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Abstract

In the landscape of electronic device fabrication, the semiconductor compounds indium arse-
nide (InAs) and indium antimonide (InSb) have emerged as materials of significant interest
for high speed telecommunications and infrared optoelectronics. More recently, their excellent
electron transport characteristics, characterized by high mobility and a strong spin orbit cou-
pling, render them highly conducive for applications that exploit quantum transport pheno-
mena. However, their deployment is often hampered by the lattice mismatch they possess
with conventional III-V substrates, making them defective. This thesis proposes a solution for
fabricating good-quality in-plane InAs and InSb nanostructures, using selective area growth
by molecular beam epitaxy in SiOy apertures.

A structural and morphological study of InAs and InSb two-dimensional layers and nanowires
on GaAs and InP substrates oriented along the [001] and [111] directions has been carried out.
The optimization of the growth parameters led to the fabrication of continuous and faceted
planar nanostructures with minimized threading defects. These systems were then studied
by four-tip scanning tunnelling microscopy in ultra-high vacuum, a technique that eliminates
the need for electrode fabrication to characterize the transport properties. The comparison
of transport in surface-reconstructed InAs nanowires and core-shell InAs/GaSb nanowires
revealed the benefits of embedding the InAs nanowires to significantly increase the electron
mobility in the nanowires.

Unlike the InAs nanowires, which can be protected by a thin layer of arsenic to prevent their
surface oxidation during their transfer to air, there is no effective protection for InSb. The final
part of the thesis therefore focuses on characterizing the deoxidation of InSb (001) and (111)
surfaces using a combination of Raman spectroscopy and scanning tunnelling microscopy. This
latter study paves the way for subsequent measurements of the transport in InSb nanowires
by four-tip scanning tunnelling microscopy.

In conclusion, the structural and electronic quality of the InAs and InSb nanowires produced
in this work is compatible with the ballistic transport regime. These results lay down the
foundations for the fabrication of the more complex III-V structures, highly prized for the
design of quantum devices.

Key words : InAs, InSb, III-V heterostructures, nanowires, quantum transport,
selective area epitaxial growth, multiple-tip scanning tunneling microscopy, trans-
port measurements



Résumé

Les composés d’arséniure et d’antimoniure d’indium figurent parmi les candidats les plus pro-
metteurs pour la conception de dispositifs quantiques, grace a leurs propriétés électroniques
supérieures telles que la haute mobilité des électrons et le fort couplage spin-orbite. Cepen-
dant, leur déploiement est souvent entravé par le désaccord de maille qu’ils possedent avec les
substrats III-V conventionnels et qui les rend défectueux. Cette these propose une solution
pour fabriquer des nanostructures d’InAs et d’InSb de bonne qualité, grace a une croissance
sélective par épitaxie par jets moléculaires dans des ouvertures de SiOs,.

Une étude structurale et morphologique de couches bi-dimensionnelles et de nanofils d’InAs et
InSb sur des substrats de GaAs ou d’InP orientés suivant les directions [001] et [111] a été réa-
lisée. L’optimisation des parametres de croissance a conduit a la fabrication de nanostructures
planaires continues et facettées avec une minimisation des défauts émergents. Ces systemes
ont ensuite été étudiés par microscopie a effet tunnel a quatre pointes en ultravide, technique
qui permet de s’astreindre de la fabrication d’électrodes pour caractériser les propriétés de
transport. La comparaison du transport dans des nanofils InAs reconstruits en surface et des
nanofils coeur-coquille InAs/GaSbh a révélé l'intérét d'une encapsulation des nanofils d’InAs
pour augmenter sensiblement la mobilité électronique dans les nanofils.

Contrairement aux nanofils d’InAs, qui peuvent étre protégés par une fine couche d’arsenic
pour éviter 'oxydation de leur surface pendant leurs transferts a l'air, il n’existe pas de pro-
tection efficace pour I'InSb. Aussi, la derniere partie de la theése porte sur la caractérisation
de la désoxydation des surfaces d’'InSb (001) et (111) en combinant la spectroscopie Raman
et la microscopie a effet tunnel. Cette derniere étude ouvre la voie a des mesures ultérieures
de transport de nanofils InSb par microscopie a effet tunnel a quatre pointes.

En conclusion, la qualité structurale et électronique des nanofils d’InAs et InSb réalisée dans ce
travail est compatible avec le régime de transport balistique. Ces résultats jettent les bases pour
la fabrication de structures III-V plus complexes actuellement recherchées pour la conception
de dispositifs quantiques.

Mots clés : InAs et InSb, hétérostructures III-V, nanofils, épitaxie par jets mo-
léculaires par croissance sélective, microscopie a effet tunnel a pointes multiples,
transport électronique.
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Introduction

ANOWIRES (NWs) are one-dimensional systems with length up to several tens

of micrometres and diameters generally below a hundred of nanometres. When

the size of the diameter becomes small enough, they confine the carriers in two
dimensions and allow them to propagate freely along the third dimension. This property was
quite appealing for electronic applications and, combined with a high surface to volume ratio,
made the NWs very sensitive to the environment [1]. These semiconducting nanostructures
have been developed during the last two decades in the frame of ‘the More than Moore’
strategy for electronic devices [2] to pursue the very famous Moore’s law, which supposes
the doubling of the number of transistors on a chip every 18 months. Nowadays, this law
has become a real challenge for two main reasons: the first one concerns the size of the
transistors as it has reached the ultimate limit (few nanometers) [3]; the second issue is the
power consumption as we count about 20 billion of transistors per computer chip [4]. Based
on their amazing transport properties and particularly their high electron mobility related
to their reduced electron effective mass, some of the compound - semiconductor NWs were
considered as particularly appealing for the new generation of Complementary Metal-Oxide-
Semiconductor (CMOS) technology addressing a low energy consumption while keeping large
ON current capabilities [5], [6]. Nowadays, even though III-V NWs  such as InAs NWs,
continue to be seen as candidates of choice for Radio-Frequency RF applications [5], [7] or
Tunnel FETs, their ability to replace silicon in CMOS technology is still uncertain. Instead,
they have become more and more interesting for the fabrication of quantum devices exploiting
coherent electron transport [8], as InAs and InSb exhibit a low electron effective mass, a
high carrier mobility and a strong spin-orbit coupling [9]-[11]. Such nanowires are either
vertically grown on substrates using the vapor phase growth techniques such as Metal-Organic
Chemical Vapor Deposition (MOCVD) and Molecular Beam Epitaxy (MBE) techniques [8],

[12], or grown directly in the plane of the substrate by combining these techniques with a
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selective area growth thanks to the design of a nanoscale dielectric mask at the surface of the
substrate. While the growth of nanowires in a vertical model allows overcoming the lattice
mismatch issue, in-plane growth eases the process of nano-devices. Indeed, the vertical growth
of NWs often involves their transfer to another wafer with a more or less precise position [13].
Furthermore, the fabrication of complex circuits including vertical or tilted NW arrays is very
complicated [13]. Therefore, the selective area growth (SAG) of in-plane nanowires using a
dielectric mask with openings perfectly defined on the wafer is very attractive [14]. MOCVD
based epitaxy has been naturally first used for in-plane SAG benefiting from the preferential
decomposition of metal-organic precursors in the mask openings [10], [15]. One of the first
groups that was interested by the epitaxial selective growth of planar nanowires with MBE is
the EPIPHY group at IEMN. They studied the effect of growth parameters on the morphology
of InP and InAs NWs and demonstrated the importance of the use of an atomic hydrogen flux
during the growth to enhance the selectivity for GaSb SAG [14]. Then, InGaAs NW based
MOSFET and tunnel diodes were fabricated with this process during the thesis of Alexandre
Bucamp to study their electrical properties [16]. These measurements revealed the difficulty
to evaluate the NW properties independently from the device imperfections (gate oxide, ohmic

contacts etc).

In this context, my thesis project aims at the elaboration of high quality in-plane InAs and
InSb NWs using SAG-MBE and the characterization of their intrinsic electronic properties,
benchmarked with their quantum well counterparts. To do so, multiple-probe scanning tun-
nelling microscopy (4P-STM) will be used as a powerful tool for the characterization of the
electron transport properties of InAs at the nanoscale in UHV [17], [18]. The ultimate goal
is to demonstrate ballistic electron transport in the nanostructures. As the chemistry of the
semiconductor surfaces has a strong impact on the transport properties in nanostructures with
high surface to volume ratio, low temperature STM will be further used to study the recon-
struction of the InSb (100) and InSb (111) surfaces. This thesis is divided in 5 chapters. The
first one summarizes the ongoing developments for the fabrication of one-dimensional structure
with III-V compounds. Among the different methods used for the growth of semiconductor
nanowires, [ will focus on the (selective) epitaxial growth, which is central to this thesis. I
will particularly address results obtained with low electron effective mass materials such as
InAs and InSb. Indeed, these materials have received much attention for the fabrication of
advanced quantum devices and, despite lattice mismatch issues, can be grown with a high

structural quality on different substrates. As a result, I will summarize the best electrical
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performances reported in these systems, encompassing the typical techniques used for the

transport characterization, in particular based on four-point probes.

Chapter II is dedicated to the description of the tools and methods used in this thesis both
for the nanostructure fabrication and for their morphological, structural and electrical char-

acterization.

The third chapter deals with the study of InAs two-dimensional (2D) and one-dimensional
(1D) nanostructures grown on InP(111) substrates. In both cases, an optimization of the
growth conditions has been performed. A morphological study of the InAs in-plane nanowires
followed by a 4P-STM study leads to a comparative analysis of the conductance of in-plane
NWs along two different crystallographic orientations as well as their benchmark with InAs
2D films and with other results from the literature. The impact of the surface chemistry
on the electron transport properties is highlighted by comparing oxidized and reconstructed

semiconductor surfaces initially protected with an As cap.

Chapter 1V is dedicated to InAs nanostructures grown on (100) III-V substrates. In addition
to the 4P-STM characterization, transport measurements with conventional electrodes are
performed. We show the interest of embedding the InAs NWs in GaSb to improve the electron
mobility in InAs for both the 2D-Electron-Gas (2DEG) and in-plane NWs.

The last chapter deals with InSb grown on InP in the form of thin films and in-plane nanowires.
We show how high quality in-plane nanostructures can be achieved on InP(111) g substrates
by optimizing the MBE growth conditions and propose a method to recover a high surface
quality in an ultra-high vacuum system after air exposure of the sample. Finally, a conclusion

and some perspectives for the design of ballistic transport-based device are proposed.
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In-plane ITI-V nanostructures for advanced

quantum devices

1 Introduction

This chapter starts by introducing the existing methods to grow 1D semiconducting nanos-
tructures focusing on selective area epitaxy to achieve in-plane nanowires. It is followed by
a description of the techniques developed to measure the electronic transport in 1D nanos-
tructures. Then, the crystallographic and exceptional transport properties of InAs and InSb
semiconductors are highlighted. Their usefulness as nanowires for advanced quantum device

fabrication is explained through examples taken from the literature.
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2 Epitaxial growth of nanostructures

2.1 Epitaxial growth

2.1.1 Principle

The word epitaxy comes from Greek roots and means growing “above in an ordered manner”.
The epitaxy is a technique that allows growing crystalline thin layers (layer by layer) at the
nanometric scale on crystalline substrates. This latter is a bulk-grown material where low-
indexed planes as (100) or (111) orientations are parallel to its surface. It is generally fabricated
using Czochralski (known as Cz) to obtain high-crystalline-quality materials [1]. In epitaxy,
the substrate acts as a seed crystal during growth as the incoming atoms follow its structure.
When the epitaxially grown layer is with the same material as the wafer, the process is called
homoepitaxy. When the structure or the chemical composition of the deposited layers are
different from the wafer, it is called a heteroepitaxy; growing an InAs film on a GaAs wafer

for example.
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Figure 1.1 — Simplified schematic representation of adsorption, incorporation, diffusion and
nucleation processes during epitaxy.

Different mechanisms happen during epitaxy (Figure 1.1). The first step is adsorption: an
atom is adsorbed when it condensates on the surface. Then it can diffuse along the surface and

incorporate in energetically favourable sites. The driving force for such mechanisms is the free
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energy reduction of the system. Adatoms are formed and act as nucleation sites that can be
seeded for further atom agglomeration. The growth of multiple nucleation sites leads to their
coalescence yielding, in most cases, a uniform film on the surface [2], [3]. For III-V compound
semiconductors, group-11I elements are first adsorbed on the surface and then create bonding

with group-V elements.

