well known that electronic and optical properties of semiconductor

heterostructures are affected by the presence of strain fields arising from lattice
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mismatch between the combined materials [130,131]. Pseudomorphic growth of NWs
in a CS geometry implies a coherency limit in the core diameter and the shell thickness
that depend on the lattice mismatch between the two materials [77,78,132]. For a given
NW core diameter, the shell material will grow coherently strained only below a
critical thickness, while above this it is energetically favoured to produce misfit
dislocations that degrade device performance [133]. Therefore, it is clear that a
fundamental step towards the fabrication of high performance devices with HS NWs

is the investigation of strain relaxation mechanisms and critical shell dimensions.

The first section of this chapter we will discuss the growth of catalyst-free InAs,
INAS/INP and InAs/GaAsSb CS NWs by employing different growth parameters in
order to obtain homogenous and smooth InAs/InP/GaAsSb CDS NWs. The second
section of this chapter is focused on the study of strain relaxation mechanisms of
InAs/InP/GaAsSb CDS NWs as a function of the InP shell thickness. The transmission
electron microscopy measurements were performed in collaboration with Francesca
Rossi (IMEM-CNR, Parma, Italy) and Ang Li (Beijing Key Laboratory of
Microstructure and Properties of Solids, Beijing University of Technology, Beijing,

China). The results presented in this chapter are published in Ref. [134].

3.2 Growth protocol of InAs core NWs
The growth of catalyst-free INnAs NWs was carried on Si (111) substrates. First,

20 nm thick silicon dioxide (SiO2) film was deposited by sputtering on silicon
substrates. More details on the effect of sputtering parameters and thickness of SiO;
are reported in Ref. [65]. Before mounting, the substrates inside the growth chamber,
they are etched in (BOE solution for 2 min to remove SiO; and rinsed in water for 1
min. The substrate is mounted with indium on a molybdenum plate and immediately
transferred into an introduction chamber. Then the substrate is mounted into the CBE
growth chamber and hydrogen-terminated Si (111) substrate is annealed at 700 + 5 °C
under TBAs line pressure of 1 Torr for 15 min. The annealing step under As flux is
crucial to obtain As-terminated surface and to convert the Si (1x1)-H surface to Si
(1x1)-As [65,86,135-137]. The As-terminated surface is the best surface for growing
polar semiconductors on non-polar substrates and to obtain perpendicular NWs on Si
(111) substrate [86,137]. After completing the annealing step, the temperature was
ramp down to 300 + 5 °C. The growth of catalyst-free InAs NWSs consists of two steps.
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The first step is called low temperature (LT) growth step and the second is high
temperature (HT) growth step.

3.2.1 LT growth step

The LT growth is performed for 10 min at 300 = 5 °C with a line pressure of
TBAs =3 Torr, TMIn = 0.3 Torr and then growth temperature ramp up to 430 + 5 °C
in 10 min while keeping the same line pressure of group Il and V. The LT step is
important for the nucleation of NWs, which helps in avoiding thermal desorption of In
from the surface. The resulting objects obtained after this LT step are shown in Fig.
3.1. We can easily observe that on the substrate two types of objects are present, one
has irregular shape and the second has hexagonal cross sections as shown on top view
SEM micrograph of Fig. 3.1 panel (a). The morphology is clearer from 45° tilted SEM
image of Fig. 3.1 (b), crystals elongated perpendicular to substrates are NWs while
irregular objects are islands. After the LT step, the average length and diameter of InAs

NWs are 120 + 10 nm and 20 + 3 nm, respectively.

Figure 3.1. (a)-(b) SEM images of the resulting objects obtained after the LT growth: top view
(left) and 45¢° tilted (right) image. The scale bar is the same in both images.

The density and the number of islands and NWs are investigated in Ref. [65]
where the formation of nano-objects is explained in terms of formation of surface
defects induced by bombardment of high energetic sputtered ions which act as
nucleation points for the NW growth. The density of nucleation objects strongly

depends on sputtering parameters [65].

It is also observed that temperature of LT growth step can influence the density
of islands and NWs. We have investigated the LT growth step at three different growth
temperatures, 280 +5 °C, 300 £ 5 °C, and 340 + 5 °C. The corresponding SEM images
are shown in Fig. 3.2. We can realize from Fig. 3.2 panel (a) that 280 £ 5 °C is more

favorable to grow islands and average length and diameter of NWs at this temperature
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are 60 = 10 nm and 20 + 5 nm, respectively. It is seemed that 340 + 5 °C is instead a
very high temperature for the growth because both islands and NWs start to desorb as
displayed in panel (c). The average length and diameter of NWs at this stage are 100
+ 10 nmand 30 £ 5 nm, respectively. Therefore, the optimized temperature is 300 £ 5
°C, where high density of NWs and reduced island density are present on the substrate.
The average length and diameter of the INnAs NWs measured from panel (b) are 120 +
10 nm and 20 £ 3 nm, respectively.

200.nm
||

Figure 3.2. (a)-(c) 45° tilted SEM images of catalyst-free INnAs NWs: images at the end of LT
growth step on different LT. The scale bar is the same in all the images.

3.2.2 HT growth step

The HT growth step has strong influence on the morphology of InAs NWs with
respect of the length and diameter of NWs. The HT growth is performed for 60 min
with a line pressure of TBAs = 3 Torr, TMIn = 0.3 Torr and the growth temperature is
varied from 390 + 5 °C to 450 = 5 °C. The SEM images of the resulting INnAs NWs are
displayed in Fig. 3.3 panels (a)-(d). We measured almost 50 NWs on each sample to
extract the average length and diameter values. It is found that when the HT growth is
390 £ 5 °C, the average length and diameter of the InAs NWs are 495 + 60 nm and 86
+ 5 nm, respectively. Then further increment in growth temperature to 410 +5 °C leads
to an average length and diameter of 585 + 70 nm and 75 £ 4 nm, respectively. We
have found that increasing further the growth temperature to 430 + 5 °C the INnAs NWs
have maximum average length and diameter of 950 + 70 nm and 69 = 3 nm,
respectively. When the temperature is further increased to 450 £ 5 °C, the InAs NWSs
start to desorb and the resulting average length and diameter of InAs NWs are 800 +
80 nm and 80 % 4 nm, respectively. From this study we can conclude that 430 + 5 °C
is the optimal temperature to achieve a high aspect ratio (length/diameter) of InAs
NWs. In Table 3.1, we summarized all the statistical morphological information of
InAs NWs at different HT.
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Figure 3.3. (a)-(d) 45° tilted SEM images of catalyst-free InAs NWs: InAs NWs at the end of
HT growth step at different HT. The scale bar is same in all the images.

Table 3.1: The influence of HT temperature on the morphology of InAs NWs is summarized.

HT Length Diameter Aspect Ratio
Growth (nm) (nm) (L/D)
390+5°C 495 + 60 86 +5nm 57+0.8
410+£5°C 585+ 70 754 nm 7.8 £0.95
430+5°C 950 £ 70 69 £ 3 nm 13.7+11
4505 °C 800 = 80 80+ 4 nm 10+1.1

The observed behavior of length and diameter of grown InAs NWs versus HT
temperature could be explained by considering different mechanisms. In general, the
growth of NWSs occurs by considering the following mechanisms: (1) direct
impingement of adatoms on the metal-particle, (2) collection of adatoms from the side
walls of NWs, and (3) collection of adatoms from the substrate and diffuse on side
wall. Since in our case we do not have any particle or droplet on the top of NWs so we
can neglect first growth mechanism. When we increased the temperature, the diffusion
length of In adatoms is enhanced and then the probability of In adatoms to reach the

tip of the NWs as compared to sidewall is enhanced and they are contributing to axial
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growth. The NW length increased to a maximum at 430 + 5 °C, while diameter
decreased. Similar results were reported previously in Refs. [61,63,66,138,139]. The
resulting NWs after two-hour growth time grown at 430 + 5 °C are showed in Fig. 3.4.

Figure 3.4. The 45° tilted-view SEM image of InAs NWs obtained after two-hour growth. The
red box displayed a magnified image of the respective highlighted NW.

The average length and diameter are 1.5 £ 0.1 pm and 130 + 5 nm, respectively.
The InAs NWs have a hexagonal cross-section with a flat top facet parallel to the (111)
substrate surface. The tilted-view SEM image shows that the NWs do not exhibit
detectable tapering displaying a uniform diameter along the entire length as shown in

red rectangular box of Fig. 3.4.

3.3 Study of InAs/InP core-shell NWs

After achieving InAs core NWs with maximum aspect ratio, we have
investigated the impact of the growth parameters on the growth of InAs/InP CS NWs.
First, we studied the influence of growth temperature and then the effect of line

pressures on the morphology of InAs/InP CS NWs.

3.3.1 Growth temperature

In order to investigate the influence of the growth temperature on the InP shell,
we grew a series of samples in which all other parameters (line pressure ratio of
TMIn/TBP 0.3/1.0 and growth time 15 min) were kept constant. Figure 3.5 (a)-(c)
shows the InAs/InP radial heterostructured NWSs obtained at different growth
temperatures. The InP shell grown at 360 £ 5 °C (panel a) shows very rough sidewalls
and the top facet is not flat showing an irregular cross-section. By increasing the
growth temperature to 370 £ 5 °C (panel b), we found InAs/InP NWs with regular

hexagonal cross-section, smoother sidewalls, and flat top facet. A further increase of

Chapter 3: Growth protocol and strain relaxation mechanisms of InAs/InP/GaAsSh core-dual-shell NWs 33



Self-catalyzed and catalyst-free 111-V semiconductor NWs grown by CBE

the growth temperature to 380 £ 5 °C (panel c) gives NWs with still smooth sidewalls,
but larger axial InP growth, resulting in a visible InP top segment.

Figure 3.5. (a)-(c) SEM images of catalyst-free InAs/InP CS NWSs: Insets and 45°-tilted images
of InAs/InP CS NWs growth at different shell growth temperatures as shown from left to right
panels: (a) 360 £ 5 °C, (b) 370 £ 5 °C, and (c) 380 = 5 °C. Scale bar is the same in all panels:
200 nm. Inset: from the top-view images, the hexagonal cross-sections of all NWs are clearly
visible.

In order to quantify the thickness of the InP shell and axial segment grown on
the InAs NW we acquired EDX compositional maps like the one shown in Fig. 3.6
(a)-(c) for 10 NWs at each growth temperature and from the axial and radial line scans

we determined the average values reported in Fig. 3.6 (f).
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Figure 3.6. (a)-(c) EDX maps of the upper portion of the InAs/InP CS NWs displayed in figure
3.5 grown at different InP shell growth temperatures indicated in the panels: (a) 360 + 5 °C,
(b) 370 £ 5 °C, and (c) 380 = 5 °C. (f) Plot of InP radial and axial growth versus InP shell
growth temperature. The axial and radial InP thickness were measured by EDX line scans.
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Data show that the radial growth rate of InP shell is constant in this range of
growth temperature explored, while the axial growth rate of InP increases linearly with
the growth temperature. This increased axial growth rate stems from the higher kinetic
energy of the In adatoms on the NW sidewalls at higher temperatures: they can more
efficiently reach the top facet of the NW and contribute to the axial growth. Based on
this analysis we selected 370 = 5 °C as the optimal growth temperature since it is high
enough to provide an InP shell with smooth sidewalls, on the other hand, it is low

enough to keep a low InP axial growth rate.

3.3.2 Influence of metal-organic line pressures

Using the optimal growth temperature of 370 £ 5 °C, the effect of group 111/V
line pressure ratio such as TMIn/TBP 0.3/1.0 (sample A) and TMIn/TBP 0.3/0.70
(sample B) were investigated for InAs/InP CS NWs by keeping the constant growth
time to 15 min. The corresponding observed results are shown in Fig. 3.7. The results
shown in Fig. 3.7 revealed that by decreasing TBP flux from 1 Torr to 0.7 Torr a
droplet is formed on top of NWs as shown in panel (b), while in case of higher TBP

flux (1 Torr) no particle is observed.

Figure 3.7. (a)-(b) SEM images of InAs/InP CS NWs: top view (Insets) and 45°-tilted images
obtained after 15 min of InP shell growth at a fixed In of 0.3 Torr and different P as indicated
in the panels. (c)-(d) EDX maps of the upper portion of the InAs/InP CS NWs as displayed in
panel (a)-(b).
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We have found by the EDX analysis that the nanoparticle on the top of the NW
is purely In droplet as shown in panel (d). The formation of In droplet on the top of the
NWs must be due to In-rich conditions during the growth of InP, as it was also
observed for In catalyzed InAs and Ga-catalyzed GaAs NWs [55,140]. With low P
flux probably the growth mechanism changed from VS to VLS growth mode. The
measured average of axial and radial thickness of InP from EDX line scan profiles are
120 £ 18 nm and 24 + 3 nm for sample A (high P flux) and 225 + 20 nm and 18 * 4
nm for sample B (low P flux), respectively. Therefore, we can conclude that in the
VLS growth mode the axial rate is higher while the radial growth rate is reduced
[35,140,141]. The catalyst-free growth approach is more suitable in order to achieve
CDS growth because radial growth is enhanced with respect to axial growth.

3.3.3 Crystal structure analysis

Figure 3.8 (a) shows the HR-TEM image acquired in [110] zone axis of a
representative InAs/InP CS NW with the InP shell grown at the optimized temperature
(370 £ 5 °C) for 3 minutes. Several defects such as stacking faults and twin
perpendicular to the growth axis are visible in both InAs core and InP shell. It is known
that the crystal structure of INnAs NWs obtained by catalyst-free VS growth is a mixture
of zinc blende and wurtzite segments, so that the NWs have several stacking faults
perpendicular to the growth direction [66] and such defects propagate in the InP shell.
The interface between the two materials is visible in the HR-TEM image (highlighted

with the red lines).

(a) InP 4 nm

10 nm

Figure 3.8. (a) Bright field HR-TEM image, acquired in [110] zone axis, of an InAs/InP core
shell NW. The red lines indicate the InP shell. (b) STEM-HAADF image, acquired in [112]
zone axis, of a NW from the same sample confirming the smooth and homogenously thick (4
nm) InP shell around the InAs core.

36 Chapter 3: Growth protocol and strain relaxation mechanisms of InAs/InP/GaAsSh core-dual-shell NWs



Self-catalyzed and catalyst-free 111-V semiconductor NWs grown by CBE

We measured the shell thickness of more than 10 NWs at different positions
along the growth axis and we found an average InP thickness of 4.0 = 0.5 nm (see a
representative STEM-HAADF image in Fig. 3.8 (b)), accordingly with what expected
from the growth rate. We could not evaluate the chemical composition of this very thin
shell from EDX analysis because the P signal is very low and the atomic %
quantification can be misleading. A more accurate EDX analysis, allowing the precise
element quantification, is performed in cross-sectional lamellae of the final CDS NWs,

as it will be shown later.

3.4 InAs/GaAsSb core-shell NWs

In order to optimize the growth of a GaSb shell with the best morphology, we
first investigated GaSb growth directly around the InAs NWs (without InP) at 370 £ 5
°C (with same optimal temperature of the InP shell) using different precursor line
pressures, keeping the same I11/V ratio, previously optimized [87]. The best results in
terms of growth rate were obtained by using 0.5 Torr and 0.43 Torr of TEGa and TMSb
line pressures, respectively. Some incorporation of As is present in the GaSb shell due
to background As present inside the growth chamber. Figure 3.9 shows the
InAs/GaAsSb CS NWs obtained after 90 min of GaSb growth. Panel (a) shows a
representative STEM-HAADF image of a single NW, aligned along the [112] zone
axis. The STEM analysis of various NWs confirms the presence of a shell with uniform
thickness all along the growth axis for the whole NW length, around the InAs core.
Panels (b) and (c) show the EDX analysis of the same NW depicted in Fig. 3.9 (a),
performed by using the Ko emissions of Ga and As, and the La emissions of In and
Sb. The EDX composition map shown in panel (b) clearly shows the presence of a
GaAsSb shell of 17 = 1 nm thickness around the core as indicated with green color.
The shell growth rate is therefore 0.21 £ 0.01 nm/min. The growth rate is very low
probably because of the low fluxes and growth temperature selected in order to ensure

homogenous and smooth sidewalls.