2.1.2 Epitaxial techniques

In the context of epitaxial growth, diverse methodologies have been refined to fabricate high-
quality crystalline layers. Metalorganic Chemical Vapor Deposition (MOCVD) emerges as a
versatile method, capitalizing on the decomposition of metalorganic precursors upon contact
with a heated substrate, yielding a uniform epitaxial layer. This approach is esteemed for its
broad applicability across various materials and its scalability for industrial production. In
contrast, Molecular Beam Epitaxy (MBE) adopts a more refined trajectory by facilitating the
deposition of atoms in a high-vacuum environment. This precision-driven technique allows for
the meticulous assembly of atomic layers, making it indispensable for semiconductor devices
where the integrity of layer composition and thickness is critical. MBE ability to manipulate
growth rates with exceptional precision, down to 0.01 Mono-Layer per second (ML/s), allows
for exact control over the thickness and composition of the nanostructures, making it essen-
tial for producing semiconductors, metals, and other materials for advanced electronic and
photonic devices [4], [5]. Moreover, growing nanostructures in UHV conditions has a great
impact on the purity and crystalline quality of the grown layers. Other growth techniques,
such as Hydride Vapor Phase Epitaxy (HVPE), which is based on the reaction of hydrogen
chloride with metal elements, enable the deposition of substantially thicker layers at compara-
tively higher rates, thereby serving as a pivotal technique for the fabrication of optoelectronic

devices.

2.2 Methods for growing nanowires

Low dimension nanostructures are the key point of advanced applications as quantum devices.
Therefore, semiconductor nanowires, for example, were extensively studied in the last decade
6], [7]. Added to their high surface to volume ratio advantage [8], these nanostructures
can exhibit quantum confinement effects. This phenomenon takes place when carriers are

confined into dimensions that are smaller than the de Broglie wavelength, generating discrete
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energy levels [8]. In the case of quantum computing systems for example, this property allows
a precise control of energy states, enabling the manipulation of quantum bits (qubits) [6].
Different methods have been proposed for the bottom-up fabrication of such nanostructures.
The main ones use the Vapour-Liquid-Solid (VLS) technique or the Selective Area Growth
(SAG), which are detailed below.

2.2.1 The Vapour-Liquid-Solid technique

The VLS technique has been extensively used since the fabrication of the first silicon whiskers
synthesized by Au-catalysed VLS growth four decades ago [9]. This method consists in the
exposure of the substrate to vapor-phase precursors, which react with a catalyst. The catalyst
acts as a nucleation seed for crystal growth, and the nanostructure grows from the liquid-
solid interface. Growing vertical nanowires by Vapour Liquid Solid based on Chemical Vapor
Deposition (VLS-CVD) was reported since the early 2000s [10]. This approach can be done
with a gold nanoparticle or using an indium droplet as catalyst [4]. The use of the catalyst
helps to promote local and unidirectional growth of the nanowire. In fact, the Au nanoparticles
react with the substrate or reactant species and create an eutectic alloy. The crystal grows in
a way that it is elongated beneath the particle in contact with the top of the nanowire. The
growth on (111) oriented wafers usually gives vertical non tilted nanowires [10]. The nanowire
growth direction depends on the total free energy of the system and the free energy of the

particle/substrate interface and its dimensions depend on the diameter of the Au particle.

2.2.2 Selective area growth

The Selective Area Growth (SAG) is a crucial method for nanowire growth taking advantage
of the high degree of control over the shape and position of the growing nanostructures. En-
gineering the morphology and the structural properties of the growing nanowires can be done
by changing the geometry of the pattern, the wafer orientation, and the growth parameters.
SAG started to attract attention in the seventies with the development of integrated circuit
technologies [11]. This approach satisfies the need to grow different semiconductor layers with
different properties (crystallographic orientation, shape, width, length, etc...) on the same
substrate [12]. It benefited from the advances in the lithography and etching techniques at
that period. In this method, a dielectric mask (mostly SiO,) is used and patterns can be de-

signed on the mask by means of a resist exposure. Then, the mask is etched leaving windows
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with different possible shapes and orientations. The growth occurs in openings while the mask

surface is free from deposition.

In the nineties, the Chemical Vapor Deposition (CVD) was adopted for the selective epitaxy
of nanostructures [13]. This technological step, improved significantly the selectivity of the
growth as it took advantage of the CVD technique ability to control the growth rate and
composition of epitaxial layers using gas precursors [12]. Since then, the impact of growth
conditions as the growth rate, temperature, growth pressures or fluxes on selectivity and shape
of the grown structures has been extensively studied. The progress in nanolithography has then
paved the way for the fabrication of high aspect ratio in-plane nanowires with sub-micrometric
widths and tens of pm length. The morphology of SAG structures is driven by the surface
diffusion (SD) length of adatoms. Several works were devoted to the study and simulation
of the SD length of several I1I-V semiconductors depending of the wafer orientation, pattern

dimensions and crystallographic orientations [14], [15].

In 2019, Aseev et al. proposed a selectivity map indicating the range of growth temperatures
and growth rates for which optimized selectivity can be achieved in MBE for different semicon-
ductors [16]. The works initiated at IEMN several years ago demonstrated the extension of the
selectivity map by using an atomic hydrogen flux during the MBE growth by preventing the

nucleation of crystallites on the mask for different I11I-V compound semiconductors [17]-[19].

Nowadays, the SAG is a crucial technique for high crystal quality nanowires used for quantum
device conception [20], [21]. This technique gives also the advantage of conceiving complex
device geometries that might be challenging to achieve using other growth methods. This

offers a vast landscape for semiconductor nanowire applications [20], [22], [23].

During this work, we focus on InAs and InSb in-plane NWs grown by selective area MBE. As
one-dimensional III-V heterostructures are known to give rise to ballistic transport [24] , the
Appendix presents the ballistic transport fundamentals and the next section is dedicated to

the methods suitable for the measurements of transport in NWs.

3 Electron transport

3.1 Experimental methods for the exploration of ballistic resistance

(a) With two probes

10
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The two probes (2P) measurements are the most straightforward approach to measure a
resistance. Figure 1.2(a) displays a schematic representation of 2P measurements. In this
setup, a pair of electrodes facilitates both current injection and voltage probing. As presented
in the scheme, the measured resistance Rop = % is a sum of serial resistances: the sample
resistance and the contacts resistances (R¢ and Ry,) resulting from the electrodes interactions
with the sample surface.

R2P - RC + R/C + Rsample (11)

In order to study the transport properties of nanostructures, it is very convenient to work
with ultra sharp metallic tips with diameters around some tens of nanometers which can be
arbitrarily positioned along a nanostructure thanks to piezoelectric transducer. For example,
H.J. Li et al. contacted a vertical multiwall carbon nanotube with a single tip, while the
other extremity of the nanotube was connected to the substrate used for their growth [25].
Measurements took place in a scanning electron microscope (SEM) equipped with a movable
tip as shown in Figure 1.2(b). In this case the contact resistance was negligible in comparison
with the nanotube. The measured conductance was found to be 460 times the quantum
conductance Gy based on the extracted I-V data, accounting for a ballistic transport through

the different multiple walls of the nanotube.

2P measurements were also carried out on InAs nanowires using a single scanning probe
[7]. These measurements are carried out by means of a diamond coated conductive tip of
an atomic force microscope, the other electrodes being deposited on the InAs nanowires by
lift-off process (see Figure 1.2(c)). One of the macroscopic Ohmic contact, shown to the
right in the schematic, was kept floating and did not contribute to the current flow acquired
during the measurements. A DC bias voltage was applied between the two probes and the
current was measured as a function of the distance (L) between the deposited contact and the
movable tip. The evolution of the measured resistance versus L is shown in Figure 1.2(d).
For short tip-electrode distances, the resistance remained constant and the electron transport
is considered ballistic. For distances above 200 nm, that is considered as the nanowires mean
free path, the resistance varies linearly depending to L, signature of a diffusive transport. The
observation of such a transition implies small contact resistances, which, based on the scarcity

of similar results in the literature, might be difficult to achieve.
(b) With four probes in a linear geometry

For 2P measurements, the contact resistance is usually much higher than the sample resistance,
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Figure 1.2 — (a) Schematic representation of the two-tip resistance measurement configuration
in which the contact resistance influences the measured total resistance. (b) Illustration of
contacting a single multiwall nanotube in a SEM setup equipped with a moveable probe [25].
(¢) Schematic diagram of a 2-probe transport measurement performed on an InAs nanowire
with an atomic force microscope. The current is measured for fixed bias voltage Vy4 as a
function of tip-electrode distance L. [7] (d) Resistance measured by cAFM as a function of
tip-contact distance L (symbols), with linear fits for the ballistic transport regime (L below
200 nm), for which the resistance is independent of L, and the drift transport regime (L above
200 nm) for which the resistance increases linearly with L. [7].

hiding the small resistance variations in the sample. In order to overcome this issue, the 4P
method gives access to the sample resistance and suppresses the contribution of the contact
resistances in the measurements. A four-point measurement circuit is illustrated in Figure 1.3.
Here, the two external electrodes are used to inject and collect the current into the sample
while the two inner electrodes measure the voltage induced by the injection of the current.
The current injected inside the sample is independent of the contact resistance at the source
and drain contacts. If the voltage measurement is performed with a large internal resistance
such as Ry > Rmple + Rc2 + Reg then the contribution of the contact resistance to the

measured resistance can be neglected and R,p equals the sample resistance.

4P measurements with W tips were performed on graphene nanoribbon grown on a SiC sub-
strate in a multiple-probe scanning tunnelling microscope (STM). The STM tips, which can be

arbitrarily positioned on the surface under the supervision of a scanning electron microscope,

12
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(a)

Iy

Figure 1.3 — Schematic representation of the four-probe resistance measurement configuration
in which the contact resistances are excluded from the measured total resistance.

were pressed in contact with the nanoribbon. Barinhaus et al. measured a 4P resistance
almost equal to the 2P resistance, corresponding to 1/Gy. This result is characteristic of a
single-channel ballistic transport involving invasive contacts [26]. In those measurements, the
mean free path exceeded 10um at RT. Interestingly, when the contacts were more gentle, as
the feedback loop of the STM allows a good control of the vertical height position of the tips,
the 4P resistance dropped to 100 Ohms [27]. In contrast, the 2P I(V') curve shows a non-linear
behaviour with a slope around zero volt, yielding a resistance in the M{2 range. Therefore,
the non-invasiveness of the probes led to a resistance almost null, consistent with a ballistic

regime.

3.2 Other methods for the exploration of ballistic effects

The Negative Bend Resistance (NBR) is another method of evidencing the ballistic transport
using 4-terminal devices. Figure 1.4(a) and Figure 1.4(b) are respectively a Nomarski optical
micrograph of a Hall bar device and a SEM image showing four metallic electrodes deposited
on an InSb based 50pum-wide-Hall bar [28]. The InSb hall bars in this work exhibit electron
density, electron mobility and a mean free path of 4.1 x 10! cm ™2, 8000 ¢cm?/V.s and 840 nm
respectively at 1.5K. The bend resistance is given by the ratio between the current measured
between lead 2 and lead 3 and the voltage measured between the adjacent leads 1 and 4
(Figure 1.4(a)). When the transport is ballistic, the electrons injected at the lead 2 can go
ballistic to the lead 4 without scattering. Conversely, in the case of diffusive transport, the

electrons spend a longer time in the junction due to scattering events and the applied electric
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field will push them to the lead 3. Consequently, the bend resistance is negative when the
number of ballistic electrons exceeds the number of diffusive electrons. A clever way to change
the magnitude of the negative resistance consists in applying a perpendicular magnetic field.
As a result, the magnetic field modifies the in-plane trajectory of the electrons and allows to

tune the bend resistance as shown in Figure 1.4(c).

0
E 0.2 um
g 7\
= 0
z
g 0.35 pm
= 3
=
-
2 0.0

(c) B(T)

Figure 1.4 — (a) Nomarski optical micrograph of a Hall bar device. (b) SEM image of a 0.5
pm-wide four terminal device with lead numbers indicated. (¢) The bend resistance for four-
terminal devices of various widths (0.2, 0.35, 0.5, 0.65 um) as a function of magnetic field
applied perpendicular to the plane of the 2DEG. The measurements were performed at 1.5 K
[28].

The measurements of a NBR provides a useful signature of ballistic transport inside the InSb
nanojunctions. Other works have highlighted ballistic transport in InSb/AlInSb quantum
wells by observing NBR even at room temperature [29], [30].

Aharonov-Bohm nanostructures are interesting systems for the ballistic transport studies
as they allow the investigation of the quantum interference phenomena arising from the
Aharonov-Bohm effect. This effect emerges when charged particles interact with an electro-
magnetic potential within a region where there is no magnetic field. Interferences are observed
in the case of a coherent electron transport [16]. The Aharonov-Bohm effect becomes observ-
able by processing ring-like geometries on which at least two metallic contacts are deposited

for electrons to circumnavigate the ring.

Josephson junction (JJ) are also useful devices for the investigation of the ballistic transport

14
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in nanowires junctions. A JJ is formed by a thin insulating layer that is sandwiched between
two layers of superconducting material. These components bear the name of Brian Josephson,
who, in 1962, predicted the phenomenon: the Cooper pairs of superconducting electrons could
successfully tunnel across the non-superconducting barrier, connecting one superconductor to
the other with no applied voltage. By growing InSb nanowires, S. Li et al. built JJ that
showed periodic modulations of the critical current in the transport measurements of their
junctions. The modulation is the signature of ballistic effects in the nanowire. Therefore,
the quality of the transparent interfaces enhanced the proximity-induced superconductivity in
the nanowire junction, while the high structural quality of the InSb nanowires enabled a long

mean free path [31].

4 Low electron effective mass InAs and InSb nanostruc-

tures

This section concentrates on the III-V compounds of interest for this work: InAs and InSb.
We will describe the transport properties and crystalline structures of the InAs and InSb bulk
and will later discuss studies performed with 2D heterostructures and 1D nanostructures used

as the active part of advanced quantum devices.

4.1 Transport and crystal quality

With electron effective masses of 0.023mg and 0.014my in InAs and InSb respectively (against
1.08mg in Si), these semiconducting materials offer excellent transport properties. In bulk
materials, the theoretical electron mobility is 40000 cm?/V.s in InAs and 77000 cm?/V.s in
InSb at room temperature, this latter being the highest value among all III-V semiconductors
[32]. Also both materials exhibit strong spin-orbit interaction (SOC) and large Landé g-factor
(around -15 and -51 for InAs and InSb respectively) [33], [34]. These properties are particularly
appealing for spintronic devices used in quantum computing applications [21], [35]. However,
charge carrier scattering from crystal defects, impurities or surface states can significantly

alter the transport properties and growing high quality material is essential.

Both materials crystallize in a zinc-blende structure composed of two face-centred cubic (fcc)

sub-lattices as shown in Figure 1.5. One sub-lattice is occupied by In as a group IlI-element
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and the other sub-lattice is occupied by either As or Sb as group-V elements. In the zinc-blende
structure, each atom is tetrahedrally coordinated to four nearest atoms. There are three main
crystallographic orientations, also known as crystallographic planes or directions for InAs and
InSb [36]. The (100) plane is the most commonly used wafer orientation and it forms square
like crystal lattices. The (110) plane is also used for InAs and InSb nanostructures growth. It
forms a diamond-like lattice of atoms. Finally, the (111) crystallographic orientation forms a

hexagonal lattice of atoms.

Figure 1.5 — InAs/InSb unit cell. Adapted from [37].

InAs and InSb lattice constants as shown in Figure 1.6 are respectively around 6.06 A and
6.48 A. This figure displays the band gap versus the lattice constant of several semiconductor
materials. Due to their low energy direct band gaps, InAs and InSb are particularly appeal-
ing for mid infrared sources and detectors. As InAs and InSb substrates are expensive and
their high conductivity impedes the device insulation, there is a need to find alternatives, in
particular by growing them on GaAs and InP substrates, which can be purchased as semi-
insulating. However, Figure 1.6 shows that the lattice constants of InAs and InSb (marked by
red circles) do not match with the lattice constants of commonly used GaAs and InP wafers
(pointed by green arrows). Their integration on highly mismatched GaAs or InP substrates

usually degrades their crystal quality and thus their optical and electronic properties.

4.2 Lattice mismatch accommodation

In general, for 2D layer growth, the lattice mismatch f is given by [39]:

Gsub — Qlayer
f = b~ Gayer (1.2)
Asub
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Figure 1.6 — Plot of semiconductors bandgap versus lattice constant [38].

Where ag,p, is the lattice constant of the wafer and ajayer is the lattice constant of the grown
2D film on the wafer. Figure 1.7 illustrates the different layer-substrate interfaces that can
appear depending on the lattice mismatch. At f = 0, a fully coherent interface with no defects
can be achieved (Figure 1.7(a)), an evident example of such a case is the homoepitaxy. When
f < 2%, the interface is strained but still coherent (Figure 1.7(b)) as the strain relaxation is
still elastic [40]. Generally, the growth in this case takes place according to the Frank-van der
Merwe (2D layer by layer growth).

(a) film (b) fil (c) film (d) film

substrate

substrate
2%<f<6%
Semi-coherent interface
(partially
strained/unstrained)

substrate

f=0%
Coherent interface
(unstrained)

substrate

6%< f
Incoherent interface

dislocations
f<2%
Coherent interface
(strained)

Figure 1.7 — Schematics of different types of interfaces between dissimilar film and substrate.
(a) Unstrained coherent interface, (b) strained coherent interface, (c) semi-coherent interface
with dislocations, (d) incoherent interface, Adapted from [41].

Figure 1.7(c) illustrates the case where 2% < f < 6%. The elastic deformation of the lattice
is not sufficient to accommodate the whole mismatch and after a critical thickness, additional
relaxation occurs first by the deformation of the surface and then by the introduction of

misfit dislocations (plastic deformation). In this case, the growth generally follows a Stranski-
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Krastanov mode with a 2D layer initially formed that turns to the formation of 3D strained
islands on the top surface before dislocation loops are introduced. If f exceeds 6%, this
results in the formation of an incoherent interface with a misfit dislocation network at the
interface (Figure 1.7(d)). Therefore 6% is considered as a practical limit of the lattice misfit
f contributing to the strain at the interface. Generally, these conditions promote a Volmer-
Weber 3D growth mode where isolated and plastically relaxed islands grow directly on the

surface.

Based on Equation 1.2, the lattice mismatches are the following: 3.3% for InAs-InP and 7.2%
for InAs-GaAs, 10.4% for InSb-InP and 14% for InSb-GaAs. With a 3.3% lattice mismatch,
the critical thickness for the growth of InAs on InP substrate is about 3 to 5 nm. Above this
threshold, 3D islands are formed.

In this thesis, we target the growth of InAs and InSb nanostructures on InP or GaAs, with a
thickness of a few tens of nanometers. Unavoidably, we will have to manage strain relaxation

in order to limit its impact on the electron transport properties inside the material.

4.3 InAs nanostructures

In this section, a short overview of the methods investigated for the achievement of InAs 2D
films and nanowires on mismatched substrate is proposed. We will also discuss their use in

advanced quantum device.

4.3.1 InAs thin films and 2DEG

As already discussed, InAs exhibits a low electron effective mass that can provide a large
electron mobility at room temperature. However, it is highly mismatched with commonly used
ITI-V semiconductor wafers. In order to protect electron transport inside the InAs channel
from defect scattering, a good crystalline quality of the layer is recommended. One method
consists of growing a metamorphic buffer layer to accommodate the lattice mismatch between
GaAs or InP wafer and InAs and reduce the density of dislocations that thread into the
channel [42]. To push away surface states due to oxidation or simply dangling bonds and
prevent electron scattering, a top barrier layer is, also, highly desirable. The electrons thus
confined inside the InAs channel with limited scattering phenomena form a two-dimensional-

electron gas (2-DEG). Figure 1.8 illustrates the InAs/barrier quantum well and its relative
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conduction band structure.

CB

Barrier

Barrier layer 2

InAs channel ‘< |

Position

InAs

Barrier layer 1

Barrier

Buffer layer Energy

Figure 1.8 — InAs/barrier Quantum well structure and its relative conduction band structure
scheme .

(a) InAs/InGaAs/InAlAs 2DEG

Several works were carried out for the fabrication of high quality InAs quantum wells using
ternary alloys of III-V semiconductors for barrier and buffer layers. This gives more flexibility
in the lattice mismatch and the band gaps adjustment. InAs/InGaAs/InAlAs heterostructures
emerged as attractive quantum wells for High-Electron-Mobility-transistors (HEMTs) [43]. T.
Akazaki et al. demonstrated the enhancement of the HEMT characteristics by inserting a
thin pseudomorphic 4 nm-thick-InAs channel into an Ings2Alg4sAs/Ing53Gag47As quantum
well on InP [44]. The best electron mobility recorded for this system is 111000 cm?/V.s for a
charge density of 2.3 x 102 cm~2 at 10K [44].

(b) InAs/Al(Ga)Sb 2DEG on GaAs, InP and GaSb substrates

GaSb and AISb are best candidates to be used as buffer and barrier layers since they exhibit
only 0.6% and 1.2% of lattice mismatch respectively with InAs. They also provide a large
conduction band offset with InAs (1.35 eV or 0.93 eV for AISb or GaSb respectively) allowing
deep electron confinement into the InAs channel which is particularly interesting for low power

consumption, high speed or spintronic device fabrication [17], [45]-[47].

H.R. Blank et al. from Herbert Kroemer group at UCSB reported electron mobility larger than
25000 cm?/V.s at room temperature and exceeding 900000 cm?/V.s at 12K in InAs/Al(Ga)Sb
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quantum wells grown on GaAs(100) wafers by MBE [42]. In their work, they reported a strong
influence of the buffer layer material on the morphology and the transport properties of the
quantum well. A clear enhancement of the mobility (up to 944000 cm?/V.s) was obtained by
changing the AlISb buffer layer by a GaSb one. Ballistic transport inside InAs/AlISb quantum
wells was evidenced by the measurements of plateaus in the conductance of constrictions

formed by surface gates [48].

With pure GaSb barrier (without Al), the electron mobility in the InAs channel is generally
lower as the smaller conduction band offset results in a lower confinement of electrons in the
channel. In such a system grown on a GaAs substrate, a thickness of 200 nm only for the
GaSb buffer layer is enough to obtain a peak electron mobility of 25200 cm?/V.s at 60 K with
a carrier concentration of about 7.35 x 10'' cm™2, despite the presence of a large density of

threading dislocations [49].

Due to its broken gap band line-up, the InAs/GaSb system can also exhibit interesting prop-
erties for quantum transport. Indeed, the hybridization gap that can be engineered in a
composite InAs/GaSb channel may result in topologically protected edge states that could

significantly improve the robustness of charge transport against disorder [50], [51].

These different works demonstrated the versatile application fields of the InAs quantum wells.
One challenge remains however the fabrication of 1D nanostructures from these 2D layers.
AlGaSh is indeed very sensitive to oxidization and top-down etching to achieve sub-micron
wide nanostructures without degrading the electron transport properties is particularly chal-
lenging. For this reason, bottom-up solution have been developed. The following part gives

an overview on this topic.

4.3.2 Bottom-up InAs NW and networks

(a) Growth of out-of-plane nanowires

Growing vertical InAs nanowires by Vapour Liquid Solid based on Chemical Vapor Deposition
(VLS-CVD) was reported since the early 2000s[10]. The evolution of InAs nanowire (NW)
fabrication has been marked by significant research efforts, focusing on optimizing the VLS
growth mechanism to create vertically aligned, high-quality NWs suitable for quantum device
applications. Tomioka et al. utilized Selective-area Metal-Organic Vapor-Phase Epitaxy (SA-
MOVPE) to integrate InAs/InAlAs core-multishell NWs on silicon, demonstrating the poten-

tial of vertical surrounding-gate transistors directly on Si substrates. This approach bypassed
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the obstacle of lattice mismatch with the substrate and removed the need for metal catalysts,
thus avoiding potential impurities. The resulting vertical surrounding-gate transistors (VS-
GTs) exhibited an excellent switching behaviour [52]. Koblmiiller et al. adopted a similar
catalyst-free approach, utilizing solid-source Molecular Beam Epitaxy (MBE) with an amor-
phous SiOx mask [53]. This method produced vertically aligned InAs nanowires, with growth
rates and uniformity in diameter and length modifiable via precise temperature control. Their
approach yielded nanowires with diameters of approximately 50 nm, demonstrating minimal
variation along their lengths, which is crucial for consistent electronic properties. Moreover,
Grégoire et al. broke new ground with the Hydride Vapor Phase Epitaxy (HVPE) growth of
InAs nanowires, achieving vertical alignment and uniform diameter without the use of metal
catalysts due to the strategic use of a SiOx dielectric mask. The growth rate control was
fine-tuned through the adjustment of the III/V ratio and growth temperature, resulting in
nanowires up to 26 pm in length. These HVPE-grown nanowires displayed phase-pure zinc
blende crystal structures with occasional wurtzite segments due to high As, partial pressures,
contributing to their unique optical emission properties evidenced by a photoluminescence
peak at 0.445 eV, blue-shifted from bulk InAs due to quantum confinement [54]. Together,
these investigations not only exhibit the practicality and adaptability of the VLS technique
without the necessity for a metal catalyst but also demonstrate how such precise control
over the growth process can yield nanowires which are highly conductive, of good structural

integrity and optical properties.