Panel (c) shows the cross-sectional line profile of the NW, from which we
confirmed the presence of In in the core and Ga in the shell. The apparent presence of
In in the shell can be explained considering that In and Sb signals are partially
overlapping. The same overlapping influences the intensity of the Sb signal in the core
part of the NW. On the other hand, the As signal is well resolved, therefore the non-

zero intensity of the As signal in the shell really indicates the presence of As together
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with Ga and Sb here. The reason of this unintentional As incorporation in the shell is
probably the persistence of an As background in the growth chamber during the GaSh
deposition, due to the very high As line pressure used for the catalyst-free InAs NW,
combined with the very low growth rate of the shell. The precise quantification of the
chemical composition of the GaAsSb shell is done in the CDS final structure, as it will
be shown later.

Intensity (a.u.)

v r T T T v
0 50 100 150 200

Distance (nm)

Figure 3.9. (a) STEM-HAADF image of one representative InAs/GaAsSb CS NW obtained
after 90 min of GaSb deposition at 370 £ 5 °C with TEGa and TMSb fluxes of 0.5 Torr and
0.43 Torr, respectively. (b) EDX compositional map and (c) elemental line profiles in cross-
section of the same InAs/ GaAsSb NW depicted in (a). The results indicate the growth a
GaAsSb shell of 17 £ 1 nm thickness around InAs core.

3.5 InAs/InP/GaAsSb core-dual-shell NWs

After the growth optimization of InP and GaAsSb shells separately on the InAs
NW core, we combined the three materials in single InAs/InP/GaAsSb CDS

38 Chapter 3: Growth protocol and strain relaxation mechanisms of InAs/InP/GaAsSh core-dual-shell NWs



Self-catalyzed and catalyst-free 111-V semiconductor NWs grown by CBE

heterostructured NWs. In first step we have grown InAs/InP CS NWs with desired InP
shell thickness at 370 £ 5 °C, by using TMIn and TBP line pressures of 0.30 Torr and
1.0 Torr, respectively. Finally, in a second growth step the outer GaSb shell was
grown. First, the InAs/InP NWs were kept in UHV environment at room temperature
for 30 minutes, while the growth chamber was pumped in order to decrease As and P
residual background. Then the sample was re-introduced into the growth chamber and
warmed up under TMSb pressure to 370 = 5 °C, at which we started the outer shell
growth using TEGa and TMSb line pressures of 0.50 Torr and 0.43 Torr, respectively.
The growth time of the GaAsSb shell was varied to obtain different thicknesses.
Finally, the growth was terminated by cooling the sample under TMSb flux.

Figure 3.10 shows a STEM-HAADF image of a representative
InAs/InP/GaAsSb CDS NW, aligned along the [112] zone axis, with the corresponding
compositional EDX map. InP and GaAsSb growth times were 10 and 140 minutes,
respectively, at the same growth temperature of 370 £ 5 °C. The resulting thicknesses
of InP and GaAsSb shells measured from STEM images were 14 + 1 nm and 30 % 2
nm, respectively. The analysis of several NWs confirmed the presence of the two shells
with uniform thicknesses along the growth axis for the whole NW length. As we have
already discussed the reason of this unintentional presence of As in the shell is
probably the persistence of an As background in the growth chamber during the GaSb
deposition, due to the very high As line pressure used for the catalyst-free InAs NW,
growth rate of the shell.

Figure 3.10. (a) STEM-HAADF image acquired in [112] zone axis and (b) EDX compositional
map of the middle region of a InAs/InP/GaAsSh CDS NW grown with flux ratio of TMIn/TBP
0.3/1.0 and growth time of 10 min at 370 £ 5 °C for the InP shell (resulting ina 14 + 1 nm
thick InP shell) and flux TEGa/TMSb 0.5/0.43 and growth time 140 min at 370 + 5 °C for the
GaAsSb shell (resulting in a 30 £ 2 nm thick GaAsSb shell).
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The HAADF intensity profiles of INAs/InP and InAs/InP/GaAsSb NWs in cross-
section along <112> zone axis shown in Fig. 3.11 reveal that the InAs/InP CS NWs
have six {110} side facets, so the InP shell grew keeping the same side facet orientation
than the InAs core (see panel (a) of Fig. 3.11). Instead, the InAs/InP/GaAsSb CDS
NWs show twelve facets: six belong to the {110} family and six belong to the {112}
family of planes. This behavior of the GaAsSb shell developing {112} side facets was
already observed in the growth of InAs/GaSh [79] and InAs/GaAs [141] CS NWs, and
explained by the Wulff’s construction [142] that ascribes the final shape of a crystal to

the different surface energies of the different facets.
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Figure 3.11. STEM-HAADF intensity profiles obtained in cross section on (a) InAs/InP CS
NWs and (b) InAs/InP/GaAsSh CDS NWs oriented in <112> zone axis. The InAs/InP CS NW
is bounded by six {110} side facets and InP shell follows the same faceting of the InAs core.
The InAs/InP/GaAsSbh CDS NW is bounded by twelve side facets of the {110} and {112}

type.
Furthermore, the Wulff’s construction is a method to determine the equilibrium

shape of a crystal based on energy minimization arguments [143]. The method states
that a point-to-plane distance from the center of a particle to a facet is proportional to
the surface energy of the facet. It means that surfaces having larger energy will have a
larger growth rate, and this growth rate anisotropy ultimately defines the morphology
of the crystal: the slowest growing surface will appear as the largest developed facet
in the crystal. Such growth rate anisotropy is governed by the specific surface energies
of the respective facets, that are sensitive to the chemical potential, hence by the
growth conditions. In our case, with the growth conditions we used, we found that
growth rate of GaAsSb is higher in <110> direction as compared to <112> direction,
that suggests a higher surface energy of {110} side facets than the {112} ones. This
explains why the GaAsSb shell immediately develops {112} side facets in addition to
the {110} facets of the InAs NW core, i.e. to minimize the total energy. More details
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about growth rate of GaAsSb in different crystallographic directions are explained
latter.

3.6 Strain distribution in InAs/InP/GaAsSb core-dual-shell NWs

For strain analysis, the as-grown InAs/InP/GaAsSh CDS NWs were transferred
to a suitable substrate and cross-sectional STEM lamellae were cut by FIB (FEI-Helios
650) with a Pt deposited protection layer. The STEM-Moiré pattern of the samples was
generated by a probe aberration-corrected STEM (FEI-Titan-Themis) operated at 300
kV equipped with a monochromator. The HAADF detector distance was chosen to
gain a collection angle ranging from 40 to 200 mrad, and the scanning resolution was
set as 1024 by 1024 pixels with a pixel resolution of 0.19 nm. In order to avoid artifacts
due to sample drift, the dwell time of each scanning point was set as 16 pus (18.23 s per
frame). The Geometric Phase Analysis (GPA) to calculate the lattice strain was
performed by STEM_Cell software [124].

3.6.1 Study of STEM-Moiré patterns

In order to study the strain accommodation at the heterointerfaces in the CDS
NWs, we prepared cross-sections perpendicular to the NW growth direction of three
samples having different nominal thickness (1, 4 and 8 nm) of InP shell and same of
the GaAsSb shell nominal thickness (12 nm) by FIB, and these cross-sectional
lamellae were inspected by STEM. In order to identify structural defects and
distortions, STEM Moiré patterns [144] were acquired for each sample by aligning the
scanning direction along the <112> crystallographic direction and by carefully
choosing the line resolution during the scanning. In this case Moiré patterns are
generated since the scan step is comparable to the lattice periodicity and fringes are
formed in one direction, similarly to a single set of crystalline lattice planes. The results
are shown in Fig. 3.12 for the three samples with different InP thickness: 1 nm (a, d,
g), 4 nm (b, e, h), and 8 nm (c, f, i).

In all samples the different materials can be easily identified thanks to the Z
contrast of the HAADF imaging mode, as visible in panels (a), (b) and (c), which are
the STEM-Moiré images of the entire lamellae: the inner part corresponds to the InAs
core, the dark central ring represents the InP shell and the external ring is the GaAsSbh
shell. From the Moiré analysis (<112> scan direction) of the NW cross-sections

(panels d-i) of each sample we could identify some structural defects. In particular, in
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the sample with InP nominal thickness of 1 nm some dislocations could be found
located at the corners (Fig. 3.12 (d)). The InP shell is not well developed here and this
could be the reason of the presence of structural defects in this region of the sample.
In fact, when all InP facets are well developed, as in case of 4 nm, no defects were
found at the corners (see panel (e)).

(b) “InP=dmm . (c) InP=8nm

Figure 3.12. (a)-(c). STEM-Moiré images of entire cross-sectional lamellae of the three
samples having different InP shell thickness (indicated in the panels). (d)-(f) STEM-Moiré
patterns of the selected regions of the lamellae indicated by the colored frames at the {112}
side walls. (g)-(i) STEM-Moiré patterns of the selected regions of the lamellae as highlighted
by the colored frames at the {110} side walls of NW.

However, for thicker InP shell (8 nm) some dislocations appear see panel (f). We
have investigated carefully also the {110} side walls of the CDS NWs, as shown in
panels (g, h, i). While the samples with InP nominal thickness of 4 nm do not show
any dislocation, the sample with InP nominal thickness of 8 nm shows some

dislocations at both the InAs/InP and InP/GaAsSb interfaces and the Moiré pattern
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shows lattice distortion (panel i). Moreover, in the 8 nm-InP sample, the HR-STEM
analysis reveals that the InAs/InP and InP/GaAsSh interfaces are not atomically flat
and an increased roughness is observed as shown in HR-TEM images of Fig. 3.13.

This roughening may play a role in the relaxation process of the strain of the system
[145].

Figure 3.13. STEM analysis of the InAs/InP interface of the sample with 8 nm InP barrier. (a)
STEM-Moiré image of entire NW cross section. (b)-(d) HR-STEM images of the defected
InAs/InP {110} sidewall interfaces. The colored squares are indicating the corresponding
locations and the defects are emphasized by circles.
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3.6.2 Thickness analyses

From the STEM analysis of these lamellae as shown in Fig. 3.14, we also noticed
that the actual shell thicknesses are different along the <110> and <112> directions of
the NWs, as summarized in Table 3.2.

Table 3.2: Actual shell thicknesses in the <110> and <112> directions of the NWs.

Measured thickness in Measured thickness
<110> direction (nm) in <112> direction (nm)
Nemiiel 2 InP GaAsSh InP GaAsSb
thickness (nm)
Unknown
1 1.0£0.1 11.0+£0.9 <1.0 (interface not
visible)
4 4.0+09 13.0+1.0 40+09 55+1.2
8 8.0+£0.5 11+0.7 9.0+0.6 6.6 +1

In the sample with 1 nm InP (nominal thickness), the average values for the
thickness of InP and GaAsSb along the <110> direction (perpendicular to the InAs
side facets) are 1.0 £ 0.1 nmand 11.0 £ 0.9 nm, respectively. On the other hand, along
the <112> direction (InAs corners) the InP shell is at least 2 monolayers thinner, as
suggested by the lack of a clear HAADF contrast in the image, that makes difficult to
measure also the GaAsSb thickness in this direction. In the sample with InP nominal
thickness of 4 nm the mean value of GaAsSb shell thickness is 13.0 £ 1.0 nm along
the <110> direction and 5.5 + 1.2 nmalong the <112> direction. The InP shell, instead,
is uniformly grown along both directions with a thickness of 4.0 £ 0.9 nm in this case.
Finally, in the sample with InP nominal thickness of 8 nm we measured GaAsSbh and
InP shell thickness in the <110> direction of 11 £ 0.7 and 8.0 = 0.5 nm, respectively.
The shell thicknesses of GaAsSb and InP along the <112> direction are 6.6 + 1 nm

and 9.0 £ 0.6 nm, respectively.

So the analysis of the shell thickness along the two directions suggests that the
growth rate of the GaAsSb shell is higher in the <110> direction as compared to <112>
direction, leading to a non-uniform shell thickness. This explains also the development
of the low energy <112> facets in the GaAsSb shell [142]. By contrast, the InP shell
is quite uniform in the two directions when the nominal thickness is higher than 1 nm.
For shorter InP growth times, however, the InP shell is well defined only in the <110>

direction, suggesting an island-growth mode with preferential nucleation on the InAs
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side facets. This kind of behavior can be attributed to the different surface energy,
surface reconstruction, surface diffusion and nucleation kinetics in the different
crystallographic directions [82]. However, a deeper analysis of the growth mechanisms

is beyond the scope of the present study.

Figure 3.14. HR-STEM images of InAs/InP/GaAsSb CDS NWs at the {112} (a-c) and {110}
(d-f) sidewalls.

3.6.3 Strain mapping

For the detailed strain analysis at the heterointerfaces, high resolution STEM-
HAADF images were acquired and processed with the geometric phase analysis
(GPA) method to extract the local components of the strain in the <110> and <112>
directions and get strain maps. In general, strain from GPA map is defined as €cpa =
(dioc — drer)/drer, Where dioc is the interplanar spacing of the local part and drer is the
interplanar spacing of reference part which is InAs in our case [145]. Figure 3.15
shows the results of our STEM-GPA analysis for the three samples with different InP
barrier thickness. Panels (a), (e) and (i) are the STEM images of the three different
samples, while panels (b,c), (f,g) and (j,k) are the corresponding GPA maps of Exx (i.e.
variation of the interplanar spacing in the <112> direction, parallel to the interface)
and Eyy (i.e. variation of the interplanar spacing in the <110> direction, perpendicular
to the interface). For the last in panels (d,h,l) we report also a line profile across the

heterointerfaces.

Chapter 3: Growth protocol and strain relaxation mechanisms of InAs/InP/GaAsSh core-dual-shell NWs 45



Self-catalyzed and catalyst-free 111-V semiconductor NWs grown by CBE

1.00+¢&; (d)

0.99
0.98
0.97 InAs InP  GaAsSb
0.96
0.951
0.94

5 10 15nm

= )
5 0.99-
0.984 nAs | InP , GaAsSb
0.97
0.96
0.95-
0.94

5 10 15 20 25nm

1.00 Sw (l)
0.99
0.98
0.97
0.96
0.95

0.94+ . : :
5 10 15 20 25 30nm

Figure 3.15. HR-STEM images (a, €, i) of the InAs/InP/GaAsSb interface region of the three
samples with different InP thickness and corresponding GPA maps of €x (b, f, j) and €y (c, g,
K) strain components. Panels (d,h,l) show the line profiles of €,y across the two interfaces.

InAs InP GaAsSb

Interestingly, no abrupt changes in Exx across the interfaces were seen,
suggesting that the in-plane lattice parameter of the shell materials is fully strained and
adapted to the in-plane lattice parameter of InAs. Only in the 8 nm thick InP sample,
an initial relaxation is observed, in agreement with the HR-STEM findings on the
presence of dislocations at the interface. On the other hand, from GPA map of €y, the
two interfaces can be easily identified in all the samples. Indeed, the interplanar
spacing perpendicular to the interface varies abruptly, as clearly visible also from the
&y line profiles, meaning that the shell lattice in this direction is free to accommodate
the strain. The average value of €y for GaAsSb is -3% and for InP is -5%. In order to
understand these results, we need to precisely quantify the chemical composition of
the two shells, so we performed EDX analysis of these lamellae as displayed in Fig.
3.16.

As previously emphasized, from the EDX analysis it was found that the outer
shell is an alloy instead of a pure GaSb shell. In the outer shell we found 40% As and
60% Sbh, therefore the chemical composition is GaAso.4Shos. This explains the strain
measured from Eyy line profile, indeed a GaAsSb alloy with such composition is
expected to have a lattice parameter in the ZB phase close to 0.59 nm [127], giving a

negative Eyy.casp as experimentally observed.
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Figure 3.16. Cross-sectional STEM image (a) and elemental line profiles (b) of an
InAs/InP/GaAsSh CDS NW.

Concerning the InP shell, from the EDX analysis we found a small As signal
also here, but in much smaller concentration (less than 10 atomic %). As already
mentioned, the unintentional As incorporation in both shells can be due to the residual
As background in the growth chamber after the InAs growth with very high TBAs line
pressure. The higher As incorporation during GaSh deposition, compared to the InP
deposition can be a consequence of the much higher growth rate of InP (1.4 nm/min)
compared with the one of GaAsSb (0.21 nm/min) and to the different Ga and In
preferential bonding with As than Sb or P when both group V elements are present in
the vapor phase [146]. Moreover, it is well known that chemical processes involved in
the CBE technique are quite complex and that a large number of possible species and
reaction pathways in the vapor phase can complicate the link between precursor flux
ratios and the final chemical composition of the grown structure [147]. This problem
could be reduced by increasing the GaAsSb shell growth rate, at higher growth
temperature, or allowing for As pump out through a much longer growth interruption
between the InAs core and the GaSb shell growth.

3.6.4 Strain analysis

Some considerations can be made on the experimental values of €,y from the
GPA maps. According to the model presented in Ref. [148] for ZB heterostructures
grown along the <hhk> direction (in our case: <110>), an epilayer (in our case: shell)
pseudomorphically grown on top of a different material (in our case: InAs core) with
a certain lattice mismatch Aa/a will assume an out of plane parameter d determined by
the so-called tetragonal distortion. Quantitatively, for {110} interfaces,

Ad  2c¢qy +4c;  Aa
d C11 +Cip+2¢44 a
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where c11, C12 and ca4 are the elastic stiffness constants of the epilayer. In this
approximation, for the InP shell over InAs core we can expect Ad/d (Eyy in GPA

notation) =1.7 Aa/a.

Considering those of GaAso.4Shos from the literature [149] we get Ad/d = 1.5
Aa/a. The lattice constant of GaAso4Shos is 0.59 nm, so Aa/a = - 2.14 % and we obtain
&y = - 3.2 %, which is in good agreement the measured value of €yy (about 0.97, being
1 the InAs reference). Similarly, taking the elastic stiffness constants of an InAsP alloy
with 10% As, it is expected Eyy = 1.7 Aa/a [148]. Since the lattice mismatch for such
INASo.1Pog layer grown on InAs is Aa/a = - 2.8 %, we obtain €yy = - 4.8 %, which is in
good agreement with the values of the €yy profile at the InAs/InP interface (E€yy = - 5
%). It should be noted that €yy in the sample with 8 nm thick InP shell is a bit smaller
than the other samples. This is probably related to the partial relaxation that starts to
occur in this sample: the out of plane parameter is no more constrained by tetragonal
distortion but at the same time it is not yet come back to that of free InP, so that Eyy
takes a value in the range between - 4.8 % (tetragonal distortion) and - 2.8 % (relaxed
InP).

From our analysis, we can conclude that InAs/InP/GaAsSb CDS NWs with InP
thickness higher than 1 nm and at least up to 4 nm present flat interfaces without
dislocations. In particular, the InP shell adopts a lattice parameter coherent with that
of the InAs core along the <112> direction (parallel to the interface), while it is
elastically compressed along <110> direction (perpendicular to the interface)
according to a tetragonal distortion of the lattice. This distortion can accommodate
strain energy without misfit dislocations and is a well-known process that occurs when
two lattice mismatched materials are grown one on each other, below the critical
thickness. Indeed, above a certain thickness the strain energy is too high to be
accommodated through a lattice distortion, so the system relaxes more efficiently by
producing misfit dislocations [150]. This is consistent with our observation that in
InAs/INP/GaAsSb CDS NWs with 8 nm InP some dislocations and interface roughness

occur at the interfaces as a consequence of the increased strain field.

3.7 Conclusions
Optimized InAs/InP/GaAsSb CDS NWs were realized by catalyst-free CBE by
varying the growth parameters. It is demonstrated that 370 °C is best growth

temperature to obtain homogenous and smooth shell along growth direction for both
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InP and GaAsSb shell. We found that the InP shell is not uniformly developed when
the nominal thickness is around 1 nm and some dislocations are observed at the
corners, where the InP is thinner. For samples with the InP thickness above 1 nm and
below 8 nm the InP shell is uniform along all the crystallographic directions and we
could not find any dislocation at the heterointerfaces. GPA maps indicate that the strain
is accommodated through a tetragonal distortion of the lattice without forming
structural defects. On the other hand, when the InP shell is thicker, the interfaces are
not flat anymore, but an increased roughness is observed and dislocations start to form.
Our study provides useful guidelines for obtaining device-quality InAs/InP/GaAsSb
CDS NWs. Moreover, the present approach can be applied to other lattice-mismatched
material combinations in order to expand the range of options for device

implementation.
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Chapter 4: Electrical transport study of
InAs/INnP/GaAsSb core-dual-
shell NWs

4.1 Introduction

I11-V semiconductor NWs are considered as promising candidates for
engineering of unique devices in nanoscale level in the field of tunnel field effect
transistors, high speed electronics, optoelectronics, and photonics [151-157]. The
extraordinary features of NWs such tailoring of wide range of band gap, efficient
lateral strain relaxations and free standing nature provides unique platform [40,54].
Specially, NW heterostructures with radial symmetry such as core-shell or core-
multishell NWs [134,153,158] act as extremely promising systems for next generation
electronic and optoelectronic nano-devices [17,87-90,159]. Inthese systems, the band
gap alignment can be tuned by means of source-drain voltage, back-gate voltage and
by field effect modulation which creates a new pathway to explore broken-gap systems
and band-to-band tunnelling in Esaki diodes [87,88,159,160], should be as well as the
study of spin-orbit interaction [89,90]. Recently, a charge transport study based on
InAs/GaSb CS NWs is reported [87]. They demonstrated modulation of negative
differential resistance (NDR) and Esaki effect as a function of field-effect. This
modulation is appreciated in terms of tuning of the local band gap alignment of the
InAs/GaSb interface along the radial junction. NDR is a common behaviour of electron
tunnelling across a broken gap heterojunction which enables application in tunnelling
field effect transistors [161,162] and tunneling diodes [163,164]. In general, this kind
of radial heterostructures where mobile electrons and holes coexist at equilibrium
without any need of an external electric field could open the way to fundamental
studies on Coulomb drag phenomena in low dimension [91] as well as to novel
schemes for the detection of indirect excitons [92]. To this end, a thin InP layer was
epitaxially grown between the InAs core and the GaAsSb shell, realizing a CDS NW
geometry as described in chapter 3, in order to electrically insulate n-type and p-type
conduction in the core and outer shell, respectively. The existence of NDR is employed
to determine the presence of radial tunnelling across the InAs/GaAsSb broken gap

heterojunction.
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In this chapter, we will demonstrate the impact of the thickness of the InP
barrier on the NDR suppression. Furthermore, different device architectures allow us
to selectively contact the core and the shell of the device and enable multiple
measurement configurations: shell-shell (S-S), core-core (C-C), and core-shell (C-S).
This allows us to measure radial and axial charge transport in the same nanostructure
for the investigation of the coexistence of electrons and holes and of their Coulomb
pairing. The device fabrication and measurements were performed in collaboration
with Sedighe Salimian and Francesco Rossella. The results were published in Ref.
[165].

4.2  Experimental details
4.2.1 Growth protocol of InAs/InP/GaAsSb core-dual-shell NWs

Catalyst-free InAs/InP/GaAsSbh CDS NWs were grown on Si (111) substrates,
following the growth protocol described in chapter 3. In particular, we have grown two
samples with different thickness of the InP shell and same thickness of GaAsSb shell.
The average length of the NWs was 1.8 + 0.2 um. The resulting thicknesses of InP and
GaAsSh shells measured from STEM images, were 5 £ 1 nm and 34 = 4 nm for sample
Aand 10 + 1 nmand 32 + 4 nm for sample B. Average edge-to-edge and facet-to-facet
InAs core diameters were 165 + 4 nm and 143 nm * 4 nm, respectively. The resulting
STEM images are shown in Fig. 4.1 panel (b) and (c). The shell thickness along the
growth direction of NWs is smooth and homogenous in both InP and GaAsSb shells.

4.2.2 Device fabrication and architectures

In order to fabricate NW-based devices, the InAs/InP/GaAsSh CDS NWs were
transferred from the grown substrate to SiO2/Si*™ (300 nm/500 pm) substrate by dry
transfer method and then electrical contacts were formed with the help of electron
beam lithography (EBL). In first step, we fabricated a set of two-contact devices with
a pair of electrodes placed onto the GaAsSb shell, enabling the configuration of
measure hereby referred to as “shell-shell” (S-S). The contact areas of the
nanostructure was passivated by using a HCI:H20 (1:2) wet etching protocol (lasting
for 30 s, stopped in H20) in order to remove native oxides from the NW surface.
Afterwards, Ni/Au (10/300 nm) electrodes were deposited by thermal evaporation.
Successively, we fabricated a second set of devices consist of four-contact, enabling
in the same nanostructure three possible measurement configurations, it is referred to
as “shell-shell” (S-S), “core-core” (C-C), and “core-shell” (C-S). To this end, we
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established a fabrication protocol including an additional etching step to remove the
GaAsSh shell and the InP barrier from both ends of the NW, uncovering the InAs core.
After this etching step, we used HCI:H>O (1:2) to passivate four selected areas in a
single step, namely two areas on the GaAsSb shell and the two ends of the InAs core.
Finally, we evaporated the metallic electrodes. This allowed us to selectively and
independently contact the core and the shell of our InAs/InP/GaAsSbh CDS NWs.

4.3 Charge transport in two-contact devices

The effect of InP barrier on the electrical transport in InAs/InP/GaAsSb CDS
NWs in term of InP barrier thickness is examined. Charge transport of
InAs/INnP/GaAsSb CDS NW-based devices was determined between room temperature
(RT) and 4.2 K. Current-voltage (1-V) characteristics were performed using a DL1211
current preamplifier, while a Keithley 2614B power supply was used to control the
back gate voltage bias. We first analysed two-terminal devices fabricated with
individual NWs from the two samples (referred to as sample A and B). The geometry
with respective dimensions of single InAs/InP/GaAsSb CDS NW is shown in

schematic diagram of Fig. 4.1 (a).
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Figure 4.1. (a) Schematic diagram of InAs/InP/GaAsSb CDS NW. STEM micrographs of CDS
NWs with (b) 5+ 1 nmand (c) 10 £ 1 nm-thick InP barrier; arrows highlight the thickness of
the InP shell. (d) Top view SEM image of one of our shell-shell devices fabricated onto a
SiO./p-Si substrate. Purple and yellow colors correspond to GaAsSb shell and Au electrodes,
respectively. (e) left side is the schematic of the device architecture, with the circuit for
transport experiments in shell-shell configuration (two-wires) depicted in overlay and right
side is the schematic of a contact cross-section.
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The structure of one of our prototypical devices is shown by a false color SEM
image in Fig. 4.1 (d). The two electrical contacts (yellow colored) were evaporated
onto the outer most GaAsShb shell (pink colored), which allow the measurement of
electrical transport in the S-S geometry. Figure 4.1 (e) illustration of the device
architecture as well as the setup used to measure the I-V characteristics of the device
in S-S configuration. The two electrodes enable us to measure the electrical resistance
and to evaluate the influence of a voltage bias applied to the degenerately-doped Si**
back-layer of the SiO2/Si** substrate. We can consider it as a back-gate voltage which
modulates the transport properties of the heterostructure.

We determined the electrical resistance in two-contact devices fabricated from
CDS NWs of sample A (5 nm InP barrier) and sample B (10 nm InP barrier), at 300 K
and at 4.2 K. In our two-contact devices, the electrodes were typically placed 200-300
nm far from both ends of NW. Because, EDX maps reported in Ref. [134] revealed a
GaAsSb/InP axial-growth of about 200 nm at the end of NW: so it is worth to avoid to
put electrodes on this parts; similarly, we avoid electrical contact to the bottom of NW.

The distance between the electrodes was in the range 0.8-1 pm.
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Figure 4.2. Two probe resistance of Dev#l with 5 nm InP barrier (Vsc = 0 V) at (a) room
temperature and (b) low temperature (4.2 K). Two probe resistance of Dev#2 with 10nm InP
barrier (Vec = 0 V) at (c) room temperature and (d) low temperature (4.2 K). Insets are the
tilted SEM images of devices with two contacts on the GaAsSb shell of CDS NW.
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In Figure 4.2 we describe the results for two of our devices: dev#1 fabricated
with CDS NW from sample A, and dev#2 fabricated with CDS NW from sample B,
SEM micrographs of the two devices are displayed in the insets. The resistance
measured in the two devices was 40 kQ and 70 kQ for dev#1 and dev#2, respectively
at 300 K. In the I-V characteristics of dev#1 at 300 K, we noticed two plateau-like
features occurring at about Vsp = -0.3 V and Vsp =~ +0.3 V; At 4.2 K, these two weak
features develop in marked negative differential resistance (NDR) features that occur
at about Vsp = -0.7 V and Vsp = +0.6 V and the resistances of both devices increased
significantly in the low range of source-drain voltage bias. Furthermore, the measured
I-V characteristics curves at RT in the S-S geometry were linear in a drain-source
voltage |Vsp| range well exceeding 200 mV in case of all our devices. The electrical
resistance was ranging typically from 10 to 70 kQ in different devices, indicating a
very good quality of the metal-semiconductor interface; the resistance of devices with
10 nm InP barrier was slightly higher with respect to that of the devices with a 5nm

InP barrier.

A set of 1-V characteristics obtained at 4.2 K in the S-S geometry for NWs from
sample A (5 nm-thick InP shell) in the Vsp range from —0.75 V to +0.75 V, for different
applied back-gate voltages Ve in the range from —40 to +40 V is shown in Fig. 4.3
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Figure 4.3. Transport properties of InAs/InP/GaAsSh CDS NW-based devices measured in S-
S geometry at 4.2 K. (a) I-V characteristic of a NW-based device with 5 nm-thick InP, at
different back gate voltages. (Inset) Magnification of I-V curves in the Vsp region displaying
negative differential resistance. (b) The comparison between the I-V characteristics of devices
characterized by 5 nm-thick (black curve) and 10 nm-thick (red curve) InP shell, with Vge =
oVv.

The 1-V curves shows the presence of NDR characteristics at |[Vsp| = 0.6 V for

both positive and negative values of Vsp. This phenomenology can be attributed to the
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Esaki effect in presence of direct tunnelling transport mechanism through the thin InP
barrier. This is signature of a shell-core-shell path of the carriers. In particular, the
observation of NDR for both positive and negative values of Vsp is consistent with the
presence of two radial back-to-back Esaki-like diodes due to presences of broken-gap
junction. Further, the behavior of NDR widely discussed for InAs/GaSh NW-based
devices in the previous work [87]. In the present case, however, the nonlinear feature
(NDR) occurring in the I-V curves is quantitatively different with respect to the case
of InAs/GaSb CS NWs. In fact, at Vee = 0 V the NDR occurs at larger source-drain
bias voltage (|Vso| = 0.6 in Fig. 4.2 (b)), while the overall impact of the application of
a back-gate voltage is significantly weaker. Indeed, both the position of the NDR as
well as the peak-to-valley ratio (PVR) are poorly modulated by the application of a
back-gate voltage, ranging from Vsp = 0.52 V to Vsp = 0.60 V and PVR = 1.16 at Vsc
=—40V and PVR = 1.13 at Vss = + 40 V. We observe a Vg dependence consistent
with a p-type semiconductor. We will address this point in more detail later in Section
4.4. In all our devices we revealed this behavior, with NDR occurring in the range
|Vsp| = 0.3-0.6 V and weak PVR.

We justify these experimental evidences by considering that the InP barrier
introduces an additional load resistance in series with the non-linear components
(InAs-GaAsSb junction), place NDR at larger source-drain bias with respect to the
case of study reported in Ref. [87], and reducing the effect of the field effect.
Regarding the different features of the NDRs reported for opposite Vsp in Fig. 4.3 (a),
these can be tentatively ascribed to non-idealities of the heterojunctions. In an ideal
device, one could feature a uniform band alignment along the azimuthal angle of the
NW, yielding to identical NDR features for opposite Vsp. In a real device, any local
built-in disorder or slight asymmetry in the electrical contacts may lead to non-
uniformities of the junctions or to NDR conditions locally occurring at different values
of Vsp. On top of this, no uniformity in the junction can be affected by the back-gate,
due to its asymmetry with respect to the NW center that yields to a different impact on
the NW facets for a given S-D bias (particularly in the case of the top and bottom

facets).

Figure 4.3 (b) reports two 1-V curves at 4.2 K and Vege = 0 V, measured in the
Vsp range from -0.8 V to +0.8 V in the S-S configuration for two different devices: the

black curve refers to a device fabricated with a 5 nm-barrier CDS NW (sample A),
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while the red curve corresponds to a 10 nm-barrier CDS NW (sample B). We estimated
the device resistance from the linear fit of the two I-V characteristics for [Vps| > 0.6
V, and we obtained = 2 MQ for device with sample A NW and 5 MQ for device with
sample B. The key qualitative difference between the black and red curves concerns
the presence of NDR: increasing the InP shell thickness is found to completely
suppress this characteristic nonlinear feature. At 4.2 K, we measured more than 10
devices for both samples. We systematically observed that devices with NWs of
sample B are more resistive (by factor two or three) with respect to devices with NWs
of sample A. Besides, they did not show NDR but a monotonic increase of |lsp| for

increasing |Vsp|.