Complex InAs inclined nanowire networks can also be achieved using VLS. For that, Dalacu et
al. performed the growth of 35° inclined InAs nanowires grown from gold catalysts deposited
on the (111) sidewall of an InP ridge defined on an InP(100) substrate [55]. Interconnected
wires can be obtained when the tilted InAs NWs growing in different (111) directions meet each
other (Figure 1.9). This method is however very challenging due the precision required for the
positioning of the catalysts. Moreover, integrating such nanostructures into devices implies
their cut from the substrate and transfer to a host substrate for processing. This is generally
done by ultrasonic dispersion in an IPA solution before nanostructures can be picked up and
dispersed on the host wafer. The random positioning and the high probability of degradation
of the nanostructures during the transfer prevent this solution from being sufficiently scalable
and reliable for an industrial process. Finally, in order to fabricate complex nanostructures
with a scalable process, in-plane nanowires can also be directly grown on the substrate. The

next part presents the main works dedicated to this method for InAs NW integration.
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Figure 1.9 — SEM image viewed at 85° from normal of a pair of connected nanowires grown
on InP ridges pitched at 3.5 pum. The inset is a close-up to the intersection. The scale bar is
100 nm (adapted from [55]).

(b) Selective area growth of in-plane InAs nanowires and networks

Selective area growth has the advantage of easily tailoring the shape and dimensions of in-
plane nanostructures thanks to nanoscale lithography. However, compared to the vertical
nanowires, which are freestanding, one has to deal now with the resistivity of the underlying

substrate as well as its lattice mismatch with InAs.

Several works were carried out for improving the quality of in-plane InAs nanowires on highly
mismatched substrates (Si, GaAs and InP). One interesting approach is the so-called template
assisted selective growth (TASE) demonstrated, by H. Schmid et al. at IBM [56]. In this
technique, InAs is grown from a Si nano-seed by MOCVD inside a SiO, mold (Figure 1.10(a))
[57]. Arrays of nanowires and complex shapes were achieved as illustrated in Figure 1.10(b)
and Figure 1.10(c) [58]. By this method, high quality InAs complex networks, junctions and
hall bars were also demonstrated. The sheet carrier density and the sheet resistance measured
on 28 nm x 40 nm cross-sectional-InAs nano-Hall-bars reached respectively 9.1 x 10! ecm—2

and 1260 /00 at room temperature revealing an electron mobility of about 6200 cm?/V.s at

4K.

Later on, using this technique, the same group demonstrated ballistic electron transport inside
InAs cross junctions (Figure 1.10(d) and 1.10(e)) [58]. TASE offers the possibility to control
the Fermi level in the InAs NW with a back gate control thanks to the insulating SiO, layer
in-between InAs NW and the Si substrate. With this method, conductance plateaus at 4K
were measured in the transfer characteristic of the device (Figure 1.10(f)). Ballistic transport

with an electron mean free path of about 930 nm was deduced from these measurements.

On GaAs or InP substrates, the method for growing in-plane NW is slightly different: the

lateral dimensions are defined by the mask aperture but the thickness and cross-section shape
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Figure 1.10 — (a) Schematic illustration of TASE of InAs nanowire inside a lateral (SiOs)
template [57] (b) Colorized 3D-SEM image of a template structure containing Si pads and
InAs NWs covered by a SiO, film (¢) SEM image of a complex pattern filled by InAs NWs
and Si pads inside the SiO, template (d) Schematic of the measurement device. Metallic
probes (yellow) are connected to an InAs NW cross junction (red), covered by a protective
oxide template (green). The current I,,; at one terminal in response to a bias voltage Vijas
is measured as a function of gate voltage Vgate. (€) False-colored SEM image of a single NW
(left) and two cross sections (right). (f) Electrical conductance G = Vias/1 of a single NW
(blue) and a NW cross-junction (red) as a function of gate voltage at 4 K [58].

are determined by the growth conditions. Two methods can be used: growing directly InAs on
the mismatched substrate or using an intermediate Ga(As)Sb nano-template to accommodate

the mismatch.

Direct growth with mismatched interface:

Using Chemical Beam Epitaxy (CBE) (where the growth selectivity is achieved thanks to the
selective decomposition of the organometallic precursors), Lee et al. have studied the effect of
the InP wafer orientation on the InAs NW growth. They found that InAs grown on a SiOs pat-
terned InP(110) substrate exhibits the best crystal quality with As rich conditions. However,
for other oriented wafers, an As/In flux ratio close to unity ensures the best InAs spreading
inside the mask openings. Misfit dislocations at the interface between InAs nanowires and InP
substrates, arising from a 3.3% lattice mismatch, were observed by high angle annular dark

field scanning transmission electron microscopy (HAADF-STEM) imaging. Particularly on
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InP(110) substrates, the dislocation density reaches 3 x 10° cm™!, suggesting a mostly relaxed
InAs layer. These dislocations are critical as they may influence the electronic properties of
the nanowires. From Hall effect measurements performed at 2K, the authors determined elec-
tron density and mobility of 0.9 to 2.1 x 10" cm ™2 and 5000 cm?/V.s, respectively, for a [110]
oriented 140 nm to 180 nm wide-nanowire grown on an InP(111)p wafer [59]. They estimated

a mean free path for the electrons between 20 nm and 100 nm.

Selective area growth of in-plane InAs NW can also be achieved by MBE but one has to finely
tune the growth conditions and promote In re-evaporation from the mask to succeed. It can
be achieved with a low growth rate and a sufficiently high substrate temperature. Aseev et
al. proposed a selectivity map summarizing the range of selectivity for InAs [24]. Complex in-
plane InAs NW networks were successfully grown on InP(111) wafer (Figure 1.11(a)) and they
demonstrated phase-coherent electron transport on pu-scale distances with Aharonov-Bohm

oscillations measured at 20 mK on ring nanostructures with a top-gate (Figure 1.11(b)) [16].

(a) Networks

Figure 1.11 — (a) Example of complex NW networks composed of the (112) NW family [16].
(b) Scanning electron micrograph of an InAs SAG Aharonov—Bohm ring (yellow) contacted
by Ti/Au leads (purple) and covered with SiNx dielectric and a top-gate electrode (red). The
loop area (A) corresponds to 0.9 ym?.

Growth with a nano-template for mismatch accommodation:

Using semiconductor buffer layers as templates for the InAs nanowire growth is also shown
to be a successful technique for growing high quality in-plane InAs nanostructures on GaAs
substrate [65]. The works led during the PhD thesis of Maria Fahed at IEMN demonstrated
how the use of an atomic hydrogen flux during the growth could enlarge the window of selec-
tivity and achieve continuous and relaxed GaSb islands on pm-long and 100nm-wide patterns
designed on GaAs (100) substrate. Thanks to this method, the interface misfit dislocations
are far from the InAs channel and clean interface between InAs and GaSb can be obtained.

Figures 1.12(a) and 1.12(b) are HAADF STEM cross section micrographs of in-plane InAs
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nanowires grown by MBE on top of a GaSb nano-template on GaAs (100) substrate. Up to

date, electrical characterizations on such in-plane InAs NW have not been reported.

Figure 1.12 — HAADF STEM image recorded after 150 nm GaSb growth followed by 10 nm
InAs in apertures directed along (a) [110] and (b) [1-10] [60].

Furthermore, Filip Krizek et al. explored the fabrication of InAs nanowires using molecular
beam epitaxy (MBE) on semi-insulating substrates using a GaAsSb buffer layer[61]. In their
method, they meticulously controlled the growth environment, including substrate tempera-
ture and material flux rates, to optimize the single and complex nanowire structure in different
crystallographic orientations. They employed top-gate geometries to precisely control the car-
rier density, a key factor in effective gating for both classical and quantum devices. Their
observations revealed that conductance in these nanowires does not fully pinch off even at
very negative gate voltages, with the down and up gate traces showing significant hysteresis.
The team achieved an average mobility in buffered nanowires of around 560041300 cm?/V -s,
with peaks reaching approximately 7600 c¢cm?/V-s at 20 mK. This high mobility, along with the
observed structural uniformity and consistency in the nanowires, underscored the importance
of buffer layers in improving interface quality and enhancing electron mobility. Moreover, Mar-
tin Friedl et al. study presented a scalable method for creating branched In(Ga)As nanowire
arrays using GaAs nanomembranes as templates, [62]. By controlling the width of nanomem-
branes and the duration of growth, they successfully fabricated nanowires with cross-sections
less than 50 nm, and scaling down to 20 nm led to the formation of homogeneous InGaAs
nanowires. These nanowires demonstrated phase-coherent, quasi-1D quantum transport prop-
erties. Magnetoconductance measurements revealed coherence lengths of approximately 130
nm and spin-orbit lengths estimated to be at least 280 nm, indicative of their potential for

hosting Majorana fermions in quantum computing applications.
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4.4 InSb nanostructures

InSb exhibits lower electron effective mass and stronger spin-orbit coupling than InAs. It
is thus particularly appealing for magneto-transport experiments. One disadvantage of this
material is its large mismatch with other III-V semiconductors, making the fabrication of high
quality heterostructures challenging. In the following, an overview of the different methods for
the growth of InSb nanostructures either in the form of thin film or in the form of nanowire

is proposed.

4.4.1 InSb thin films and 2DEG

One way to confine electrons into InSb with larger bandgap barriers is to grow a thick meta-
morphic buffer from a GaAs substrate to reach a lattice parameter authorizing the growth
of a strained Al,In;_,Sb/InSb heterostructure with z sufficiently low to avoid the relaxation
of the InSb channel. An example of such a structure is depicted in Figure 1.13. With this
method, Orr et al reported room temperature mobility as high as 51000 ¢cm?/V - s with a
carrier concentration of 5.8 x 10! ecm~2, while low-temperature mobility below 40 K reached
248000 cm?/V s for a carrier concentration of 3.9x 10! cm™2 [63]. More recently, electron mo-
bility exceeding 350000 cm?/V -s at low temperature were achieved on top gated InSb/InAlSh

quantum well grown also on a GaAs (100) wafer [64].

InSb/InAlSb quantum wells exhibit fascinating transport characteristics for advanced quan-
tum devices. Despite the difficulty to grow high quality InSb 2DEG, this heterostructure is
very attractive for advanced quantum devices [8]. One example is the study of the Josephson
effects. By taking advantage of the large spin-orbit coupling of this material as well as its large
Landé g-factor and its high electron mobility, C.T. Ke et al achieved m-Josephson junctions
(JJ) [65]. The JJ exhibits a carrier density and an electron mobility that are respectively

2 and 150000 ¢cm?/V -s. They proved the ballistic superconductivity

around 2.7 x 10" cm™
effect inside these devices with a mean free path around 1.3pum. In the work of Lei et al,

spin-splitting of Landau levels at a magnetic field of 2T was demonstrated.

A recent work reported electron density and mobility inside an InSb/InAlSb quantum well
of 2.4 x 10 em™2 and 260000 cm?/V - s respectively, signatures of Ising quantum Hall fer-
romagnetism at filling factor v = 2 when the Landau level energy is equal to the Zeeman

energy [66]. The InSb/InAlSb quantum well is therefore a promising candidate for advanced
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Figure 1.13 — InSb quantum well. (a) Layer stack of the InSb/GaAs heterostructure, where
the layer constituents and thicknesses are indicated. (b) Scanning transmission electron mi-
crograph of the structure of (a) obtained in High Angle Annular Dark Field Mode along the
[110] zone axis [65].

quantum devices and Majorana fermion investigations. But, once again, the fabrication of 1D

structures from a 2DEG is impacted by etching process.

4.4.2 Bottom-up InSb N'Ws and networks

(a) VLS vertical nanowires

The growth of 1D InSb nanostructures started with the growth of vertical nanowires by means
of the VLS approach. Since the lattice mismatch between InSb and other III-V compound
semiconductors is significantly high, growing vertical InSb nanowires sparked the interest of
several research works that aimed at benefiting from the unique transport properties inside
this crystal. The earliest studies into InSb nanowires, spearheaded by Zotov et al., revealed
their remarkable suitability for high-tech applications due to their unique electronic charac-
teristics [67]. Yet, the challenge of integrating these nanowires with Si or other I1I-V materials
persisted because of InSb large lattice mismatch. To overcome this obstacle, researchers devel-
oped innovative methods to fabricate InSb nanowires, ranging from electrodeposition within
porous templates to self-nucleation processes and advanced molecular beam epitaxy (MBE),
often employing the vapor-liquid-solid (VLS) principle and using gold as a catalyst [68]-[71]

However, the use of gold has been a double-edged sword, aiding growth but also poten-
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tially introducing defect sites. The pursuit of precise nanowire placement has led to progress,
though transferring the delicate structures to suitable substrates for device construction has
been a complex task. While recent breakthroughs have enabled the formation of intersecting
nanowire networks through gold-assisted VLS growth, the industry still faces the challenge of
fabricating complex circuits directly on substrates without the need for nanowire transfer [20],

22].