Moreover, we measured the I-V characteristics of devices with CDS NW from
sample A (5 nm InP barrier) and B (10 nm InP barrier) as a function of temperature
are reported in Fig. 4.4. Panel (a) highlights two temperature range: high temperature
range, evidenced with red bars and magnified in panel (b); low temperature range,
evidenced with light-blue bar and magnified in panel (c). In panel (a), the position of
NDR measured at about 300 K and 100 K is indicated with dashed red lines and
corresponds to Vsp =~ 0.28 V and 0.53 V, respectively. The magnified range shown in
both panel (b) and (c) displays a clear shift of the NDR position as a function of
temperature: the NDR moves towards higher source-drain voltage bias while the
temperature decreases. Also it evolves into a sharper and stronger feature by lowering
the temperature. These experimental evidences are qualitatively consistent with the
results reported for INAs/GaSbh CS NWs in Ref. [87]. Dev#4 and Dev#5 show that with
10 nm InP barrier the NDR is suppressed in the entire temperature range from 4.2 K
to 300 K.

On the one hand, our results suggest the absence of tunnelling across the 10 nm-
thick InP shell (sample B) and consequently indicates that only the GaAsSb shell
contributes to the conduction. On the other hand, in general when measuring two-
contact devices in the S-S configuration, it is not trivial to exactly visualize the charge
trajectories, identifying the possible contributions to the current arising from the
GaAsSb shell, the InAs core and the InP barrier. In order to tackle this point, starting
from InAs/InP/GaAsSb CDS NWs of sample B, as already mentioned we fabricated

four-terminal devices that allow us to measure independently in the same

56 Chapter 4: Electrical transport study of InAs/InP/GaAsSb core-dual-shell NWs



Self-catalyzed and catalyst-free 111-V semiconductor NWs grown by CBE

nanostructure the electrical resistance of the InAs core (C-C), of the GaAsSb shell (S-
S), and across the InAs/InP/GaAsSb heterojunction (C-S).
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Figure 4.4. (a) I-V characteristic of Dev#3 as a function of temperature. (b) High temperature
range of measurements from 238 K to 291 K. (¢) Low temperature range of measurements
from 132 K to 4.2 K. (d) I-V characteristic of Dev#4 as a function of temperature. Inset: tilted
SEM image of device; two probe measurement was performed from close contacts with 400
nm distance therefore the total resistance is lower than typical resistance of other devices (10
nm InP barrier) with larger distance (= 0.6 to 1 pm) between the two close contacts. (e) I-V
characteristic of Dev#5 as a function of temperature. Insets: tilted SEM image of the device.

4.4 Charge transport in four-contact devices with 10 nm InP barrier

The four-contact devices were fabricated by using the protocol described in
section 4.2.2. Figure 4.5 (a) shows the pictorial view of a CDS NW before (left panel)
and after (right panel) the etching step. Figure 4.5 (b) reports the SEM micrograph (top
view) of a CDS NW where, at one end, the InAs core (blue colored area) is set free

from the InP barrier and the GaAsSb shell (violet colored area). Noticeably, the

Chapter 4: Electrical transport study of InAs/InP/GaAsSb core-dual-shell NWs 57



Self-catalyzed and catalyst-free 111-V semiconductor NWs grown by CBE

minimized etchant infiltration allows to remove the shells from well-defined regions
and with a relatively sharp interface between the pristine and etched regions. Figure
4.5 (c) reports a top-view SEM micrograph of an InAs/InP/GaAsSb CDS NW where
GaAsSb shell and InP were removed at both ends of the CDS in a single etching step,
and shows the high control of the etching procedure on selective areas of
InAs/InP/GaAsSh CDS NWs. This provided the key step for the fabrication of four-
contact devices allowing to probe the charge transport in the InAs core, in the GaAsSh
shell and across the series of radial heterojunctions (InAs/InP and InP/GaAsSh).

CDSNW CDSNW (b) One side etched
(d)  Beforeetching  After etching

0 228 nm
InAs :
= GaAsSh

158 nm

200 nm

Both side etched InAs InAs
L

GaAsSbh

162 nm 200 nm

Figure 4.5. (a) Sketch of CDS NWs with 12 facets, before (left panel) and after (right panel)
etching. (b) SEM images of one side etched and (c) two sides etched nanowires used for the
fabrication of multiple electrodes device architectures; pink and blue colors correspond to
GaAsSb shell and InAs core, respectively.

A false color SEM micrograph (top-view) of one of our four-contact devices
fabricated starting from individual InAs/InP/GaAsSb CDS NWs of sample B is shown
in Fig. 4.6 panel (a). Electrodes 1-4 provide electrical contact to the bare InAs core,
while contacts 2-3 are connected to the GaAsSb shell. Two different cross-sectional
views of our devices are schematically depicted in Fig. 4.6 (b), with color code
accounting for the different materials. With this device architecture, in the same CDS
NW, axial charge transport can be measured across the GaAsSb shell using contacts
2-3 and across the InAs core using contacts 1-4, while radial transport across the
multiple heterojunction can be measured using contacts 1-2 (or 3-4). Besides, the

application of a voltage bias to the degenerately doped silicon of the SiO2/Si*™*
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substrate allows to probe field-effect modulation in any of the three configurations

mentioned above.
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Figure 4.6. (a) SEM image of one of the investigated InAs/InP/GaAsSb CDS NW-based
devices allowing measurements with multiple contact configurations in the same
nanostructure. Purple, green, blue and yellow colors correspond to GaAsSh shell, InP barrier,
InAs core and metallic electrodes, respectively. (b) Schematic of device architecture and a
device cross-section. (c) I-V characteristics measured in the same nanostructure with different
configurations, namely core-core (blue curve), shell-shell (pink curve) and core-shell (green
curve), at Vec = 0 V and at 4.2 K, the left y-scale corresponds to the S-S and C-S curves,
while the right y-scale is related to the C—C curve. (d) Device architecture with circuit in
overlay, corresponding to the three different configuration of measurement.

Figure 4.6 (c) reports three different I-V characteristics, measured at 4.2 K with
applied Vsp in the range from -0.5 V to +0.5 V, in the same InAs/InP/GaAsSb CDS
NW-based exploiting the three different measurement geometries enabled by our
device architecture; the circuits corresponding to the different geometries are
schematically depicted in Fig. 4.6 (d). The blue curve shown in Fig. 4.6 (c) was

measured in the InAs core (C-C) using contacts 1-4 and displays a symmetric and
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almost-linear behavior. It corresponds to a relatively low resistance (60 k). The pink
curve is measured in the GaAsSb shell (S-S configuration) using contacts 2-3, and in
the linear region for |Vsp| > 0.3 V corresponds to a resistance of about 1 MQ. The
green curve is measured in C-S configuration using contacts 3-4 and it displays marked
asymmetry as well as significantly higher resistance: in this configuration charge

carriers must cross the insulating InP barrier.
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Figure 4.7. (a) Current map measured in the InAs core (C-C configuration) as a function of
Vec and Vsp at 4.2 K. (b-top) n-type transconductance curve extracted from the map in panel
(@) for Vsp = 0.3 V. (b-bottom) schematic of the C-C measurement configuration. (c) Current
map measured in the GaAsSb outer shell (S-S configuration) as a function of Vg and Vsp at
4.2 K. (d-top) p-type transconductance curve extracted from the map in panel (c) for Vsp = 0.3
V. (d-bottom) schematic of the S-S measurement configuration.

The back-gate modulation of charge transport in the InAs core and in the
GaAsSb shell is reported in Fig. 4.7, and clearly reveals that InAs is n-type while
GaAsSb is p-type. Figure 4.7 panel (a) and (c) show two current maps measured at 4.2
K in the same InAs/InP/GaAsSb CDS NW-based device, respectively with C-C and

S-S measurement configuration, as function of the Vsp and applied Vss. The circuits
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used to measure the two current maps in the two configurations are schematically
depicted in Fig. 4.7 (b), (d). The InAs core clearly behaves as a n-type field effect
transistor: its transconductance curve measured at Vsp = 0.3 V is reported in Fig. 4.7
(b)-top graph. The GaAsSb shell exhibits instead a behavior consistent with a p-type
doping, as results from the transconductance curve measured at Vsp = 0.3 V reported
in Fig. 4.7 (d)-top. Interestingly, the observation of almost linear 1-V curves for the C-
C configuration (with low electrical resistance at 4.2 K), together with the opposite
behavior observed for C-C versus S-S configuration upon the application of Vg, are
consistent with the occurrence of good Ohmic contacts between the evaporated metals
and the InAs semiconductor.

4.5 Conclusions

In conclusion, starting from catalyst-free InAs/InP/GaAsSbh CDS NWs, we
fabricated two-probe and four-probe electronic devices allowing to investigate the
impact of InP barriers on the charge transport properties of the nanostructures.
Measuring in shell-shell geometry, we showed that a 10 nm-thick InP barrier
effectively suppressed the conduction band-to-valence band tunnelling between the
InAs core and outer GaAsSb shell. Thanks to the four-terminal device architecture, in
the same nanostructure we independently measured charge transport across the outer
GaAsSh shell, the inner InAs core, and across the radial heterojunction. Our results
obtained in C-S geometry proved that radial tunnelling across the InP barrier yielded
asymmetric I-V curves and high electrical resistance, impressively larger respect to the
resistance measured axially in the InAs core and in the GaAsSb shell of the NW.
Moreover, field effect modulation of charge transport in our devices indicates n- and
p-type nature of the InAs core and the GaAsSb shell, respectively. The present results
demonstrate that a thin radial insulating barrier epitaxially grown between the n-type
core and the p-type shell of a CDS NW efficiently quenches the tunnel coupling
between electrons and holes located in the two axial channels. The InAs/InP/GaAsSh
CDS NW-based device reported hereby behaves as a multifunctional device that
allows for axial transport in two parallel semiconductor channels with opposite doping,
together with radial transport across the two channels. This result suggests that our
InAs/INP/GaAsSb CDS NW-based devices may represent a suitable platform for

engineering Coulomb-coupled electron-hole systems in individual nanostructures.
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Chapter 5: Self-catalyzed InAs/InSb axial
heterostructured NWs

5.1 Introduction

Antimony based semiconductor materials are auspicious material for the study
of fundamental phenomena and device applications. Among them, InSb is one of the
promising material due to unique properties such as smallest band gap, smallest
effective mass, the highest electron mobility, strong spin-orbit interaction, largest
Lande g-factor, and the largest thermo-power figure of merit [127,166]. This makes
InSb essential candidate for the various applications in the field of high speed
electronics and optoelectronics [167,168]. Nevertheless, it is very hard to achieve
epitaxial growth of InSb to the form thin film on common semiconductor substrates
because of large lattice mismatch of InSb with other materials [169,170]. Therefore,
to overcome this problem, it was grown in the form of NWs on lattice-mismatched
substrates such as Si and InAs [171-178], which provides new path to grow InSb-
based NWs. Recently, growth of InSb NWs is achieved on InSb substrates [179].
Despite development, it is absolutely hard to get to control over the morphology and
dimensions of InSb NWs, and many fundamental aspects of their growth and related
properties are not yet fully explored. For example, radial extension of the InSb segment
can be caused by several reasons, such as the droplet inflation with either In or Sb
atoms, or a rapid radial growth on the NW sidewalls, but the exact mechanism has not
been revealed to our knowledge. So far, most efforts were put on the Au-assisted
growth of InAs/InSb heterostructured NWs [171,173,174,176]. It is well known that
the use of Au is not compatible with CMOS processing. The only remaining approach
for the Au-free synthesis of InSb NWs on InAs stems should then be the self-catalyzed
(or self-assisted) approach [180,181], in which the Au catalyst is replaced by In. To
the best of our knowledge, only a few studies have been reported on self-catalyzed
InAs/InSb NWs [172,182,183] and a detailed description of the growth mechanisms is
still lacking. Consequently, we have performed the first systematic analysis of the self-
catalyzed growth of InAs/InSb axial heterostructured NWs on silicon substrates. Our
investigation shed new light on some general features of the growth mechanisms and

the resulting properties of NWs.
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The first section of this chapter will be dedicate to the growth of self-catalyzed
InAs/InSh axial heterostructures NWs. The second part of this chapter is related to
systematic analysis of the self-catalyzed growth of InAs/InSb axial heterostructured
NWs through theoretical modelling. The theoretical modelling analyses were done in
collaboration with Vladimir G. Dubrovskii (School of Photonics, ITMO University,
Kronverkskiy St. Petersburg, Russia). The transmission electron microscopy
measurements were performed on collaboration with Francesca Rossi (IMEM-CNR,

Parma Italy). The results presented in this chapter are published in Ref. [184].

5.2  Growth Mechanisms of self-catalyzed InAs/InSb NWs

InAs/InSb axial heterostructured NWs were grown on Si (111) substrates. The
MO precursors used for growth were trimethylindium (TMIn), tert-butylarsine
(TBASs), and tris-dimethyl-aminoantimony (TDMASD). In the first step, stem of
catalyst-free INnAs NWs were grown via VS growth mode by using optimal parameters
as described previously in chapter 3. The growth of InAs stem was carried out for 30
minutes with line pressure of TBAs = 3.0 Torrand TMIn=0.3 Torr at 430 £ 5 °C. The
average length and edge-to-edge diameter of InAs stem were 460 + 50 nm and 60 +
10 nm, respectively, with no tapering from the base to the top. In the second step, InSh
segments were grown on these InAs NW stems. In order to study in detail, the growth
mechanisms of InSb segment, different TMIn (Fin) and TDMASD (Fsp) line pressures
and time durations were investigated at a fixed growth temperature of 430 £ 5 °C. At
the end of growth, the TMIn flux was stopped and the sample was cooled down to 150

°C in 3 min, linearly decreasing the TDMASD line pressure to O Torr.

5.2.1 Time evolution of the InSb segment under In-rich conditions

We first studied the evolution of the InSb segment as a function of its growth
time t. In this series of samples, the line pressures Fin and Fs, were fixed at 0.2 Torr
and 0.35 Torr, respectively, while the growth times of InSb were varied (t = 10, 15,
20, 30, 45, 60, 120 and 180 minutes). The NW morphology was characterized by SEM
in a Merlin field emission microscope operated at 5 keV. For imaging the NWs were
mechanically transferred from the as-grown substrates onto a Si substrate, in order to
measure the geometrical parameters (nanoparticle (NP) height and base radius, InSb
segment length and diameter) froma 90° projection. SEM images of one representative
NW from each sample are shown in Fig. 5.1 (a). The InAs/InSb interface is always

well visible thanks to a larger diameter of the InSb segment. We performed EDX
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analysis of the longest NWs (with t = 180 min). We did not find any Sb signal around
the InAs stem and the InAs/InSb axial interface was quite sharp, corresponding to the
position at which the NW diameter started to increase. Therefore, the InSb segment
length can be measured directly from the SEM images as the distance from the
InAs/InSh interface to the InSb/NP interface. A frozen In droplet (the NP) is always
observable on top of InSh segment, clearly revealing the self-catalyzed VLS growth
mechanism for InSb section. Accumulation of In on the NW top must be due to In-rich
conditions during growth of InSb, as in Ref. [55,140], for In and Ga catalyzed InAs
and GaAs NWs. We measured the following parameters for each sample (averaged
over ~30 NWSs): the maximum diameter of InSb segment D = 2R, with R as the radius
of the segment, the length of InSb segment L, the base radius Rq and the height H of
the NP, as described in panel (b) of Fig. 5.1.
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Figure 5.1. (a) Series of SEM images of InAs/InSb axial heterostructured NWs with In droplets
on top, obtained with the line pressures Fi, = 0.2 Torr and Fs, = 0.35 Torr for different InSb
growth times as indicated in each panel. The In droplet nucleates smaller than the NW facet,
but then extends its base to cover the whole NW already after 15 min of InSb growth. (b)
Schematic view of the measured geometrical parameters. (c) Time evolution of the diameter
and length of InSbh segments (symbols) and (d) time evolution of the contact angle of In
droplets on top of InSb segments (symbols) of the sample series shown in (a). The lines in (c),
and (d) are theoretical fits discussed in the modelling section.

All the average quantities with the standard deviation, for all the series of

samples, are reported in the Table 5.1. The time evolution of the NP shape under these
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growth conditions shows that it first appears smaller than the maximum InSb diameter

due to tapering of the top NW section (after 10 min of InSb growth), but soon is pinned

at the corners of vertical NW, with the aspect ratio (H/Rq) increasing toward longer

times. The InSb segment length L and diameter D versus time t are shown in panel (c).

We can see that both quantities increase with the growth time, but the InSb length

increases faster than the diameter. Both length and diameter are approximately linear

in time.

Table 5.1. Measured and calculated geometrical parameters for the time series reported in Fig.

5.1 (a): InSb segments grown under line pressures of Fi, = 0.2 Torr and Fg, = 0.35 Torr.

InSb Rq H NP aspect p D L
growy (nm) (nm) EUE (Degree) (nm) (nm)
time (min) (H/Ra)
10 26+3 18+3 0.69 + 707 79+3 | 655
0.20
15 292 29+3 1+0.12 91+5 70+4 | 718+6
20 41 +2 44 +3 1.07 + 94 +4 88+3 | 91+4
0.08
30 45+ 4 58+ 8 1.28 + 104+8 | 99+12 | 8810
0.16
45 54 £2 70+4 1.29 + 106 +4 | 112+5| 110+
0.06 10
60 66 £ 3 82+5 1.24 + 102+4 | 139+4 | 142+
0.07 12
90 70£3 90+38 1.28 + 104+5 | 145+7 | 1607
0.09
120 90+6 | 9411 1.04 + 93+3 201 = 321
0.13 13 17
180 121+4 | 142+20| 117% 99+9 244 + 413 +
0.14 11 40
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The contact angle can be obtained by assuming spherical cap shape of the NP
resting on the NW top facet, and using the known expression tan(f/2) = H/Rq [185].
This is a standard method of measuring the contact angle [186]. In order to verify that
the droplet geometrical parameters measured ex-situ are representative of the actual
droplet shape during growth, we carried out some cooling experiments with and
without TDMASD flux and they will describe latter. The results confirm that the
cooling down step does not affect the NW and droplet geometry, so the ex-situ
measurements well reproduce the real shape and can safely be used for the f
calculation. The plot of the contact angle versus time is shown in Fig. 5.1 (d). It is seen
that the contact angle increases quite rapidly at the beginning but then saturates at 102

+2°.

5.2.2 Time evolution of the InSb segment under Sb-rich conditions

Next, we investigated the morphological evolution of InSb segments using a less
In-rich condition by increasing the Fsp value from 0.35 Torr to 0.7 Torr and keeping
the same Fin 0of 0.2 Torr. We grew three different samples with t = 30, 45 and 60 min,

for which the representative SEM images are shown in Fig. 5.2 (a).
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Figure 5.2. (a) Series of SEM images of InAs/InSh axial heterostructured NWs with In droplets
on top, obtained under Fi, = 0.2 Torr and Fs, = 0.70 Torr for 30, 45, and 60 min of InSb
growth time. The droplet diameter appears systematically smaller than the NW diameter. (b)
Time evolution of the diameter and length of InSbh segments (symbols) and (c) time evolution
of the contact angle of In droplets on top of InSb segments (symbols) of the sample series

shown in (a). The lines in (b), and (c) are theoretical fits discussed in the modelling section.

Figure 5.2 (b) shows the measured diameter and length of InSb segments as a

function of the growth time. It is seen that the droplet is always smaller than the
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maximum NW diameter due to tapering of the NW top. Furthermore, the droplet
diameter stays almost constant during growth, while the maximum InSb diameter
increases linearly with time according to Fig. 5.2 (b). By measuring the aspect ratio of
the NPs, we deduced their contact angle plotted in Fig. 5.2 (c). It is seen that for these
growth conditions, the contact angle saturates at approximately 79 £ 4°. The detail of
all the measured average quantities with the standard deviation, for all the series of
samples, are tabulated in the Table 5.2.

Table 5.2. Measured and calculated geometrical parameters for the time series reported in Fig.

5.2 (a): InSh segments grown under line pressures of Fi, = 0.2 Torr and Fs, = 0.70 Torr.

InSb growth Rq H NP aspect p D L
time (min) (nm) | (nm) ratio (Degree) (nm) (nm)
(H/Rq)

30 39+2 | 34+4 0.87 £ 82+5 107+8 | 1357
0.12

45 39+2 | 36£6 0.92 + 804 123+7 | 200 + 18
0.17

60 45+3 | 35+3 0.77 = 79+4 140 £ 4 | 266 + 10
0.10

5.2.3 Influence of Sb flux on the InSb segment morphology

In this section, we studied the influence of the In/Sb line pressure ratio on the
morphology of InSb segments. Figure 5.3 (a) shows the representative SEM images of
a series of InAs/InSb NWs as a function of Fsp, obtained by keeping Fi, at 0.2 Torr
and varying Fsp from 0.35 Torr to 0.80 Torr. The InSb growth time was fixed to 60
min for all samples. It is clearly seen that the size of In droplets decreases and the
length of InSb segment increases with increasing the TDMASbD line pressure. For
lower TDMASD pressures (Fs» < 0.55 Torr), the droplet covers the whole top facet of
InSb NW, while for higher TDMASD line pressures it becomes smaller than the facet.

The maximum Fsp at which the In droplet is preserved on the NW top equals 0.8 Torr.
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Figure 5.3. (a) Series of SEM images of InAs/InSh NWs, obtained after 60 min of InSb growth
at a fixed Fi, of 0.2 Torr and different Fsp, yielding different In/Sb line pressure ratios as
indicated in each panel. The droplets become smaller than the NW facet for higher Fsp. (b)
Diameter and length of InSh segment versus the Fsp (Symbols). (¢) Contact angle of In droplets
on top of InSb segments versus Fs, (symbols). The lines in (b) and (c) are theoretical fits

discussed in the modelling part. The change of the slope in the model fit comes from the
minimum stable contact angle of 79°.

Higher TDMASD line pressure leads to a transition from the VLS growth to the
catalyst-free VS growth mode, where no axial growth of InSb is observed. Instead,
InSb starts forming a shell around the InAs stem. We can thus conclude that axial
growth of InSb on InAs can only proceed in the presence of an In droplet through the
VLS growth mode, while no axial growth occurs in the catalyst-free VS regime, as
observed earlier in [187,188]. Figure 5.3 panel (b) shows the diameter and length of
InSb segment as a function of Fsp. It is seen that, while the In droplet size gradually
decreases with increasing the TDMASD line pressure, the diameter of InSb segment
remains constant. It clearly demonstrates that radial growth of InSbh depends neither
on the TDMASD line pressure nor on the In droplet size. Furthermore, the radial
growth rate remains the same regardless of NW tapering at the top. Hence, radial
growth should proceed independently of the VLS process occurring on the NW top.
The length of InSb segment increases almost linearly with Fsp, as usually observed in

self-catalyzed I11-V NWs [180,140,189]. By applying the same method as above, we

68 Chapter 5: Self-catalyzed InAs/InSb axial heterostructured NWs



Self-catalyzed and catalyst-free 111-V semiconductor NWs grown by CBE

deduced the droplet contact angle as a function of Fsp, shown in Fig. 5.3 (c). The
contact angle gradually decreases with increasing the TDMASD line pressure. For
lower pressures (Fsp < 0.4 Torr), it remains larger than 90°, while for higher pressures
(above ~0.65 Torr) it saturates at ~79°. The droplet volume further decreases by
shrinking its base diameter smaller than the facet. All the measured quantities are
reported in Table 5.3.

Table 5.3. Measured and calculated geometrical parameters for the samples reported in Fig.
5.3 (a): InAs/InSb NWs obtained keeping Fi, at 0.2 Torr and varying Fs, from 0.35 to 0.80
Torr.

Fsb Rd H NP aspect p D L
(Torr) ratio

(H/Rq)

(Degree) (nm) (nm)

0.35 66 +3 82+5 |124+0.07| 102+4 139+4 | 142+12

0.40 65+3 756 |115+0.09| 98+5 139+9 | 171+ 20

0.45 62+5 61+6 |098+0.12| 893 147+6 | 203+ 14

0.50 61 +2 59+3 [096+006| 88%2 148+8 | 2049

0.55 54 +2 48+3 |0.88+0.07| 84+3 146 £3 | 243+ 10

0.65 93 +2 42+3 |0.79+0.08| 783 150+3 | 258 £ 20

0.70 45+ 3 35+3 | 077010 79%4 140+ 4 | 266 + 10

0.80 42+ 2 34+4 1080+012| 79%5 1474 | 27915

When Fsp is further increased to 0.9 Torr as described above discussion, a
transition from the VLS growth to the catalyst-free VS growth mode (without any In
droplet) occurs, and no more axial growth of InSb is observed. Instead, InSb starts

forming a shell around the InAs stem, as we can see in the SEM image Fig. 5.3 (a).

5.2.4 Effect of In flux on the InSb segment morphology

In this section we will discuss the effect of group Il (Fin) on the morphology of
InSb segment of the InAs/InSb NWs. We grew a series of samples with same
temperature and growth duration 60 min, keeping Fsp fixed to 0.35 Torr while varying

the Fin from 0.2 to 0.65 Torr. Figure 5.4 (a) shows a series of SEM images of
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InAs/InSb NWs obtained by varying Fin from 0.2 Torr to 0.65 Torr at a fixed Fsp of
0.35 Torr.
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Figure 5.4. (a) Series of SEM images of InAs/InSh axial heterostructured NWs with In droplets
on top, obtained after 60 min of InSb growth at a fixed Fs, of 0.35 Torr and different Fq,
yielding different Sb/In line pressure ratios indicated in each panel. Under these highly In-rich
conditions, the In droplets always cover the whole NW facet. (b) Diameter and length of InSb
segments versus the F, (symbols). (c) Contact angle of In droplets on top of InSb segments
versus Fin (symbols). The lines in (b) and (c) are theoretical fits discussed in the modelling
section.

Clearly, all these growths proceed under highly In-rich conditions, where the
volume of the In droplet gradually increases with increasing Fin. The In droplets cover
the whole NW top facets in all cases. Figure 5.4 (b) shows the InSb diameter and length
versus Fin. The diameter increases linearly with Fin, while the length is independent of
Fin. We can thus conclude that the axial growth rate of InSb segment is independent
of Fin, while the radial growth rate is proportional to Fin. Figure 5.4 (c) quantifies the
droplet contact angle as a function of Fin, showing a rapid increase at the beginning
but then showing a tendency for saturating at around 128 + 2°. Further increase of the
In droplet volume occurs by increasing the base radius. All the average quantities with

the standard deviation, for all the series of samples, are summarized in the Table 5.4.
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Table 5.4. Measured and calculated geometrical parameters for the samples reported in Fig.
5.4 (a): InAs/InSb NWs obtained keeping Fsp at 0.35 Torr and varying Fi, from 0.2 to 0.65
Torr.

Fin Rq H NP aspect p D L
(or) (nm) (nm) ratio (Degree) (nm) (nm)
(H/Rq)
0.2 66 +3 82+5 | 124+007 | 102+4 | 139+4 | 142+12

0.25 73+3 | 101+5 | 1.38+0.06 | 108+2 | 151+6 | 147 %7

0.30 72+9 | 100+12 | 1.38+0.17 | 108+3 |152+17 | 154 +17

0.35 77+11 | 116 +16 | 1.50+0.19 | 113+4 | 156+19 | 153+ 20

0.40 87+7 |134+20|154+016 | 115+2 | 175+12 | 160+ 10

0.45 96+7 |161+10| 1.67+0.09 | 118+3 | 195+ 20 | 160 + 12

0.55 102+7 | 190+13 | 1.86+0.09 | 123+4 | 204+13 | 156+ 8

0.65 117+7 | 239+8 | 204+0.06 | 128+2 | 225+9 | 146+ 17

5.2.5 Cooling down experiment

Additionally, in order to study the effect of the cooling process on the NW
morphology and the droplet shape, we have grown two samples using the same
parameters (Fin/Fsp = 0.2/0.35 and 60 min growth time) but with different growth
terminations. In the first case, the sample was cooled down to 150 °C in 3 min under
TDMASD line pressure (as for all the other samples reported above, linearly decreasing
the line pressure from 0.35 Torr to 0 Torr), while in the second case it was cooled
down without any precursor flux. SEM micrographs of the NWs obtained are shown
in Fig. 5.5. We measured the length and diameter of InSb segments and the contact
angle of the droplets of ~ 30 NWs from each sample, following the same procedure
described earlier. We found no difference between the two samples in terms of the NW
length, diameter and contact angle of the droplet. We obtained L = 180 = 10 nm, D =
162 £ 3 nm, and g = 104 £ 2° for the sample cooled down under TDMASD line
pressure; and L =190 + 10 nm, D =157 £ 3 nm, and = 102 £ 2° for the sample cooled

down without any flux. Therefore, we concluded that the cooling down process does
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not affect the morphology of the InSb segment and the In droplet shape. This is
reasonable considering that the axial growth will immediately decrease and probably
stop during the cooling down step due to the lower temperature and the lower amount

of Sb atoms available in vapor phase [190].

100 nm
[ ]

Cool down Cool down

with without

TDMASb TDMASD

Figure 5.5. SEM images of InSb/InAs NW grown under Fi, = 0.2 Torr and Fs, = 0.35 Torr for
60 min and cooled down under TDMASD flux (left panel) and without TDMASD flux (right
panel).

5.3 Crystal structure characterization

In order to study the crystal structure and the chemical composition of the grown
InAs/InSb NWs, we performed TEM and EDX analyses of the InAs/InSb NWSs grown
under different conditions and obtained very similar results. Figure 5.6 shows two
representative NWs from sample grown for 60 min at Fin=0.2 Torr and Fs, = 0.7 Torr.
Panel (a) shows the EDX map of a NW, while panel (b) is a HR-TEM image. Panels
(c) and (d) are the magnified views of the selected portions of the NW framed by the
colored squares in (b), with the insets showing the FFT of the InSb lattice. In all the
NWs analyzed, we found that the catalyst nanoparticles contain only In. The Sb
concentration is always lower than 1%. From the HR-TEM and the FFT analyses, we
found that the InAs stems have a mixed WZ/ZB crystal structure, while the InSh
segments have the ZB structure with a few stacking faults, often followed by a thin
WZ insertion at the NW top (close to the NW/NP interface). The TEM results confirm
the self-catalyzed growth mechanism with pure In droplet on the NW top, as reported
earlier in Refs. [177] and [42], and the good stability of the ZB crystal phase in InSb
NWs.
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Figure 5.6. TEM analyses of the InAs/InSb NWs grown with Fj,=10.2 Torr and Fs,= 0.7 Torr
for 60 min. (@) EDX compositional map of a NW in which is visible the InAs stem in pink
color, the InSbh segment in green color and the In NP in blue. (b-d) show HR-TEM images
with the FFTs of the selected portions (insets).

Next, we investigated the crystal structure of InAs/InSb NWs sample grown
under Fi, = 0.65 Torr and Fsp = 0.35 Torr, for 60 min. Figure 5.7 shows HR-TEM
images of InAs/InSb NWs. It is observed also for the NWs grown In-rich conditions
from panel (b) that the crystal structure of the InSb segment is pure ZB with only a
few stacking faults followed by a thin WZ portion close to the NW tip. The inset of
panel (b) showed FFT of represented part of NWs which confirms the presence of pure
ZB crystal structure of InAs/InSb NWs.

Figure 5.7. HR-TEM image of a NW obtained with Fi./Fsp = 0.65/0.35 and t = 60 min: the
whole NW (a) and the selected section (b) framed in (a). The inset in (b) shows the fast Fourier
transform (FFT) of the image.
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Further, we examined crystal structure of InAs/InSb NWs sample grown under
the Fin = 0.20 Torr and Fsp = 0.35 Torr for 60 min. The obtained results of InAs/InSb
NWs are shown in Fig. 5.8. It is observed from HR-TEM image of panel (a) and
magnified viewed of panel (b) that the crystal structure of the InSh segment is again
pure ZB with only a few stacking faults followed by a thin WZ portion close to the
NW tip.