In terms of transport properties, field effect electron mobility as large as 57000 cm?/V - s at
cryogenic temperature was reported by Badawi et al for stemless VLS grown nanowires with a
diameter of about 190 nm (Figure 1.14(a)) [72]. In this work, the observation of conductance
plateaus aligned with multiples of €?/h (Figure 1.14(b)) in the transfer characteristic of the
NW evidenced the ballistic behaviour of electron transport inside the NW at 6K for source-

drain separation of 2 um.

Se——— T T
.5 0.0

15 1.0 -0
Vic (V)

Figure 1.14 — (a) Vertical stemless InSb nanowires [72] (b) Measured Quantum Point Con-
tact (QPC) conductance versus the top-gate voltage at 6K presenting quantized conductance
behaviour [72] (c¢) , InSb nanocrosses resulting from the merging process between two InSb
nanowires. The inset shows InAs and InSb segments in orange and red, respectively, and the
Au-In droplet is in yellow [71].

With the VLS technique, InSb nanowire crosses were achieved [71]. Figure 1.14(c) displays
horizontal InSb nano-crosses standing on InP-InAs stems. The maximum Hall mobility mea-

sured inside these cross-junctions reaches 10000 cm?/V s.
(b) Selective area growth

InSb is the compound III-V semiconductor with the lowest band gap but also with a high
mismatch relatively to larger band gap semiconductors. Hence, mismatch accommodation is
required to achieve in-plane NW on semi-insulating substrates. In previous work, the MBE
growth of in-plane InSb NWs on GaAs (100) wafers has been demonstrated by the Epiphy
group at IEMN thanks to the use of an AlGaSb buffer layer prior to the SiOy mask fabrication
[73], [74]. Figure 1.15(a) is a SEM image of 50 nm-wide nanowires grown in the [110] direction.

Continuous InSb nanowires have been achieved despite the lattice mismatch thanks to the use

28



Chapter 1. In-plane III-V nanostructures for advanced quantum devices

of an atomic hydrogen flux during the MBE growth, enabling selective area growth for a quite
low temperature. Figures 1.15(b) and Figure 1.15(c) display STEM micrographs of the
cross section of a 50 nm-wide NW grown with this technique, revealing a threading defect free

material [73].

(@)

Figure 1.15 — (a) SEM image of an InSb NW array defined with 100 nm x 2.6 m apertures
[73]. (b) . STEM image of the cross-section of an InSb in-plane nanowire grown inside a 50
nm wide aperture. White scale bar is 20nm [73] (¢) HAADF image in the red rectangle of
image (b) showing the absence of threading defects in the nanostructure. Black scale bar is
10nm.

Another technique developed in the group of L.P. Kouwenhoven demonstrated high crystalline
quality in-plane InSb NW and complex networks by means of the metal sown selective area
approach. This technique is based on the selective deposition of a metal seed inside the mask
aperture before the NW growth as illustrated in Figure 1.16(a) for a ring-like pattern [22]. A
low temperature electron mobility larger than 20000 cm?/V.s was reported in this work and
quantum interference devices revealed a 8 pm phase-coherent length at 50 mK. Figure 1.16(b)
and Figure 1.16(c) display respectively a coloured SEM image of the InSb nano-device used

for transport measurements and the conductance plateaus revealed under magnetic field.

More recently, Op het Veld et al. reported the fabrication of high quality InSb nanowire
networks on InP(111) wafers via MOCVD in-plane selective area growth [20]. A key parameter
for this achievement was the modulation of the V/III precursor ratio to a very large value,
yielding extensive and interconnected networks of nanowires with consistent diameters near
60 nm and lengths of several microns. By controlling the nucleation to a singular point, the
growth process promotes the development of a single crystalline structure throughout the
entire network. This uniformity is essential for preserving the integrity of quantum states
and ensuring coherent electron transport over longer distances, both of which are crucial
for the reliable operation of quantum devices. With this technique, they evidenced ballistic
transport regime in the nanowire network and traced phase-coherent electron transport over
distances of approximately 9 pm. The capability to sustain electron coherence over such

lengths, without disruption from defects, marks a significant stride toward realizing topological
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quantum computing architectures based on hybrid semiconductor-superconductor association.
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Figure 1.16 — (a) SEM images showing the growth steps starting by the In sowing at 465°C
to the InSb nanowires growth in the mask apertures, every SEM images is represented by a
scheme on the top of it.[22] (b) False colored SEM image of the InSb Quantum Point Contact
(QPC) device. Contacts are blue, the gate is purple, and the NW is yellow away from the
electrodes. The scale bar is 500 nm. A magnetic field is applied along the in-plane direction
perpendicular to the NW [22]. (c¢) Zero-DC-bias pinch-off traces of the device shown in panel
a, taken at field values between 0 and 5.5 T with intervals of 0.3 T [22].

All of these results have been achieved after device processing including a chemical treatment
of the InSb surface, this latter being very sensitive to oxidization. During this thesis, we aim
at measuring the intrinsic properties of InAs and InSb in-plane NW by developing either an
efficient passivation shell protecting channel from oxidization or an efficient capping process to
transfer the sample from MBE reactor to a 4-probe STM set-up without oxidizing the surface.

We hope that this method could further enhance the transport properties inside the materials.

5 Thesis objectives

In this chapter, we summarized the different process for the epitaxial growth of InAs and InSb
nanostructures, highlighting their pivotal role in ongoing progresses to build ballistic devices.
The SAG technique was described as an original and effective approach for the controlled
growth of one-dimensional structures. The different studies show the crucial impact of the
growth conditions on the crystalline quality and consequently on the transport properties of
the nanostructures. Comparing the electron mobility measured by Hall measurement on 2D
systems and the one deduced from the transfer characteristics of gated nanowire devices, a
systematic degradation of the transport properties can be noticed, suggesting an impact of the
1D shaping of the material and extrinsic limitations coming from device processing (contacts,

gate oxide. . . ).

The objective of this thesis is to estimate the intrinsic transport properties of InAs and InSb 1D
nanostructures, benefiting from the precision of four-probe Scanning Tunnelling Microscopy

(4P-STM) and taking advantage of the ability that this technique gives to carry out mea-
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surements in UHV conditions. The intrinsic conductance of both 2D layers and 1D in-plane
selectively grown InAs NWs will be investigated to determine the charge carrier mobilities and
the sheet resistance. The effect of the channel oxidation and the buffer layers will be studied as
well as the influence of highly mismatched substrates on the crystal quality and the transport
properties. As the surface to volume ratio is important for nanowires, we will also study the
surface reconstructions of InSh surfaces by means of the LT-STM systems paving the way for
a better understanding of the transport properties in 1D InSb nanostructures with reduced

thicknesses.
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Experimental techniques

1 Introduction

In this work, we aim at studying the growth conditions of InAs and InSb nanostructures with
high crystalline quality as well as their transport properties, which, due to their reduced size,
might strongly depend on the electronic states at their surfaces. Growing nanostructures and
studying their properties in Ultra-High Vacuum (UHV) provide the best conditions to achieve
this goal. Among the different growth techniques, Molecular beam epitaxy (MBE) is an ideal
tool as it is known as the “layer by layer growth technique in UHV” and is thus quite appropri-
ate to grow thin nanostructures. As to the transport measurements, it is convenient to work
with a tool that allows an arbitrary arrangement of probes with separation between the probes
smaller than the size of the nanostructures. Four-probe Scanning Tunnelling Microscopy (4P-
STM) known also as Nanoprobe, gives this possibility under UHV conditions, as STM is a
powerful technique for scanning the surfaces of nanostructures at the atomic or molecular
level. When the four tips are brought into electrical contact with the nanostructures, the
technique becomes appropriate to measure its intrinsic transport properties. The STM tips

are operated under the control of a Scanning Electron Microscope (SEM) to enable the study
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of transport in nanostructures with complex geometries. Finally, the electronic properties of
the nanostructure surfaces are studied by means of Low Temperature (LT) -STM, where the
sample surfaces are treated in the UHV preparation chamber equipped with a Raman system.
This instrument provides information on the evolution of the surface chemistry during the
treatment to save time as STM analyses performed at 77 K might be time-consuming. Other
techniques were also used to obtain physical insights about the nanostructures morphology and
their transport properties: SEM, TEM, Atomic Force Microscopy (AFM), X-ray Diffraction
(XRD) and the Hall effect system.

In this chapter, the main growth and characterization techniques are presented.

2 Molecular Beam Epitaxy (MBE)

MBE is one of the most suitable techniques for high-crystalline-quality-nanostructure fabri-
cation as the growth takes place in UHV conditions. This ensures a high purity growth envi-
ronment: the probability of contamination is very low and the elementary atoms or molecules
travel from the sources to the sample surface in collision-free conditions. Moreover, the growth
rate with such a technique can be as low as 0.01ML/s. As the switching from one material to

another can be done instantly, ultra-thin layers and abrupt interfaces can be achieved.

This growth method was invented in the late 1960s, to satisfy the increasing need of semi-
conductors with high crystalline quality. Its development for more than sixty years offers
now materials essential for optoelectronics, spintronics and high speed or quantum electronic
devices [1]. In terms of electron transport, MBE is the technique of choice for the produc-
tion of two dimensional electron gas (2DEG) that exhibit electron mobility exceeding several
millions cm?/V-s at cryogenic temperature in the GaAs/AlGaAs system [2]. Beyond this text
book system where different coherent transport phenomena have been evidenced, MBE also
provides solutions for the fabrication of 1D ballistic devices based on InAs or InSb nanowires
[3]-[5], systems that may host Majorana bound states when the nanowires are coupled with a

superconducting shell [6], [7].
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2.1 The IEMN MBE System

The Riber Compact21 (C21TM) MBE system used in this work is one of the three MBE
reactors in the IEMN clean room. It is dedicated to III-V material growth (Figure 2.1(a))
whereas the other ones are dedicated to graphene /hBN epitaxy and Transition Metal Dichalco-
genides growth. The ITI-V MBE system is coupled under UHV to the Electron Spectroscopy
for Chemical Analysis (ESCA) chamber (Figure 2.1(b)). Thanks to cryogenic and ion pumps
(blue box in Figure 2.1(a)), the residual pressure in the reactor in the standby mode is laying
in the 1071° T range. The III-V MBE reactor is equipped with III-element evaporation cells
(In, Ga and Al) as well as V-element valved crackers (Asy, She) and one high temperature
gas injector (HTT) for AsHz or PHj cracking. The C21 system is equipped with a hydrogen
plasma cell working with a RadioFrequency (RF) excitation coil. The inductive coupling of
the RF excitation coil generates a plasma discharge that dissociates the molecular hydrogen.
A 600W RF excitation at 13.56 MHz is used to achieve atomic hydrogen from molecular flux.
The atomic hydrogen used during selective epitaxial growth is proved to enhance the mask

selectivity [8].

Figure 2.1 — Photographs of (a) III-V MBE Riber compact 21 reactor composed of : a transfer
rod of samples from the intermediate chamber to the growth chamber (orange box) III-V
growth chamber (black box), ion pump (blue box), RHEED screen with the camera (yellow
box) and the valved cracker sources and shutters (green box), (b) Chamber for Electron
Spectroscopy for Chemical Analysis (ESCA).

The ITI-V MBE system is composed of four vacuum chambers separated by gate valves: the

introduction chamber for sample loading (load-lock), the outgassing chamber, an intermediate
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chamber and the growth chamber.

2.1.1 Epitaxial growth

Molecular Beam Epitaxy is based on the three temperature law: the substrate surface tem-
perature (Ts) must be lower than the evaporation temperature of the III-element (77;;) and
larger than the evaporation temperature of the element V (7%) [9]. These conditions lead to
a growth rate equal to the deposition rate of the Ill-element whereas V-element incorporates
only in the presence of Ill-element, ensuring a stoichiometric composition. Based on these
elementary components, I1I-V semiconductor thin layers are grown layer by layer on the sur-
face of the wafer. One monolayer (ML) is relative to a complete layer of the compound III-V

semiconductor in the direction normal to the substrate.

Effusion cells are used for the evaporation of group III elements (In, Ga and Al) with an
atomic flux. The atomic flux of each component depends only on its evaporation temperature
following an Arrhenius law [10]. The flux of each component in then controlled by its heating

temperature.

The flux of group V elements (As, Sb) is produced with cells evaporating antimony and arsenic
from solid state to As, and Sb, molecules. These molecules can be dissociated to As and As,
or Sb and Sbhy by passing through a high temperature cracking zone. The flux is then adjusted
by tuning the opening of valves. In our experiments, the cracking zone of the arsenic cell is
heated to 600°C, which is sufficient to avoid condensation of Ass molecules in the cracking zone
but not enough to decompose them. For antimony, the 900°C temperature of the cracking
zone ensures a decomposition of Shy molecules into Sby and Sb species. Moreover, arsenic
As, and phosphorus P, fluxes can also be obtained by cracking respectively arsine AsHs and

phosphine PH3 using a High Temperature Injector (HTI).