50 nm

Figure 5.8. HR-TEM image of a NW obtained with Fn/Fs, = 0.20/0.35 and t = 60 min: the
whole NW (a) and the highlighted section (b) framed in (a). The inset in (b) shows the fast
Fourier transform (FFT) of the image.

It is concluded from HR-TEM results that InSb segments consist of ZB crystal
structure regardless of any growth conditions. We can explain this with following
arguments that the crystal phase purity of InNSb NW sections in the ZB structure from
the surface energy point of view. We note that the difference between planar solid-
vapor and solid-liquid facets for InSb ¢, —y5 = 0.0936 J/m? is quite small,
corresponding to the Young’s angle which is close to 90°. The Glas condition for the
WZ phase formation [191], is given by y, — 74, — 7., Sin 8 <0, where yg,and y{
are the surface energies of the corresponding vertical facets. Assuming a small
74, — 7+, as for planar facets, the WZ phase seems to be always enabled around s =
90°, as in our case. In fact, this observation was the original argument of Ref. [ (Glas
et al.) [191]], for the prevalence of the WZ phase in VLS Il1-V NWSs. However, these
considerations apply to vertical corner facets wetted by the droplet. It was then noticed
that 111-V NWs may grow with a truncated corner facets which makes nucleation of

two-dimensional (2D) islands at the TPL improbable and hence the crystal phase of
such truncated NWs should be ZB [192,193]. Therefore, being the ZB phase very
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predominant in VLS InSb NWs in almost all cases, we speculate that InSb islands

always nucleate with truncated lateral facets, as suggested in Ref. [194].

Furthermore, the nanoparticle (droplet) the composition for NWs taken from
three different samples (grown under different In and Sb line pressure) were measured
by EDX. The chemical composition of particle is mainly In. The results are
summarized in the Table 5.5.

Table 5.5. Droplet chemical compositions measured by EDX

Growth Precursor line pressures Composition of the
parameters (Fin/Fsb) droplet
InSb growth time In (%) Sb (%)
(min)
60 0.2/0.35 99.5 0.5
60 0.2/0.7 99.4 0.6
60 0.65/0.35 99.6 0.4

5.4 Modelling and discussion

The observed experimental results of InAs/InSb NWs will be explained and
quantified here with the help of a dedicate theoretical model. The atomic In and Sb
fluxes entering the droplet should be proportional to the TMIn and TDMASD line
pressures, for the fixed pyrolysis efficiencies at a given growth temperature. This
central assumption can be clarified by the following facts. Our data clearly show that
the axial growth rate is approximately proportional to Fsp, as demonstrated in Fig. 5.3
(b). This is standard phenomena for self-catalyzed VLS growth [180,189,195-197]
and occurs because the catalyst droplet serves as a reservoir of group Il atoms (In in
our case) and the VLS growth conditions are always group V limited. Including the
re-emitted flux of group V atoms scattered from the substrate surface or the
neighboring NWs [189] does not change the linear scaling of the axial growth rate with
group V flux. On the other hand, group V species are not diffusive on the NW sidewalls
[189,195,196]. Conversely, VS growth on the NW sidewalls is usually group Il
limited [181,188,195,197] and may involve surface diffusion of In adatoms. This
would not change the linear scaling of the average NW diameter with group 111 flux,

clearly demonstrated in Fig. 5.4 (b). Diffusivity of In on Si (111) surface might be
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high, but we consider growth of InSb on InAs at a distance ~500 nm from the substrate.
Surface diffusion of In is known to not strongly affect even the Au-catalyzed CBE
growth of InAs NWs, which is evidenced by their Poissonian length distributions
[198]. When the VLS growth is driven by surface diffusion, the NW length
distributions become much broader, with the variance scaling as the squared mean
length [199] (against the linear scaling in the Poissonian case [198]). Finally, we are
dealing only with the average values of the InSb segment length, diameter, and In
droplet angle. In this case, it seems reasonable to assume a linear scaling of the growth
rates with the corresponding fluxes, leaving aside more delicate effects of re-emission,
surface diffusion and random nucleation of NWs on the surface [198]. Deviations from
the linear fits, seen in Figures 5.1 (c), 5.3 (b) and 5.4 (b), might be due to the effects
listed above.

We have observed from experimental results that the In droplets cover the whole
top facets of InSb NWs at any In/Sb ratio. However, higher In/Sb ratios yield vertical
or even slightly inverse-tapered InSb NWs, such as shown in Fig. 5.1 (a) and 5.4 (a),
whereas lower In/Sb ratios lead to tapered NW tops, such as seen in Fig. 5.3 (a) and
5.6 (a)-(b). Tapered NWs maintain a fixed contact angle of In droplet of ~79° until the
transition from the VLS to VS growth regime at Fin/Fsp = 0.2/0.9. The two typical
geometries are demonstrated in Fig. 5.9 and can be understood on surface energetic

grounds similarly to other 111-V NWs.

High In/Sb Low In/Sb
ratio ratio
Pmin
Rq ,
Rq B>Pmin :
I
1 l

(a) (b)

Figure 5.9 Illustration of (a) vertical (for B > Smin) or (b) tapered (at 5 = fmin) NW geometry,
with Smin = 79° as the small stable angle determined by the surface energetics.

It is reported previously, in-situ [186] and ex-situ [195] growth studies of self-
catalyzed GaAs NWs show the bistability of the Ga droplet angle, with the two stable
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angles around 90° and 130°. Inside this range, NWs grow with vertical sidewalls, while
they taper at the small or inverse-taper at the large stable contact angle. Similar
behavior is observed for self-catalyzed GaP NWs, with the vertical growth region
shrinking to a narrow range around 123° [197]. In our case, we have determined the
small stable contact angle of In droplets ~ 79°. The large stable contact angle is around
125-130° according to Fig. 5.4 (c). Clearly, the large stable contact angle corresponds
to very high In/Sb ratios and is rarely achieved in our experiments. Conversely, the
small stable contact angle is systematically observed, and determines the minimum
In/Sb ratio at which InSb NWs can be grown in the VLS mode. Therefore, the two
geometries shown in Fig. 5.9 will be used for modelling.

5.4.1 Radial and axial growth rate dependence

The VLS growth on the NW top occurring at the liquid-solid interface must be
faster than the VS growth without any droplet. Therefore, the axial growth of InSb is
mediated by nucleation of InSb islands under the droplet, even if it is smaller than the
maximum NW diameter. This explains why maintaining the droplet is crucial for the
formation of axial InAs/InSb NW heterostructures. Without any droplet, InSb tends to

surround the InAs stem and forms a CS structure [188].

As discussed above, InSh segments grown on top of the InAs stems show the
maximum radius increasing linearly with time, as demonstrated by Fig. 5.1 (c) and 5.2
(b). The measured content of Sb in the droplet is always negligible, and hence the
droplet volume is controlled by the amount of In rather than Sbh. The radial growth rate
of InSb is independent of the TDMASD line pressure as shown in Fig. 5.3 (b) and it is
proportional to the TMIn line pressure as observed in Fig. 5.4 (b). It is remarkable that
the radial growth rate is exactly identical for different contact angles of the In droplets
and even the NW configurations (vertical or tapered). Linear fits for the time and Fin
dependences of the In-limited radial growth rates of InSh, shown in Fig. 5.1 (c), 5.2

(b) and 5.4 (b), respectively, yield:

dR
E = apFn (51)

with a;,, F;, = 0.57 £ 0.07 nm/min at Fin = 0.2 Torr. Integration giveskR = R, +
A Fint, With Ro~ 30 £ 5 nm as the initial radius of InAs stems. This matches exactly

the horizontal line in Fig. 5.3 (b) at t = 60 min. Therefore, radial growth of InSb
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segments proceeds in the VS mode and has nothing to do with the droplet size
evolution, in sharp contrast with Refs. [140], [196], and [200].

On the contrary, the axial growth rate of InSb segments is independent of the
TMIn line pressure and is proportional to the TDMASD line pressure as plotted in Fig.
5.3 (b). According to Fig. 5.1 (c) and 5.2 (b) the NW length becomes a linear function
of time after 30 min of growth. For shorter growth times, instead, the increase of length
with t is slightly super-linear. This could be an effect of an overestimation of the InSh
length at the beginning of the growth because of the InSb deposition on the tilted facets
of the InAs stem NW tip, instead of the flat (111) top-facet as displayed in Fig. 5.10.

30 InSb growth
) time (min)

Figure 5.10. Schematic representation of the early stages of InSb growth. The measured InSb
segment length (L) is overestimated compared to the real axial segment length (L*) due to the
InSb radial growth on the inclined facets of the InAs stem tip that results in a wrong InAs/InSb
horizontal interface positioning.

As known from previously reported TEM analysis of the catalyst-free INAs NWs
[66], the NW tip is not perfectly flat, showing instead some inclined facets, resulting
in a tapered tip terminating with the flat (111) top facet. The tapered InAs tip shape is
also visible in the EDX map of our InAs/InSb NWs of Fig. 5.6 (a). However, when we
perform SEM imaging if the InAs/InSb NWs, the tapered InAs tip is not visible
anymore, suggesting that InSb growth occurs also on the inclined facets of the InAs
stem, burying the tapered InAs tip. Indeed, when we measure the InSb segment length
(L), we take the InAs/InSb interface as the point at which we see the increase of the
NW diameter. Therefore, L can differ from the actual InSb axial segment length (L*),
and this will result in an overestimation of the segment length, which is more relevant
for short growth times. Figure 5.10 schematically explains this effect: the measured

parameter L is given by the actual axial segment length L* plus the height of the
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tapered InAs tip (h). Since the latter is around 30-40 nm (as measured from the EDX
maps), the overestimation of L is more relevant for short growth times (t < 30 min).

Furthermore, geometrical effects in directional CBE technique [201], may affect
the early stage growth rate. Generally, the axial growth rate of self-catalyzed Il1-V
NWs is proportional to the group V flux [140,180,181,195,196,198,200], however, the
slope may depend on the droplet contact angle. Therefore, we can write:

dL

i bsy(B)Fsp (5.2)

with a f-dependent bsy in the general case (measured in nm/min x Torr). After
the contact angle saturates to a certain ¢, as in Fig. 5.1 (d), the axial growth rate
becomes independent of # and hence on the In flux. In particular, from the linear fits
shown in Fig. 5.1 (c) and 5.2 (b), the axial growth rate is almost precisely doubled (4.5

+ 0.2 nm/min against 2.4 + 0.12 nm/min) by increasing Fs, from 0.35 Torrto 0.7 Torr.

5.4.2 The evolution of the droplet shape as a function of time and material fluxes
In order to describe the evolution of the droplet shape as a function of time and
material fluxes, we note that the contact angle changes due to the two independent

processes.

(1) On one hand, the contact angle of a droplet pinned at the NW corners
decreases due to the radial growth on the NW sidewalls. We use the circular geometry
for the NW top facet and spherical cup droplet shape. Then, whenever the NW radius
increases by dR, the f decreases by df = —f(B)(1 + cos B)?dR/R, with f(B) =
(1 —=cosB)(2+ cosB)/[(1+ cos ) sinB] as the geometrical function relating the
droplet volume V to the cube of its base according to V = (mR3/3)f(B) [202]. Using

Equation (5.1), this gives following relation,

(dB/dt)y = —f(B)(1 + cos B)?ar, Fn/R (5.3)

(2) On the other hand, the contact angle changes due to any unbalanced In
income from vapor and its sink due to the VLS growth of InSb NW section. In atoms
should not desorb either from the droplet or the NW surface at 430 °C. Assuming also
the absence of surface diffusion of In adatoms on the NW sidewalls [178,198], the

total number of In atoms in the droplet N, changes according to following equation,

dN,/dt = (TR? /21nsb) [b1n(B)F1n — bsp(B)Fsp] (5.4)
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Here, b, (B)Iis a p-dependent adsorption coefficient on the droplet surface for In
similar to the one in Equation (5.2) for Sh, and Q, ., = 0.0680 nm? is the elementary

volume of InSb pair in ZB InSbh [197]. Since the droplet contains only In atoms, we

can write the corresponding change in the droplet volume, which equals N, (where
Q, =0.0261 nm® is the elementary volume of liquid In) [197]. At a fixed R, we can

present the volume change solely through dg according to [202],

dNp,/dt = (TR*/2p,) (1 + cos B)~*(dB/dt), (5.5)

Equating these two expressions of equations (5.4) and (5.5), we obtain the

contact angle change due to the In/Sb influx imbalance in the form of,

(dB/dt); = (2in/Linsp)(1 + c0s B)?[byn(B)Fin — bsy(B)Fsp] /R (5.6)

Therefore, the total change of the contact angle is given by combining the
equations (5.3) and (5.6),

dB  (1+cosp)’r 2,
dt Ry + aip,Fr,t1Qpsp

(b1 (B)F 1 — bsp(B)Fsp) — f(B)amFin (5.7)

where we use the result of integration of Equation (5.1) for R in the denominator.
Here, the first bracket term stands for the droplet shape evolution in the VLS process,
similar to [203], while the second describes the decrease of the contact angle by In-
limited VS radial growth on the NW sidewalls.

The stationary contact angle /. is obtained from by considering the g =4, =

constant

-an

-QInSb

(bln(ﬁc)FIn - bSb(Bc)FSb) = f(B)amFm (5.8)

provided that the left-hand side is positive. Of course, the small stable angle

should be put to g if the solution to Equation (5.4) is smaller than g

min min !

corresponding to the NW tapering as described above. Using the linear fits in Fig. 5.1
(d) at p,=p.=102° we obtain the unknownb, (B.)F,, , corresponding to these

particular stationary contact angle and material fluxes. It is remarkable that our
experimental data allow for the determination of the complete set of parameters
describing the morphological evolution under these growth conditions, summarized in
Table 5.6.
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droplets under Fi, =0.2 Torr and Fsp =0.35 Torr.

B- F 1; F gb ap,F 1; by (B)E, ;b by, (B, 1; Q[ Qpg, | A

Degree | Torr | Torr | nm/min | nm/min | nm/min

102+2 | 0.2 0.35 0.57 £ 2.4 6.18 £ 0.384 | 0.534
0.07 0.12 0.05

Equation (5.7) describes the time evolution of the contact angle toward the
stationary value determined by Equation (5.8). To simplify the analysis, we can expand
the geometrical functions entering these equations in f — f. and keep only the linear
terms: by (B) = b (B.) + b (BB — B.) for k=In, Sb, and f(B) = f(B)+
f'(B)(B — B.). Additionally, we account for a decrease of (1 + cos 8)? in Equation
(5.7) with increasing g by using a linear approximation. In the CBE system, beam
angles of In and Sb with respect to the vertical equal to 38°. This allows us to find the

constant A = by, (8.)/bin(B.) = bé, (B.)/bsy(B.) = 0.534 using the expressions for
the geometrical factors of Ref. [201].

The final expressions for the droplet shape evolution contain no free parameters.

The stationary contact angle is given by:

B 0.84(x—y)
Be=B.+ (1.45x + 0.84y)

(5.9)

forp.>p.. and B, =p,, otherwise, with x = F;,,/F,,, ¥y = Fg,/Fg,. The time

evolution to this stationary state is described by:

Bc(ﬁmax - ﬂO) - ﬁmax(ﬁc - ﬁO)(l + t/‘t)_(S

B 5.10
ﬁ(t) ﬂmax - ﬂo — (Bc - ﬁo)(l + t/T)—S ( )
where:
6 = 4'(ﬁmax - ﬁc)w, T= 2Ro

x x
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and f, is the initial contact angle. Here, B4, = 119° for . = B, =102° at x =
y = 1. We take R, = 30 + 5 nm and 3, = 82 + 3 to fit all the data shown in Fig.
5.1,5.2,5.3, and 5.4.

Without any free parameters, our model provides excellent fit to all the data.
This includes linear time dependences of the radius and length of InSb sections, linear
scaling of R with the In line pressure and L with the Sb line pressure, non-linear time
evolution of the contact angle to a flux-dependent stationary values (Fig. 5.1 (d) and
5.2 (¢)), increase of the stationary contact angle with the In flux (Fig. 5.4 (c)) and its
decrease with the Sb flux (Fig. 5.3(c)), and the NW tapering at the small stable contact
angle. Overall, the achieved quantitative correlation of the model with the data is quite
remarkable.