The geometry of the growth chamber imposes that the evaporation cells are tilted with respect
to the substrate surface. Therefore, the sample holder is rotated during the growth to ensure

uniformity of the layer thickness and composition over a whole two-inch wafer.

The sample temperature is measured with different tools. The first one is the thermocouple
that measures the sample holder temperature. Although, the thermocouple does not measure
the real sample temperature, it allows the control of the sample heating by the radiation of a
filament heater. The second tool is the pyrometer, that measures radiation coming from the

sample. The displayed temperature during growth can be slightly affected by some parasitic
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radiations coming from different cells. Finally, a KSA BandiT system allows the temperature

measurement of the substrate by identifying the optical absorption threshold of the sample.

2.1.2 Growth control with Reflexion High Energy Electron Diffraction (RHEED)

The MBE system is equipped with a RHEED system (the RHEED screen can be seen in
the yellow box in Figure 2.1 (a)). Theoretically, the RHEED diagram corresponds to the
projection, on a plane screen, of the intersection image of the surface reciprocal lattice and
the Ewald sphere of radius 27”, where A is the electron De Broglie wavelength. Thanks to this
technique, real time feedback on the surface reconstructions during growth is obtained. More
than that, the RHEED is useful not only during sample growth or wafer deoxidization to detect
surface reconstructions, surface roughness and crystalline state (amorphous, polycrystalline,
monocrystalline) [11], but it is also used for element flux calibration. In order to calibrate
indium growth rate for example, we use an InAs (100) wafer, on which oscillations of the
specular beam intensity are monitored during the growth of InAs at a fixed In evaporation
temperature (Figure 2.2). The period of these oscillations corresponds to the completion of
one monolayer. Arsenic flux during the growth must be sufficiently high to ensure a layer-by-
layer growth regime [12]. In order to calibrate the As flux, we set the In temperature to fix the
growth rate and reduce the As flux to determine the critical flux below which the growth rate
is reduced. At this point, stoichiometry is no more ensured meaning that effective As flux is
just below the In one. To get a reliable measurement, this experiment must be performed at a
temperature where As re-evaporation rate is quite low. With this RHEED oscillation method,
the different I1I- and V-element fluxes can be calibrated. Similarly, a GaSb substrate is used
to calibrate the Sb flux. In the following, the flux of the different elements are expressed in

monolayer/s (ML/s), referenced to a (100) surfaces, as determined by this method.
The RHEED gun energy in this study is 20 kV.

The next part is dedicated to the presentation of the selective area growth procedure, where
the deposition of III-V elements takes place in precise zones of the substrate allowing the

direct epitaxial growth of one dimensional in-plane nanowires on a substrate.
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Figure 2.2 — The RHEED oscillations principle [12].

2.2 Definition of the mask

The sample preparation for selective area growth starts with the deposition of a dielectric film
on the wafers. Most of the wafers used during this work consists of 2-inches InP wafers. The
film is patterned and etched using lithography and RIE to form a mask in order to limit the
lateral extent of the growth in the openings of the mask. These steps are illustrated in Figure

2.3. Later on, the samples are loaded into the MBE system where the epitaxial growth takes

E-beam lithography
» » \ Resist development
Wafer Wafer

-

RIE etching of the mask

place.
Resist deposition
Mask SiO, deposition 100 nm of PMMA
(PECVD)

Resist removal and
mask opening (HF
solution)

Figure 2.3 — Sketch of the different steps for the mask preparation that is used for selective
area growth.

In more details, a 30 nm-thick SiO5 layer is deposited by Plasma Enhanced Chemical Vapor
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Deposition (PECVD) at 300°C, using an OXFORD Plasmalab 80 plus system. Then, a 100
nm-thick PMMA 3% 495K photoresist is spin coated and heated at 180°C for 30 minutes in
order to evaporate the solvent. The mask opening dimensions, geometries and positions are
defined on the wafers by e-beam lithography. Figure 2.4 displays an example of a designed
layout that was prepared for in-plane InAs and InSb nanowires selectively grown on InP (111)
wafer. The layouts are prepared using the Layout Editor software [13]. These nanowires will

be discussed respectively in chapter 3 and chapter 5.

15 pm

Figure 2.4 — Layout of the selectively grown nanostructures designed for the 4P measurements.
More details about the layout are given in Figure A.6 in the Appendix 2

Figure 2.4 shows different patterns consisting of isolated 5 ym or 10 gum-long nanowires with
multiple orientations. Five different widths were selected: 500 nm, 200 nm, 100 nm and 50
nm for each array of nanowires having a similar geometry. The 230 pym x 200 pm layout
contains also more complex nanowire networks with more than one orientation and nanowire
width. Figure A.6(b) presents a “sun-like” pattern where the nanowire orientation is sequen-
tially tilted by 10°. This pattern will give information about the nanowire growth behaviour

depending on the crystallographic orientations. Figure A.6(c) shows series of 20 pm-long
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rectangles with different widths: 1pm- (rectangles 1 to 4 from the left), 500 nm (5 to 8), 200
nm (9to 12), 100 nm (13 to 16) and 50 nm (17 to 20). The first serie is parallel to the IEMN
pattern in Figure A.6(a) and, thus, has the [011] crystallographic orientation, whereas the
second one is designed to be perpendicular. For a straightforward identification of the crystal
direction, the IEMN pattern is always parallel to the wafer flats. The whole patterns are
repeated every 3 mm on the sample. The exposure dose is 280 uC/cm?. After the writing
process, the PMMA resist is developed in a methyl isobutyl ketone-Isopropanol MIBK/ IPA
(30/60) solution for 90s.

As described in the sketch of Figure 2.3, the next step consists in etching the SiO, film in the
openings defined in the PPMA resist using Reactive lon Etching (RIE) inside an OXFORD
Plasmalab 80 system. Prior to the mask etching, a short Oy plasma is first used to clean the
mask openings from residual resist. Then, the samples are exposed to a CF4(20sccm)/CHF3
(20 sccm)/Ar (10 scem) plasma for 54s, which ensures a vertical etching of the SiOy mask.
The RF power is set at 100W and the chamber pressure during etching is around 50mTorr.
Based on these conditions, the aperture depth is about 10 to 20 nm. The remaining resist that
still covers the mask is, after that, removed by dipping the sample in an acetone solution at
50°C, followed by an ultrasonic bath for 5 min. After isopropyl alcohol cleaning, the sample

is finally exposed to an Oy plasma for 30s to clean the whole SiO, surface.

2.3 Control of the mask openings

Before loading the wafer into the MBE system, a wet etching step in diluted hydrofluoric acid
(HF 1% solution) is necessary to complete the opening of the mask windows. However, as HF
etching is an isotropic etchant, the SiO, openings are etched in all directions during this step.
This leads to an enlargement of the mask openings, which can depend on the wafer chemical
composition. Optimizing the wet etching time of the mask is, therefore, essential to obtain

in-plane nanowires with well-defined widths close to the nominal dimensions of the layout.

The dependency of the wet etching time to the wafer composition, thickness and conductivity
is studied based on InSb(100) and InP wafers. On these wafers, a 30 nm-thick SiOy mask
is deposited and processed with the condition described above, except for wet etching time,

which is finely tuned.

Figure 2.5(a) displays a SEM top view of the SiO5 mask opening obtained on a p-doped InSh
(100) wafer after 30s HF etching. The mask opening of the cross pattern shows irregular edges
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in both [110] and [110] directions. While the nominal width of these apertures is 100 nm, this
SEM image shows an opening width around 150 nm. Based on the image contrast, a brighter
grey surface surrounds the mask apertures, indicating an etching of the InSb native oxide
layer underneath, which extends to 350 nm. The accumulation of top and bottom etching of
the SiO, layer leads thus to the enlarged aperture and HF treatment needs to be shortened.
Figure 2.5(b) is a SEM image of the mask aperture for a p-doped InSb (100) wafer after 20s
of etching. The opening seems regular in the mask image contrary to the irregular etching
behaviour seen in Figure 2.5(a). The aperture opening width is 115 nm close to 100 nm-wide

nominal aperture. The InSb etching underneath persists but is limited to a width of 160 nm.

Figure 2.5 — Influence of a wet etching time on the mask aperture for (a) an InSb(100) wafer
after 30s of etching, (b) an InSb(100) wafer after 20s of etching.

Figure 2.6(a) displays the mask opening of a cross pattern on a semi-insulating InP(111)
wafer after 27s of wet etching. This image shows a regular mask profile at the edges. Based
on the contrast, the mask seems well etched in the aperture. The real width of the apertures
is around 75 nm in both directions, which is close to the 50 nm nominal width. 27s of wet
HF etching is therefore enough for creating openings in SiOy deposited on an InP(111) wafer
and will be the selected etching time for the preparation of all the studied nanostructures
presented in the chapter 3 and chapter 5. However, as shown in Figure 2.6(b), the apertures
obtained after 30 s for a cross written in SiO,, this time, deposited on a semi-insulating InP
(100) wafer is not fully opened i.e the mask is not totally removed from these windows. 30s
is not enough for the mask opening for a SiO, layer on an InP(100) wafer. Therefore, as
several parameters may impact the dry etching rate (conductivity and size of the wafer for
instance, small variations in the SiO, film thickness, etc.), the chemical etching duration has

to be optimized for each process.
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Figure 2.6 — Influence of a wet etching time of 30 s on the SiOs mask aperture for two different
wafer orientations: (a) an InP (111) wafer and (b) an InP (100) wafer. The nominal width of
the mask aperture is 100 nm.

2.4 Selective Epitaxial growth

After the mask opening step, samples were loaded in the introduction chamber of the MBE
system, then outgassed, generally at 150°C, for 1h. They were subsequently transferred to the
III-V growth chamber. Thanks to the atomic hydrogen flux used during selective growth, the
IIT and V elements form III-V compounds only in the mask openings and are re-evaporated

outside, on the SiOy protective layer[8].

As a selective growth example, a homoepitaxy of 50 nm-thick in-plane InSb nanowires is
shown in Figure 2.7. In this case, the InSb (100) wafer was deoxidized under Sb flux with
an atomic hydrogen flux exposure for 1 min while rising the substrate temperature to 390°C.
Following previous works performed at IEMN on selective growth of InSb [14], an InSb layer
with a nominal thickness of 50 nm was grown under atomic H flux with a growth rate of about

0.2ML/s, a Sb/Ga flux ratio of 10 (Sb flux is 2ML/s) and a growth temperature of 390°C.

Figure 2.7 displays SEM images of InSb nanostructures. The number of bright nanoparticles
on the SiOy mask is quite small and indicates a good selectivity. Moreover, these images show
that, whatever the in-plane crystal orientations are, the nanowires are continuous along the
different orientations. Their length extends up to 10 pm. Figure 2.7(d) displays a honeycomb
lattice. This SEM image shows that complex nanostructures can be built by the selective area

growth (SAG) method with high quality.
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Figure 2.7 — SEM images of selectively grown InSb nanostructures on an InSb (100) substrate:
(a) NWs (500nm, 200nm, 100nm and 50nm nominal widths (left to right)) with [110] and
[100] orientations; (b) Aharanov-Bohm ring InSb nanostructures; (c) grid with 50nm, 100nm,
200nm and 500nm-wide NWs (left to right and top to bottom view); (d) honeycomb lattice.

2.5 Contact deposition for cryogenic measurements

For the macroscopic transport measurements, metallic contacts deposition on the nanowires is
needed in order to allow wire bonding. This process concerns only the InAs/GaSb nanowires
prepared for cryogenic measurements (See chapter 4, section 3.4), as transport in the other
nanostructures will be investigated with the multiple probe STM only. Metallic patterns were
prepared on the SiO, mask after the deposition of the SiOs layer and before the nanowire
growth. They are used as alignment markers. 8m x 8um pads consisting of Ti (5 nm)/Pt (50
nm) bilayer are deposited for that. After the selective growth of the nanowires, metal pads
composed of a Ti (100 nm)/Au (400 nm) bilayer are deposited as contacts to the nanowires.
For this purpose, a standard lift-off process is performed. It starts with two different resist
layers deposition on top of each other: a first layer of ARP-33% covered by a second layer of
PMMA 950K 4%. After their uniform spreading on the surface by spin coating, the resists are
annealed at 180°C for 3 min to become solidified. Then, the patterns, designed with layout
editor, are written using the EBL technique with an exposure dose of 220 yC/ cm?. The resists
are subsequently developed in a (MIBK/IPA: 70 mL/70 mL) solution for 90s. The use of a
double layer of resists gives an undercut profile that avoids the coating of the resist sidewalls

when evaporating the metals to ensure a good lift-off procedure. After the metal deposition,

49



Chapter 2. FEzxperimental techniques

a lift-off process takes place for 2 hours in a SVC-14 solution at 70°C followed by 1 min of

sonication for the remaining metal and resist removal.

3  Scanning Tunnelling Microscopy

Sixty years after the discovery of the wave-particle duality by Louis de Broglie in 1924, Gerd
Binnig and Heinrich Rohrer built the first scanning microscope based on the tunnelling effect,
called Scanning Tunnelling Microscope (STM). This invention was part of a project that they
called the idea that “normally should never had worked” [15]. This impossible idea got them
a Nobel prize in 1986 and induced a real revolution in the microscopy field as it pushed-up the
microscope resolution to the atomic scale (Angstrom scale) as well as its capacity to investigate

the electronic state of conductive materials surfaces.

The quantum mechanics, that is linked to the wave particle duality, is the essence of the STM
principle. In classical mechanics, given two electrodes separated by a thin potential barrier,
an electron with an energy lower than the potential barrier has a zero probability to cross it.
However, this phenomenon is allowed in quantum mechanics, the electron having a non-zero
probability to tunnel through the barrier. This phenomenon is called the tunnelling effect.
Here, the electron is described as a wave function defined as an evanescent wave inside the
barrier and as a progressive wave in each of the electrodes. In STM, the two electrodes consist
of a metal tip and the surface of a conductive sample. They are separated by an insulator
(vacuum) with a thickness d of a few angstroms, which corresponds to the (potential barrier)

(Figure 2.8).

3.1 Tunnelling current

Based on Figure 2.8, let us consider the variation of the potential as follows:

0 for z <0 (region I)

V(z) =13V, for0< z < d (region II) (2.1)

0 for z > d (region III)
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An electron verifies the Schrodinger equation:

- 2m 022

[ L v<z>] U(2) = Bu(z) (22)

where h is the reduced Planck constant, m is the electron mass.

¥(2)
Y

Electrode 1 Electrodg>2

I 0 1 d g1 ¢z

Figure 2.8 — Principle of the tunneling effect through a potential barrier (vacuum).

If we assume an electron with an energy F lower than the potential barrier height Vj, then

the solutions of this equation in the three different regions I, II, III write as:

Are™ + Bre™™*  for z < 0 (region I)

V(2) = § AjpeP* + Bre P for 0 < z < d (region II) (2.3)

Appet*s for z > d (region III)

2mE
)

Here, A;, Ajr, Arrr, Br and Bjpy are constants. k equals to and p is equal to

Vi (Vo — E).

Taking into account the boundary conditions for z = 0 and z = d, we can deduce the trans-

mission coefficient that is given by:
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A 1
T(E) = |’ﬁ| —— (2.4)
2=d 1"‘@ﬁ$lﬂh |: th:|
If we assume pd > 1, T' can be simplified to:
E(Vo—FE
T~ 16%*)6*21” (2.5)

‘/02

The electron transmission from electrode 1 to electrode 2 depends exponentially on the distance

d, with p being the vacuum decay constant, about 10 nm~? for typical work functions.

The net tunnelling current depends on the total number of sample and tip surface electronic
states that overlap within the energy range for which tunnelling can occur. Therefore, if a
small and constant bias is applied across the electrodes, it shows an exponential variation with
the separation between the tip and the sample. When a positive bias voltage is applied to the
sample (or conversely, a negative voltage is applied to the tip), electrons in occupied states on
the tip can elastically tunnel into the energy equivalent empty states of the sample. Similarly,
a negative sample bias allows electrons occupying filled states on the surface to tunnel into

empty states on the tip.

In the STM system, a metallic tip (in our case made up of tungsten W), acting as a probe
electrode, is pushed down close to a semi-conductive surface by means of piezoelectric tubes.
As explained above, it is necessary to apply a polarization voltage (sample bias) in order to

obtain a tunnelling current for a sample-tip distance around 1 nm.

Measurements may take place in two different modes The first one deals with the feedback
off mode. Here, the sample-tip distance d is fixed, around several angstroms. The measured
current variations as a function of the bias provides information on the density of electronic
states. The second mode corresponds to the feedback on mode. In this case, the tunnelling
current is maintained fixed and generally in the range of tens of picoamperes. While laterally
scanning the surface of the sample, the tip accurately follows the topography of the surface.
By recording the variation of the piezoelectric tubes along the vertical axis, the height varia-
tions Az(x,y) of the sample can be plotted. This is the imaging mode most widely used. The
displayed data in chapter 5 are acquired using this approach.

52



Chapter 2. FEzxperimental techniques

3.2 Tip preparation

In our case, tungsten tips are used for STM and also multiple probe transport measurements.
They are obtained after a chemical etching of W wires inside a sodium hydroxide (NaOH)
solution. The wire is surrounded by a circular cathode as illustrated in Figure 2.9(a). A DC

voltage is applied to drive the electro-chemical reaction described as follows:

Cathode: 6H>0 + 6e~ — 3H»(g) +60H~
Anode:  W(s)+80H~ — WO + 4H,0 + 6e~ (2.6)

Overall: W (s)+20H~ 4+ 2H,0 — WOj;~ + 3H(g)

(@) (b) (c) (d)
W wire I—l I—I I—I
/ Meniscus

Anode Cathode

Figure 2.9 — Illustration of the tip etching method. (a) Formation of the meniscus. (b)
Wire etching mostly in the meniscus region and the necking phenomenon. (c¢) The tip sharp
apex starts to appear by continuous etching of the lower part. (f) The lower part breaks off
producing a sharp tip.

Figure 2.9(b) and 2.9(c) show the etching of the W wire at the meniscus promoted by the
capillary forces. As the etching rate at the top of the meniscus is higher than at the bottom of
the wire, a necking shape is obtained. The reaction ends at the breakpoint observed in Figure
2.9(d) when the etched part of the wire becomes too thin and its lower part cannot be sustained
by the tensile strength. This part falls in the solution and a sharp tip is obtained. A highly
sharp tip is necessary to achieve atomic resolution when scanning. For contact measurements
inside the 4P-STM system, that will be discussed later, tips with an apex curvature of some
tens of nanometers (Figure 2.10) allow good contacts on 2D layers, 100 nm-wide and 200
nm-wide nanowires. After being introduced inside the STM system in an UHV environment,
the tips are heated to remove any surface oxides that may have formed. This heating process

not only cleans the tip but also ensures its stability for accurate measurements. This step is
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controlled by the pressure variations inside the chamber. After the heating phase, the tips
are "flashed" several times; this involves momentarily heating the tip to a high temperature
and then allowing it to cool rapidly. Flashing serves to further clean the tip and remove any
remaining contaminants, thereby ensuring that the tungsten tip is in optimal condition for

high-resolution scanning.

Figure 2.10 — SEM image of the tip apex, the inset shows a zoom of the apex. The scale in
the inset image is 2pm.

3.3 Omicron LT-STM

The Low Temperature-Scanning Tunnelling Microscope LT-STM used in this work was devel-
oped by Omicron GmbH. It is located at the Institut Supérieur d’Electronique et du Numérique
(ISEN-JUNIA).

Based on Figure 2.11, this LT-STM system is composed of three main chambers separated
by gate valves. The load-lock chamber (Blue box in Figure 2.11) allows the samples and tips
introduction to the system after being kept in a vacuum storage. This chamber is pumped
with a turbomolecular pump to reach a pressure of about 1078 Torr. Samples are outgassed
in this chamber at 120°C for few hours. Thanks to a transfer rod, samples and tips can be
transferred to the preparation chamber delimited by the orange box in Figure 2.11. In this
chamber, they are treated and stored. Pressure inside the preparation chamber is around 1019

Torr. The UHV is maintained thanks to an ionic pump and Titanium Sublimation Pumps

(TSPs).

Generally, the sample surfaces are protected with a capping layer to preserve them from

oxidation. The capping layer can be sublimated by heating the samples on the manipulator
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of the preparation chamber. When samples are not capped, their surface is oxidized. The
desorption of the oxide layer is achieved by means of simultaneous heating and atomic hydrogen

eroding with an ion gun.

Preparation
chambcr

n
l.
r.
-

Figure 2.11 — Photograph of the LT-STM system.

In our case, InSb (100) and InSb (111) surfaces were deoxidized by annealing the samples
respectively at 200°C and 300°C and sputtering their surfaces with atomic hydrogen from
an ion gun with an acceleration voltage of 1.5 kV. The temperature was measured with a
pyrometer and the deoxidation process was monitored with mass spectroscopy. This chamber
is also equipped with an UHV Raman system (Yellow box in Figure 2.11). The laser beam
of Raman spectroscopy emits at 532 nm. It is sent through an optical fiber to a superhead,
fabricated by Horiba, and focused on the sample by an aspheric lens (AL108-B, Thorlabs).
The UHV Raman systems is used to study the evolution of the sample surfaces when the oxide

layer must be desorbed, as it will be presented later in chapter 5.

After that, the samples are introduced inside the analysis chamber defined by the green box
in Figure 2.11. This chamber is maintained at 10~ Torr. It is equipped with a STM host
in a cryogenic system consisting of an outer cryostat and an inner one. The outer one acts as
a shield for the inner one. It is only filled with nitrogen when the inner cryostat can be filled
either with nitrogen or helium depending on the desired temperature for cooling down the

sample (77K or 5K respectively). Our samples were studied at 77K only. The piezoelectric
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tube scanner is responsible for manipulating the tip-to-sample distance with atomic accuracy.

It holds the tip, which is connected to the preamplifier, one of the key element of the
feedback loop controller facilitating real-time adjustments of the tip position based on mea-
surement of the tunnelling current. For the coarse approach mechanism, a stepper motor is
employed, capable of positioning the tip within a range of a few um to the sample surface.
This manual approach in the Z direction was monitored by means of a CCD camera. Once
the tip is sufficiently close to the surface, the tunnelling approach is made to set the tip close
enough to the surface by combining sequential displacements of both the piezoelectric tube
and the coarse motor, thanks to the STM control system, a Nanonis controller designed by

Specs GmbH.

3.4 Four-Probe-STM (4P-STM)

3.4.1 Technical description

The Nanoprobe system at IEMN was developed by Omicron (Figure 2.12). Similarly to the
LT-STM system, it is composed of a load-lock chamber (grey box in Figure 2.12) in order
to transfer the samples and tips into UHV. Both samples and tips can be stored inside the
preparation chamber (blue box in Figure 2.12) and processed there. For example, the capped
InAs (111) NWs studied in chapter 3 were annealed inside the preparation chamber at 320°C
for 2h in order to sublimate the protective As cap before being transferred by means of a long
transfer rod (yellow box in Figure 2.12) to the analysis chamber (orange box in Figure 2.12).
Also, the W tips are deoxidized by direct current heating on the same manipulator. The
multiple-probe STM is located in the analysis chamber. It is combined with a SEM (green
box in Figure 2.12), that is pumped with its own ion pump, allowing to reach pressures
in the high 10~ Torr in the whole analysis chamber. The STM is composed of a movable
sample stage surrounded by four scanners that can freely move the tips on the sample surface.
Three of them are piezoelectric tubes on top of which the tips are fixed at the end of long
arms, limiting the vertical stability of the probes. The fourth one consists of piezoelectric
stack with a more compact tip holder, allowing the acquisition of atomically-resolved STM
images. For the navigation of the four independent STM probe tips, simultaneous SEM
imaging is indispensable. This enables a large field of view for probe coarse positioning as
well as fine positioning and rapid localisation of nanometer-sized structures. However, a high

SEM resolution requires to mechanically couple the STM to the chamber, which inevitably
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degrades the performances of the STM.

Preparation |

il
chamber —

el | —
i\ =

— ‘
g ma’ . a
Transfer SUSSEESEN Analysis
f e > 4
5“\ rod | M. chambe

Figure 2.12 — Photograph of the 4P-STM system.

For the investigation of temperature-dependent behaviour of samples or devices, the
Nanoprobe allows to work with sample temperatures up to 500 K by using an integrated
solid-state heater and a Pt100 sensor for temperature measurement. Sample cooling down to
50 K was achieved with a LHe or LN, flow cryostat which is thermally connected by a copper
braid. This fine braid also ensures mechanical de-coupling from vibrational noise. But as it
is connected to the sample stage only, the tips are kept at room temperature, making the
transport measurements tricky. For example, the thermalization of the tips to the sample
temperature when in contact with a nanostructure may take a few hours. This may result
in some contacting issues, such as a faster damage of the probes or noisy measurements. In
this thesis, we cooled the stage with LNy to perform transport measurements at the minimum
temperature of 115 K. Another difference with standard STM measurements resides in the
use of substrates which are not necessarily conductive. For example, some of the investigated
NWs were grown on semi-insulating InP and GaAs wafers. Thanks to the SEM, one tip can
be electrically contacted to a NW to act as the electrical ground before the safe approach
of the other tips. This configuration avoids a current flow through the substrate during the

transport measurements.