5.5 Conclusions

In conclusion, our study of self-catalyzed InAs/InSb axial heterostructured NWs
exhibits some general features, which should relate to a wide range of epitaxial
techniques and growth conditions. We have demonstrated that rapid radial growth of
InSb is not a consequence of the droplet inflation but is rather due to the VS radial
growth on the NW sidewalls so that In droplet may shrink and the whole NW extend.
The presence of an In droplet on the NW top is absolutely required to maintain the
axial growth of heterostructure. The growth kinetics of InSb NW sections as well as
In droplets on their tops have been explained and quantified within a model containing
no free parameters. More complex kinetic effects and local fluctuations of the material
fluxes requires a separate study. Most importantly, our established model for the InSb
morphology, which uses only the experimentally extracted parameters and fits quite
well to all the data in a wide range of In/Sb ratios. While the growth geometry and
critical values of the material fluxes may depend on a particular growth technique, the
obtained results should be useful for engineering the morphology and the resulting

properties of Au-free InAs/InSb axial heterostructured NWs for different applications.
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Chapter 6: Self-catalyzed InSb/InAs
guantum dot NWs

6.1 Introduction

NW-based HSs provide a wide range of opportunities for bandgap engineering
by combining different materials [94]. As an example, 111-V semiconductor NWs with
embedded QDs were realized and their integration in high performance devices for
electronics and optoelectronics was demonstrated in the last years [93,95-97,204,205].
The fabrication of QDs in NWs offers additional features over Stranski-Krastanow
(SK) QDs, providing a tool for single QD control. This is a very important property
that allows for example the implementation of a single-photon source for quantum
cryptography and quantum computing [206-208]. Moreover, QDs in NWs are usually
grown along the NW axis and this ensures the maximum collection efficiency and the
possibility of controlled coupling to a NW waveguide mode [207,208].

InSb/InAs HSs represent one of the most promising material system for
optoelectronic devices operating in the middle infrared range [110]. The NW geometry
offers a great platform for improving the InAs/InSb material system quality and the
range of possible applications. However, the Au-assisted growth that is commonly
employed for the NW growth presents some limitations in the growth of double HS
NWs, such as graded interfaces and kinking. In fact, it is challenging to preserve the
stability of the catalyst nanoparticles (NPs) during material interchange [54,152,209].
In the specific case of InAs/InSb HS NW, straight InAs segment above the InSb
segment is difficult to obtain, likely because of the change of composition of the Au-
Inalloy NPs [210]. The straight growth of InAs axial segment was reported only above
INAsSb segments up to intermediate antimony composition [210]. All these
shortcomings can be overcome by embedding InSb QDs in catalyst-free or self-
catalyzed InAs NWs. In this chapter for the first-time, we will discuss the successful
growth of self-catalyzed InSb QDs embedded in InAs NWs (refereed as InSb/InAs QD
NWs hereafter) on Si (111) substrates. A systematic study of the influence of the
growth parameters on the morphology of such NWs is conducted. Radial and axial
growth rates are investigated as a function of growth parameters in order to study the

growth mechanisms and to obtain InSb QD with controlled morphology. The
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transmission electron microscopy measurements were performed in collaboration with
Francesca Rossi (IMEM-CNR, Parma Italy). The results presented in this chapter are
reported in Ref. [211].

6.2 Growth protocol of InSb/InAs QD NWs

InSb/InAs QD NWs were grown on Si (111) substrates. The following metal-
MO precursors were used for the growth: trimethylindium (TMIn), tert-butylarsine
(TBAS), and tris-dimethyl-aminoantimony (TDMASD). The growth protocol consisted
of three steps. In the first step, catalyst-free InAs NW stems were grown via the VS
growth mechanism on Si (111). The complete description of substrate preparation and
growth protocols are described in chapter 3. The growth of InAs stems was carried out
for 30 minutes with the growth parameters previously optimized for the InAs/InSb
axial NW heterostructured growth, i.e. line pressures of TBAs (Fas) = 3.0 Torr and
TMIn (Fin) = 0.2 Torr, and growth temperature of 410 + 5 °C. The average length
(Lstem) and edge-to-edge diameter (Dstem) Of the INAs NW stems were 360 + 21 nm and
50 + 4 nm, respectively. In the second step, In-assisted VLS InSb QDs were grown on
top of these InAs NW stems [184] after a direct switch of the precursor fluxes, without
any growth interruption. The InSb QDs were grown for 5 minutes with line pressures
of TDMASD (Fs») = 0.35 Torr and Fin = 0.6 Torr at same growth temperature of the
InAs stems (410 + 5 °C). The measured average length (Lgp) and edge-to-edge
diameter (Dqp) of the InSb QDs were 40 + 5 nm and 70 + 4 nm, respectively. The
contact angle £ of the In NP on their tip was 118 + 3° due to In-rich condition. Indeed,
we chose these values of Fi, (0.60 Torr) and Fsp (0.35 Torr) based on our previous
study of self-catalyzed InAs/InSb NWs as described in chapter 5, in order to provide
stable conditions for the In droplet and the InSb QD shape and size, before the growth
of InAs top segment. In the third step, the growth of InAs top segments was performed:
at the end of the InSb QD growth, both TMIn and TDMASb fluxes were
simultaneously interrupted and the growth temperature for the InAs top segment was
adjusted in 3 min. At this point the growth of InAs top segment was started by opening
the TMIn and TBAs lines with previously adjusted line pressures. In order to study the
morphology and to explore the growth mechanisms (VLS or VS) of the InAs top
segments, three different series of samples were grown as a function of growth
temperature, MO line pressures, and time duration. At the end of growth, the Fi, and

Fas fluxes were stopped and the sample was cooled down to 150 = 5 °C in 3 min, in
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UHV conditions (i.e. without TBAs flux). For SEM imaging, the NWs were
mechanically transferred from the as-grown substrates onto a Si substrate, in order to
measure the different geometrical parameters from a 90° projection. Following this
procedure, we could measure Dgp and Lqp, and these parameters at the end of the InAs
top segment growth: the NW diameter specifically at the InSb QD position (Dinsy), the
base diameter of the NWs (Dyottom), the total length of the NWs (Lnws), the base radius
(R), and the height (H) of the nanoparticle (NP). All these quantities were averaged
over ~ 25 NWs for each batch. From these measured parameters we could calculate
the NP volume (Vnp) and contact angle () [185,186], the InAs shell thickness around
the InSb QD (tshen = (Dinsb — Dgp)/2), and the length of InAs top segment (Lwp = Laws
— (Lstem + Lop)).

6.3 Influence of growth parameters on the morphology of the InAs top segment
6.3.1 InAs growth temperature series

Initially, we studied the influence of the growth temperature (Tinas) ON the
evolution of InAs top segment. In this set of experiments, the line pressures of 0.3 Torr
and 0.25 Torr for Fin and Fas respectively, and the growth time of 15 min were kept
constant, while the growth temperature of top InAs was varied (Tinas = 320, 350, 380,
410, 430, and 440 £ 5 °C). SEM images of one representative InSb/InAs QD NW from
each sample are presented in Fig. 6.1 (a). In the first red framed box, we show the
InAs/InSb NW before the growth of InAs top segment. We can clearly see the In
droplet on the top of NW, the InSb QD with larger diameter and the InAs stem with
uniform diameter. The InSb QD shows the same kind of side facets of the InAs stem,
(i.e. {110} [134,172]). The other NWs depicted in panel (a) are representative SEM
images of InSb/InAs QD NWs where the InAs top segment was grown at different
temperatures, Tinas, as indicated in the figure. The presence of In NPs on the top of all
NWs reveals a wide range of temperature window for the In-assisted InAs VLS
growth. The InAs top segment grows with the same kind of side facets of InSb QD
and InAs stem. In all samples, the NWs show the growth axis aligned with the <111>
crystallographic direction and a straight, perpendicular NW/NP interface, except the
sample grown at Tinas = 320 £ 5 °C in which all NWs exhibits tilted NW/NP interface.
This can be ascribed to the development of a more stable growth interface at this

temperature, or to the instability of the droplet triggered by its larger volume [212,213].
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We analyzed the In particle on the top of the NWs and we calculated its volume
by considering it as a spherical cap having contact angle £ and a base radius R. The
NP volume is given by Ve = @R3/3) f(B), with f(B) = [(I - cosp) (2 + cosp)] / [(] +
cosp) sinf] [184]. The evolution of volume and S of the In NP as a function of Tinas
are plotted in Fig. 6.1 panel (b) and (c), respectively. It is observed from the plots that
both volume and contact angle of In NP decrease with increasing growth temperature

of InAs top segment.
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F,s =0.25 Torr 350 °C

380°C 410°C 430°C 440°C
320 °C R
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Figure 6.1. (a) Series of SEM images of the InSb/InAs QD NWs. The first NW shown in the
red frame represents the InAs/InSb NW grown at 410 + 5 °C. The other panels represent the
InSb/InAs QD NWs where the InAs top segment has been grown with the line pressures Fi, =
0.30 Torr and Fas = 0.25 Torr and growth time 15 min at different growth temperatures (Tinas)
as indicated in each panel. The drawing in the right side of the panel shows a schematic picture
of the InSb/InAs QD NW structure. (b) Evolution of the NP volume as a function of Tinas. (€)
Evolution of contact angle (5) of the In NPs on the top of NWs as a function of Tinas. The

symbols represent an average value of each sample obtained by measuring ~ 25 NWs and error
bars represent the standard deviation of the average.

The other measured parameters, as Dinsb, Doottom, Lnws, @S @ function Tinas are
described in Fig. 6.2 panel (a) and (b), respectively. It is clearly seen from the graphs
that both axial and radial growth (both around the InSb dot and the InAs stem) during
the InAs top segment deposition decrease with increasing the growth temperature.

Panel (c) of Fig. 6.2 shows instead the relationship between the InAs shell thickness
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around the QD (tshen) and Tinas. Notably, the shell thickness decreases by increasing
the growth temperature from 340 to 440 + 5 °C. The minimum value of shell thickness
of 9 £ 3 nm is achieved at 440 £ 5 °C. Finally, the dependence of the InAs top segment
length (Ltwp) ON Tinas is shown in Fig. 6.2 panel (d). The longest InAs top segment with
Ltop (210 £ 19 nm) is obtained at Tinas = 350 + 5 °C then it decreases. The minimum
value of Lip (81 = 19 nm) is measured at Tinas= 440 = 5 °C. It should be mentioned
that in most of the samples, the position of the InSb QD is easily localized by SEM
images, thanks to its wider diameter. In the samples in which the InAs/InSb interface
was not well visible, we used EDX at SEM to localize the InSb QD (following the
drop of As signal in the elemental line profile) and then we measured the NW diameter
at that position by SEM imaging.
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Figure 6.2. (a) Evolution of the diameter of NWs at the InSb QD and at the bottom of NWs
versus Tinas. (b) Evolution of total length of NWs (Lnws) as a function of Tinas. (C) Evolution of
the InAs shell thickness as a function of Ti,as Which represents the InAs radial growth around
the InSb QD. (d) Evolution of length of InAs top segments (Lwp) as a function of Tinas. The
symbols represent an average value of each sample obtained by measuring ~ 25 NWs and error
bars represent the standard deviation of the average.

6.3.2 As line pressure series

In the second set of experiments, we selected Tinas = 440 + 5 °C, which was

found to minimize the shell thickness around the InSb QD and we varied Fas from 0.20

Chapter 6: Self-catalyzed InSh/InAs quantum dot NWs 87



Self-catalyzed and catalyst-free 111-V semiconductor NWs grown by CBE

Torr to 0.50 Torr. The growth time and Fin were set to 15 min and 0.30 Torr,
respectively. Figure 6.3 (a) shows SEM images of representative NWs of this series of
samples. First we observed that the NP volume decreases with increasing Fas and the
NP base radius shrinks above 0.35 Torr, yielding pencil like shape of the NW tips.
Then we noticed that the length of InAs segment increases with increasing Fas up to
0.40 Torr. For Fas> 0.40 Torr the length starts to decrease, moreover at 0.50 Torr there
IS no particle on the top of the NWs. It is well known in self-catalyzed growth that the
group 11 particle starts to shrink with increasing group V flux and can be completely
consumed in group V rich condition. The contact angle of the In droplet on the top of
NWs as a function of Fas is plotted in panel (b) of Fig. 6.3. The contact angle slowly
decreases with increasing Fas line pressure. It remains greater than 90° for Fas < 0.35
Torr, while for higher Fas it becomes smaller than 90°. The evolution of contact angle

confirms the consumption of In NP with increasing Fas.

(Q) F,=030Torr Tinas=440°C
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Figure 6.3. (a) SEM images of InSb/InAs QD NWs obtained with fixed line pressures Fin =
0.30 Torr, growth time 15 min and Tinas = 440 £ 5 °C, while Fas varied from 0.20 Torr to 0.50
Torr as indicated in each panel. The droplet volume decreases with increasing Fas and finally
there is no droplet in the sample grown with Fas 0.50 Torr. The drawing in the left side of the
panel shows a schematic picture of the InSb/InAs QD NW structure. (b) Plot of contact angle
(B) of In droplets versus Fas. The symbols represent an average value of each sample obtained
by measuring ~ 25 NWSs and error bars represent the standard deviation of the average.

Next, we calculated the effect of Fas on the evolution of the NW shape, i.e. on
the radial and axial InAs growth. Both NW diameter around the QD and the base
diameter increase with increasing Fas but with different slopes as shown in Fig. 6.4 (a)
and this explains why for Fas = 0.50 Torr the NW diameter is uniform along the whole
length. The values of InAs shell thickness around InSb QD as a function of Fas are
extracted from Dinsh and plotted in Fig. 6.4 (c). It can be seen that the shell thickness
increases with increasing Fas. This suggests that the radial growth of InAs around the

InSb QD is As-limited and it is directly proportional to Fas. The possible explanation

88 Chapter 6: Self-catalyzed InSh/InAs quantum dot NWs



Self-catalyzed and catalyst-free 111-V semiconductor NWs grown by CBE

is that the high As line pressure reduces the desorption rate of In adatoms [214,215].
Hence, the sticking probability of In adatoms on the NW sidewalls is enhanced at high
Fas, which increases the radial growth rate of InAs. These findings are consistent with

previously reported results in the case of self-catalyzed InAs [62] and GaAs NWs

[180,216].
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Figure 6.4. (a) Expansion of radial growth of the NWs at the InSb QD and at the bottom of
NWs versus Fas. (b) Evolution of total length of NWs (Lnws) as a function of Fas. (¢) Evolution
of shell thickness around the InSb QD versus Fas. (d) Evolution of length of top InAs segments
(Ltwp) as a function of Fas. The symbols represent an average value of each sample obtained by
measuring ~ 25 NWs and error bars represent the standard deviation of the average.

The influence of As line pressure on Lnws is plotted in Fig. 6.4 (b), while Liop is
shown in the Fig. 6.4 (d). For the length of InAs top segment, two distinct regions are
observed. The axial growth rate increases with increasing As line pressure up to 0.40
Torr. Here it shows a maximum value of 160 = 32 nm, and above 0.40 Torr Liop
decreases. The decrement of Liop is ascribed to the consumption of the In NP on the
top of NWs. Indeed, the axial growth mechanism of the NWs is VLS for As line
pressure from 0.20 Torr to 0.4 Torr, and the axial growth rate is known to be directly
proportional to the As flux in self- catalyzed InAs NWs [55]. At Fas = 0.45 Torr the

In particle is still visible (still VLS growth mode) but its volume and contact angle are

strongly reduced, explaining why the axial growth rate decreases. Finally, for As line
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pressure higher than 0.45 Torr the growth mode becomes VS due to the absence of NP
on the top of NWs and the axial growth rate drops.

6.3.3 Time series

In the last set of experiments, the time evolution of InAs top segment under In
rich conditions was studied. In this series of samples, the line pressures of Fin, Fas, and
growth temperature were kept constant at 0.30 Torr, 0.30 Torr, and 440 £ 5 °C,
respectively, while the growth time of InAs top segments was varied as t = 5, 10, 15,
20, 30, and 45 min. The representative SEM images from each sample are shown in
Fig. 6.5 panel (a). An In droplet is found on the top of all NWs, which is evidence of
the self-catalyzed VLS growth mechanism persisting at any growth time. As clearly
seen from the SEM images, the InAs top segment elongates axially and, at the same
time, there is a shell growth along the whole NW length that occurs with different rates
around the InSb QD and around the InAs stem. Indeed, after 20 min of growth time,
the InAs/InSb interface is not visible anymore because the NW diameter is uniform

from the bottom to the top.
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Figure 6.5. (a) SEM images of representative InSb/InAs QD NWs, obtained with fixed line
pressures Fin=0.30 Torr, Fas = 0.30 Torr, at Tinas = 440 £ 5 °C, while the growth time of InAs
top segments varies from 5 min to 45 min as indicated in each panel. The drawing in the left
side of the panel shows a schematic picture of the InSb/InAs QD NW structure. (b) The
evolution of contact angle of In droplets on the top of NWSs and the base radius of NP as a
function of growth time. The time t = 0 min is corresponding to the contact angle and base
radius at the end of InSb segment growth. The symbols represent an average value of each
sample obtained by measuring ~ 25 NWSs and error bars represent the standard deviation of
the average.

The evolution of the contact angle and base radius of the NP as a function of
growth time are plotted in Fig. 6.5 panel (b). At zero time (representing the InAs/InSb

NW as without any InAs top segment), the calculated values of the contact angle and
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base radius are 118 + 3° and 33 + 2 nm, respectively. At the beginning of InAs top
segment growth, for 0 < t < 15 min, the contact angle decreases. This behavior is
probably associated with an increment of the base radius of the NP/NW interface that
is faster than the increase of NP size at the early growth stages [184,194,202]. Then,
the contact angle slightly increases with the growth time and it stabilizes around 120

+ 3°.

We measured also Dinsb, Drottom, @nd Lnws as a function of the InAs top segment
growth time. The corresponding values are plotted in Fig. 6.6 panel (a) and (b). The
calculated InAs shell thickness around the InSb QD as a function of growth time is
shown in Fig. 6.6 (c). The shell thickness increases linearly with increasing growth
time. The growth rate of the InAs shell around the InSb QD can be derived from the

slope of the linear fit of experimental data points. We obtain a radial growth rate of
0.46 + 0.04 nm/min.
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Figure 6.6. (a) Expansion of radial growth of the NWs at the InSb QD and at the bottom of
NWs as a function of growth time. (b) Evolution of total length of NWs as a function of growth
time. (c) Evolution of shell thickness of top InAs segments around the InSb QD as a function
of growth time. (d) Evolution of length of InAs top segments as a function of growth time. The
symbols represent an average value of each sample obtained by measuring ~ 25 NWs and error
bars represent the standard deviation of the average.

The influence of growth time on the length of InAs top segments is plotted in

Fig. 6.6 (d). Also in this case we observed that the length of InAs top segments
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increases linearly with increasing growth time. We have not observed any delay or
incubation time and saturation of NW length up to 45 min of growth time. The absence
of incubation time is attributed to the In droplet already formed on top of the InSb
segment. The axial growth rate can be obtained from the slope of the linear fit of
experimental data points whose intercept passing through the origin. We obtain an
axial growth rate of 8.60 £ 0.25 nm/min. The axial growth rate is much higher as
compared to the radial growth rate, as typically observed in VLS versus VS growth.
However, the length elongation is always accompanied by an expansion in diameter

as commonly observed in self-catalyzed NW growth.

6.3.4 In NP consumption experiment

In order to better understand the InAs radial growth mechanisms, and explain
why the growth rate is different around the InAs stem and the InSb QD, we conducted
an additional experiment. The idea of this experiment was to partially consume the In
NP on top of the InAs/InSb NWs in order to start the InAs top segment growth with a
smaller NP. In this experiment, the InAs/InSb NWs were kept under the As line
pressure of 1 Torr for 1 minat 410 £ 5 °C at the end of the InSb QD growth, to partially
consume the In NP. Indeed, this procedure reduces the NP size and the contact angle
/3 that previously was around 120° becomes smaller than 90°.

Figure 6.7. (a) SEM images of InAs/InSb heterostructured NW and InSb/InAs QD NWs,
obtained with partial consumption of In NP under Fas= 1 Torr for 1 min. The growth of top
InAs segment was performed with line pressures of Fin = 0.30 Torr Fas = 0.30 Torr, and growth
time of 15 min at Tinas = 440 °C. (b) SEM images of InAs/InSb heterostructured NW and
InSh/InAs QD NWs, obtained without consumption of the In NP.
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Subsequently, the growth of InAs top segment was carried out using the same
growth condition: Fin = 0.30 Torr and Fas = 0.30 Torr for 15 min at Tinas= 440 £ 5
°C. Figure 6.7 shows the SEM images of nanowires of the samples with (a) and without
(b) consumption of the In NP, before (left) and after (right) the InAs top segment

growth. All the measured parameters are listed in Table 6.1.

Table 6.1. Measured and calculated geometrical parameters for the samples reported in Fig.
6.7.

Type of Growth R H ﬂ Dinsb Dbottom Lnws

growth | conditions | (nm) | (m) | ) | (m) | (m) | (am)

INAs/InSb | Without INNP | 33+2 | 54+4 | 118+3 | 704 | 504 400 £
consumption 21

InAs/InSb With In NP 32+2 | 31+3 | 88+5 | 75+3 | 513 460 +

consumption 35

InAs/InSb | WithoutInNP | 44+2 | 675 | 113+3 | 90+4 | 68+5 535 +

/InAs consumption 33

InAs/InSb | With In NP 36+4 | 50+7 |109+3 | 79+6 | 666 555 +

/InAs consumption 40

As clearly observed from the SEM images, the NP consumption with As flux
results in a smaller NP on top of the NWs. The measured contact angle after
consumption of In NP is 88 £ 5° which is obviously lower than standard contact angle
118 + 3° of InAs/InSb NWs. At the end of the InAs top segment growth, the measured
values of Dinsb, Duottom and Lnws are 79 = 6 nm, 66 + 6 nm, and 555 + 40 nm for the
sample with NP consumption, and 90 £ 4 nm, 68 + 5 nm, and 535 + 33 nm,

respectively.

By comparing the values of Dinsp in the two samples with the InAs top segment,
we can clearly see that Dinsh is smaller (79 £ 6 nm) in the sample grown after In NP
consumption, compared to the sample grown without NP consumption (90 + 4 nm),
while the value of Doottom is the same in both samples (66 £ 6 and 68 + 5 nm). Therefore,
we can conclude that the In droplet size plays a role in the InAs radial growth around
the InSb QD, while it does not affect the InAs radial growth at the NW bottom. This
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suggests that there are different In adatom diffusion paths towards the growth front:
one from the substrate, that is independent from the NP size, and one from the NW
sidewalls, involving only a collection area close to the NP (within a diffusion length

from the droplet), and directly influenced by the NP dynamics [200].

6.3.5 The evolution of diameter of NWs versus length

The presence of different In adatom diffusion paths are even more evident if we
consider the diameter evolution of the NWs at different positions along the growth
axis. Indeed, we measured the diameter of the NWs from the base to the top every 100
+ 4 nm along the growth axis, for 15 min, 30 min and 45 min samples of the time series
shown in Fig. 6.5. The results are plotted in Fig. 6.8 panel (a). Considering the lower
part of the NW (below the QD position), it is clear that it has a uniform diameter at the
beginning of the growth of the InAs top segment, then it starts to be inverse tapered at
15 min of growth and continue to be inverse tapered below 30 min. Then the diameter
becomes uniform for 30 min growth and it evolves as tapered at 45 min of growth. On
the other hand, the diameter of the upper part of the NW (above the QD position) is
uniform up to 30 min of InAs top segment growth and it becomes inverse tapered at

45 min of growth.

Panel (b) of Fig. 6.8 shows the NW diameter versus InAs growth time for 2
positions along the growth axis: at 100 + 4 nm and at 400 £ 4 nm from the base. The
former representing the diameter of the lower part of the InAs stem and the latter the
diameter of the NW at the InSb QD position, i.e. Dinsp. We found that Dinsp increases
almost linearly with growth time, with constant slope, suggesting a constant growth
mechanism, that is probably the diffusion of the In adatoms on the NW sidewalls close
to the NP (within a diffusion length from the droplet). Conversely, the diameter of
NWs at 100 nm from the base, after an initial delay, increases quickly from 10 min to
20 min of growth time and then it continues to increase but with an abrupt change of
slope. This behavior suggests that for the first 20 min of growth there are two
contributions to the InAs radial growth in the lower part of the NWs, i.e the diffusion
of the In adatoms from the substrate and the diffusion on the NW sidewalls toward the
growth front. Above 20 min of growth (Lnws > 570 nm) the In droplet is too far from
the NW base so that sidewall diffusion within the collection area close to the NP does
not contribute anymore to the radial growth at the NW base. Indeed, above 30 minutes

of InAs growth the only contribution to the radial growth at the lower part of the NWs
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is the diffusion from the substrate and we do observe a gradual tapering. This suggests
a diffusion length of the In adatoms lower than 280 nm, consistent with the tapering
shape observed at the NW lower segment in the 45 minutes sample. A schematic
illustration of the combination of the two mechanisms for the InAs radial growth and
the effect on the final NW shape is shown in Fig. 6.8 panel (c). Similar results were
reported for Ga-assisted GaAs [217] and GaP [218] NWs.
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Figure 6.8. (a) NW diameter as a function of position along the length of NW, for 15 min, 30
min and 45 min samples of the time series shown in Fig. 6.5 (a). The black, green, orange, and
violet colors represent 0 min, 15 min, 30 min and 45 min growth times, respectively. The inset
of panel (a) shows the relationship between Dyp and growth time. (b) Evolution of the diameter
of NWs at the base of NWs and around the InSb QD with respect to the growth time. The red
line represents the linear fit of the DInSb versus time, while the black and grey dotted lines are
just to guide the eye and highlight the change of slope. (c) A schematic illustration of the
growth mechanisms for the radial growth and the resulting shape of the NWs.

6.4 Discussion

Considering these results, we can provide a general description of the axial and
radial growth of the InAs top segment: the Tinas and Fas series, and the NP-
consumption experiment clearly demonstrate that the volume of the In NP is playing

an important role for both the axial and the radial growth of the InAs top segment.
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Indeed, at low growth temperature the NP volume is larger, therefore the radial growth
in the top part of the NW is enhanced [200]. At the same time, the VLS axial growth
is also enhanced by bigger NPs. As the growth temperature is increased, the NP
become smaller and so both axial and radial growth rate decrease. Moreover, at high
growth temperature In desorption starts to be sizeable [61] so that both growth rates
decrease. Moreover, considering the As line pressure series, we found that when the
growth conditions preserve an In droplet with g > 90° on top of the NWs, both axial
and radial growths are enhanced by increasing Fas, meaning that both VLS and VS
growth are As-limited. Finally, the time evolution of the NW diameter for samples
growth under In-rich conditions allowed us to confirm that there are two contributions
to the radial InAs growth, i.e. diffusion of In adatoms from the substrate toward the
growth front, and the diffusion on the NW sidewalls within a diffusion length distance
from the NP. The second contribution is strongly affected by the NP size and
dynamics. The two diffusion paths and the total length of the NW determine the final
shape of the NW.

6.5 Crystal structure analysis

In order to study the crystal structure of the InSb/InAs QD NWs, we performed
TEM analysis. Figure 6.9 shows the HAADF-STEM (a) and HR-TEM images (b),
with the corresponding FFT of the InSb/InAs QD NWs with InAs top segment grown
with Fin = 0.30 Torr, Fas = 0.25 Torr, for t = 15 min at the growth temperature of 440
°C. From the STEM micrograph we could identify the InSb QD thanks to the different
Z contrast of InAs and InSb materials and we could measure the diameter and length
of InSb QD and length of InAs top segment of many NWs obtaining Dinsh = 85 + 4
nm, Lop =39 + 6 nm, and Lwp = 105 £ 5 nm, respectively, consistent with the results
obtained from SEM images. From the HR-TEM analysis, we observed that InAs-stem
and InAs-top segment have a WZ crystal structure with several defects such as
stacking faults and twins perpendicular to the growth direction. It is commonly
observed that the InAs NWs grown by catalyst-free and self-catalyzed growth methods
show highly defective (or mixed WZ/ZB) crystal structure [55,66]. By contrast, the
InNSb QD shows a defect-free ZB crystal structure without any stacking faults,
consistently with the energetically preferred cubic structure of the InSb crystals
[42,103,184] generally attributed to the low ionicity of group 111 to Sb bonds [42]. This
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analysis confirms the good crystal quality of the self-catalyzed InSb QD embedded
into InAs NWs.

(b) wz ?A<2-‘1;10>

Figure 6.9. TEM analysis of a representative InSb/InAs QD NW. (a) HAADF-STEM image,
(b) HR-TEM image of the NW region framed by the purple square in panel (a). The FFT
analysis shown on the bottom right confirms the ZB structure of the QD segment.

6.6 Conclusions

In conclusion, we have demonstrated the growth of self-catalyzed InSb/InAs QD
NWs on Si (111) substrates by chemical beam epitaxy technique. The morphology and
the growth mechanisms of the InAs top segment were thoroughly investigated as a
function of growth temperature, As line pressure, and growth time. We found that both
axial and radial growth rates decrease by increasing the growth temperature.
Furthermore, both axial and radial growth rates are enhanced by the As line pressure,
therefore both the VLS axial growth and the VS radial growth are As-limited in a self-
catalyzed growth regime. Finally, we found that the volume of the In NP is controlling
both the axial and the radial growth of the InAs top segment. Indeed, the radial growth
around the InSb QD and the top part of the NW is mainly determined by the volume
of the In NP, while the radial InAs growth at the bottom part of the NWs is affected
from both the NP size and the surface diffusion of In adatoms from the substrate only
below a certain NW length, then becoming independent from NP dynamics. Our study
provides useful guidelines for the realization of InSb/InAs QD NWs with the desired
shape and morphology, for device applications. Moreover, we believe that the obtained
results could be useful for engineering the properties of other self-catalyzed NWs

systems.
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Chapter 7: Conclusions

The main perspective of this thesis is the growth of self-catalyzed and catalyst-
free InAs and Sb based NWs and their HSs on Si (111) substrates. The growth of NWs
has been conducted by using chemical beam epitaxy. We have discussed several
strategies to obtain the desired morphology of the grown NWs. The growth
mechanisms and dynamics have been studied thoroughly by tuning the growth
parameters. Optimized catalyst-free InAs/InP/GaAsSb CDS NWs were achieved by
varying the growth parameters. We found that an InP shell thickness between 1 nm
and 8 nm is uniform along all the crystallographic directions. The strain is
accommodated through a tetragonal distortion of the lattice without forming structural
defects. After successful growth of CDS NWs, two-probe and four-probe electronic
devices were fabricated to investigate the impact of InP barriers on the charge-
transport properties of the InAs/InP/GaAsSh CDS NWs. We observed that a 10 nm-
thick InP barrier effectively suppressed the conduction band-to-valence band tunneling
between the InAs core and the outer GaAsSb shell. Moreover, field effect modulation
of charge transport in our devices indicates an n- and p-type nature of the InAs core

and the GaAsSb shell, respectively.

The growth mechanisms of self-catalyzed InAs/InSb axial heterostructured NWs
have been thoroughly investigated as a function of the In and Sb line pressures, and
growth time. We have demonstrated that rapid radial growth of InSb is not a
consequence of the droplet inflation but is rather due to the VS radial growth on the
NW sidewalls, so that the In droplet may shrink and the whole NW extend. The
presence of an In droplet on the NW top is absolutely required to maintain the axial
growth of the heterostructure. The growth Kkinetics of InSb NW sections and of the In
droplets on their tops have been explained and quantified within a model containing
no free parameters. Next, we used them as templates to grow self-catalyzed InSb/InAs
QDs. The morphology and the growth mechanisms of the InAs top segment have been
studied as a function of growth temperature, As line pressure, and growth time. We
found that the axial and radial growth rates decrease with increasing growth
temperature. Furthermore, the axial and radial growth rates are As-limited by VLS and

V'S growth modes in a self-catalyzed regime. We observed that the volume of the In
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NP is controlling both the axial and the radial growth of the InAs top segment. Results
achieved from time series allowed us to understand the evolution of the diameter along
the entire length of the nanowire.

Our research activities provide useful guidelines for obtaining device-quality
InAs and Sb containing axial and multi shell NW heterostructures and give a clear
route for engineering the morphology of such heterostructures. In particular, InSb QD
NWs might find applications both as mid-infrared detectors and as building blocks of
optoelectronic devices taking advantage of the outstanding electronic properties of
antimonide semiconductors. Moreover, the present approach can be applied to grow
heterostructures of other lattice-mismatch materials, in order to expand the range of

options for device fabrication to be employed for a wide range of various applications.
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