3.4.2 Measurements of the resistance

To perform transport measurements, the probes were moved close to the sample with the

coarse motors under the guidance of the SEM. The fine approach was performed using the

o7



Chapter 2. FEzxperimental techniques

tunnelling approach of the STM control system. Once the tunnelling current was detected,
the tip was further pushed down to the surface until a stable electrical contact was achieved.
Figure 2.13 illustrates the four-probe arrangement inside the analysis chamber. The tip
distance was controlled with piezoelectric motors operated by the Nanonis control system.
Transport measurements take place with the electron beam off. Thanks to the use of switch
boxes between the Omicron amplifiers and the microscope, the tips can be automatically
disconnected from the Nanonis control system and connected to two Keithley source meters
for 4P transport measurements. Prior to the these measurements, 2P measurements between
the different probes were usually performed to make the electrical contact valid and measure

the contact resistances.

P> Motor

control

control
control

Figure 2.13 — (a) Representative scheme of the four-probe STM measurements inside the
analysis chamber. (b) SEM image of the four probes closely approached to an InAs surface
inside the analysis chamber of the four-probe STM.

2D thin films :

The principle of 4P-measurements consists in the injection and collection of a current with
two probes and the measurement of the voltage across the two other probes, yielding the
resistance of the layer by dividing the measured potential drop with the measured current.
The advantage of the 4P-measurements is that the extracted resistance is independent of the
contact resistances (Chapter 1). This can be achieved with an arbitrary arrangement of the
tips on the sample as presented in Figure 2.14(a). The 4P-resistance of the 2-dimensional

infinite sheet is then given by the following equation [16] :

oo o pap (|ds —di| -|dy — )|
R4P<d1,d2,d3,d4) = — In = = = = (27)
2m |d3 — di| - |dy — d4

Where pyp is the sample intrinsic sheet resistance.
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Figure 2.14 — (a) SEM image of four tips positioned in an arbitrary geometry on a sample.
(b) 3D scheme illustrating four aligned non equidistant probes in contact with a sample.

In the case of four aligned but non-equidistant tips, where only one external tip is moved
between the measurements, corresponding to the separation indexed z in Figure 2.14(b),

while the separation d between the other tips is fixed, the 4P resistance becomes [16]:

Rup(d,z) = 22 [m (%) —In (x jl_ d)] (2.8)

Finally, in case of four aligned and equidistant tips, where z = d, the 4P resistance of the

2-dimensional infinite sheet is given by [16], [17]:

In(2
Ryp = 2)

" P2D (2.9)

Hence, with aligned equidistant-4-probe measurements, the resistance becomes theoretically
independent of the interprobe distance d and such a method was used in this thesis to study

the transport in a two-dimension electron gas of InAs thin films.
Nanowires :

On NWs, the probes are always aligned. But, in contrast to thin films, only one inner tip is se-
quentially moved along the nanowire (Figure 2.15). As the probe in contact with the nanowire
may create defects on its surface, we started all series of measurements with the largest possi-
ble separation between the inner probes. The 4P-resistance is then linearly dependent on the

distance d [18] and is given by the following equation :
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Ryp="— (2.10)

Figure 2.15 — (a) SEM image illustrating the 4P-STM measurements of an InAs nanowire. The
current is injected by the source (blue) and the voltage is measured between the two inner
probes (red tips). In this image the measured nanowire is coloured in yellow. d is considered
as the varying distance between the two inner probes.

4 Atomic Force Microscopy AFM

Five years after the STM invention, Gerd binning, Calvin Quate and Christoph Gerber de-
veloped the Atomic Force Microscope AFM. This microscope gives the possibility to probe
insulating wafers at the nanoscale [19]. The acquired data are collected by "feeling" or "touch-
ing" the surface with a mechanical probe. This nanoscale tip is attached to a small cantilever
which acts as a spring. The tip interacts with the surface, causing a deflection of the can-
tilever, as shown in Figure 2.16(a). The bending of the cantilever is detected using a laser
diode and a split photodetector. The force applied to the cantilever is adjusted using a feed-
back loop to keep the laser in the middle of the photodiode. While the tip scans the sample
surface, it collects information on the topography. The two most known operating modes of
the AFM are the contact mode and the tapping mode. In the contact mode, the tip is pressed
into the surface and an electronic feedback loop monitors the tip-sample interaction force to

keep the deflection constant throughout the scanning. The tapping mode, that is used during
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this work, does not require a mechanical contact between the tip and the sample, strongly
reducing the risk of damage. It is a resonant mode where the cantilever oscillates at high
frequency near its resonance frequency. In this regime, the tip-sample interaction is driven by
Van der Waals, electrostatic and capillary forces. It can be either attractive or repulsive. The
registered topographic values are converted electronically to a pseudo 3D image which means
that AFM give a pseudo-real images of samples topography. In air, the AFM has generally
a vertical resolution of 0.1 nm and a lateral resolution around 10 nm due to the convolution

effect [20].

(a) (b)

Photo detector
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Controller feed-
back loop
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Cantilever ~Tip
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Sample surface Ry Path of the tip apex

Sample

Figure 2.16 — Schematic representations of the (a) AFM scanning principle and (b) the con-
volution effect due to the finite size of the tip.

The AFM used in this work was the Veeco Dimension 3100. As the nanostructure dimensions
are generally around some tens of nanometers, it was necessary to make sure that the tips were
sharp enough to accurately measure the dimensions of the nanowires. In fact, images obtained
by scanning a sample with an AFM tip are highly dependent on the AFM tip geometry and
its radius of curvature, as shown in the Figure 2.16(b). AFM scans are an image of the
convolution of the AFM tip and the surface. The smaller the surface features compared to the
AFM tip dimensions, the less accurate the sample image on the computer screen is. In this
case, the features may appear wider in AFM images and the hole may appear smaller. For all
these reasons, NCHR-A silicon tips fabricated by Bruker with a radius curvature less than 10

nm (around 8 nm) were used during the experiments.

5 Hall effect measurements

Hall effect measurements are a direct application of the Hall effect discovered in 1879. The

Hall resistance depends on the carrier mobility, concentration and the nature of the charge
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carriers involved in the conduction:

(2.11)

where Rp is the sheet resistance, n is the charge density, ¢ is the elementary electron charge,
and g is the charge mobility. This technique allows the measurement of the sheet conductance
in nano-films. In this work the Hall effect measurements in air were used for the transport
study of the InAs nanostructures as a complementary tool to the 4P-STM. The experiments
were performed with the HL5500 Hall setup located in the IEMN clean rooms. They re-
quired to build samples with appropriate geometries, corresponding to Hall-bars and van
der Pauw microstructures (Figure 2.17(a)). After the epitaxial growth of 2D InAs-channel-
heterostructures, a photoresist was deposited on the samples (AZ 1512). Then, the resist was
exposed to the UV light through a chromium mask and subsequently developed in a MIF 726
solution. Then, the heterostructures were etched using a (HF/H205/H20 :1/1/200) solution.
Finally, the remaining resist was removed in an acetone solution. Figure 2.17(a) shows ex-
amples of Hall bars and van der Pauw structures after the etching process. Figure 2.17(b)
shows a 3D schematic representation of the etched samples. For ohmic contacts, In balls were
deposited on the Mesa after being deoxidized in a HNOj solution for 1min and heated at
100°C for at least 30min. These indium balls were placed on the microstructures and heated

to 200°C to allow In diffusion to the InAs channel (Figure 2.17(a)).

(b)

Indium
droplets

InAs Hall-bar

InAs
mesa

Figure 2.17 — (a) Etched sample with hall bars and van der Pauw microstructures. Indium
balls (droplets) are deposited on the InAs mesa. (b) 3D scheme of samples B and C with InAs
etched Hall bars.

During the Hall effect measurements a permanent magnetic field of 0.32 Tesla is applied
to the sample. With these sub-millimetric sized structures, macroscopic probes can be well

approached and positioned. The magnetic field is perpendicular to the plane of the electrical
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lines running across the sample (Figure 2.17(b)). It generates a Lorentz force on the charge
carriers that deflects them to one side of the Mesa. Measuring both the resistivity of the sample
and the Hall voltage allow the determination of the Hall mobility and charge density inside
the InAs layer. During this thesis, Hall bar InAs mesa were measured. The setup allows
Hall effects measurements at RT and also at low temperatures. In our case, the transport
properties of the samples took place at RT and also at 77K by cooling the sample in liquid

nitrogen.

6 Complementary characterization techniques

During this work, a Gemini SEM developed by Zeiss was used to assess the quality of the
etching process before growth and after growth to observe in-plane nanotrustures. The high
resolution SEM images allow to give insight into the growth mechanisms of the nanostruc-
tures. The applied focussed electron beam energy during measurement is 10kV and the in-lens

imaging mode is used [21].

A X-ray diffraction (XRD) Panalytical system available at IEMN was also used to probe
the structural quality of the 2D films. It permits the determination of the crystal lattice

parameters and quantify the film relaxation in case of strained epitaxy.

Moreover, the TEM, STEM and EDX cross sectional analysis were used to investigate the
structural and chemical composition of the nanostructures. For these studies extremely thin
lamellas have to be prepared by ion milling of the nanostructures. This work has been done by
David Troadec at IEMN. The TEM measurements were then performed by Gilles Patriarche in
C2N. Information about the defects due to the lattice mismatch between the epitaxial layers
and substrates and the shape of the core-shell nanostructures have been revealed by these

studies.

Finally, the cryogenic magneto-transport measurements have been performed by Hermann
Sellier at Néel Institute to probe the transport properties inside the in-plane InAs/GaSh

nanowires grown on InP (Chapter 4).
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7 Conclusion

This chapter was dedicated to introducing the experimental techniques that will be pivotal
in our upcoming analysis of nanostructures. Morphological characterizations, essential in un-
derstanding these transport properties, will be conducted using AFM, XRD, SEM, and TEM
etc. For transport measurements, 4P-STM and Hall measurements will be used as comple-
mentary techniques, each offering unique insights. While Hall measurements will provide a
macroscopic view of electrical properties in ambient conditions, 4P-STM will delve into their
intrinsic transport properties within an UHV environment. This approach is expected to high-
light the significance of nanowire passivation in differing environments.

Additionally, Raman spectroscopy, in conjunction with LT-STM, will be employed to study
surface deoxidation processes. This ensemble of techniques, each with its specific strengths, is
set to provide a comprehensive understanding of the nanostructures, laying the groundwork

for the results and discussions in the following chapters.
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Transport properties of oxidized and

reconstructed InAs (111) nanostructures

1 Introduction

InAs exhibits very attractive transport properties for high speed low consumption electronic
devices and quantum devices [1]-[3]. In order to take advantage of the high mobility usually
encountered in this material, high-quality InAs thin films and 1D nanostructures are epitaxi-
ally grown on InP(111) wafers where the low surface energy promotes the growth of smooth
InAs layers. The electric properties are then studied by in-situ 4-probe Scanning Tunnelling

Microscopy (STM) that allows the intrinsic conduction measurements of nanostructures.

2 Optimizing growth conditions

In this section, the growth conditions of the InAs nanostructures are improved based on the

study of the structural properties of the InAs layers.
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2.1 Thin films

For each growth experiment in the MBE chamber, a maskless InP(111)p triangular wafer is
mounted by indium bonding at the center of a two inches Si wafer. It is placed next to the
patterned InP(111)g wafer described in the chapter 2. The growth of InAs on the InP(111)p
surface is first characterized and the study of the film morphology will be used to further select

optimized growth conditions for the NW growth.

2.1.1 Growth conditions

As the lattice mismatch between InAs and InP is about 3.3%, optimizing the growth conditions
on the InAs nanostructures is the key point to avoid crystalline defects and dislocations that
affect the transport properties inside the InAs film. Three samples are prepared to study
the effect of the growth temperature and time on the InAs film morphology. The growth

conditions of the samples are summarized in the following table.

Table 3.1 — Samples growth conditions

Sample A Sample B Sample C

Growth rate (ML/s) 0.05 0.05 0.05
As/In ratio 120 120 120
Temperature (°C) 440 380 380
Thickness (nm) 10 10 30

Prior to the growth, the InP(111) wafers are introduced and outgassed in an ultrahigh vacuum
chamber at 200°C for 1h and transferred to the III-V MBE growth chamber. Then, they are
deoxidized under an As,; flux combined with an atomic hydrogen flux for 30s at 470°C. The
RHEED shows a (2 x2) surface reconstruction at the InP (111) surface, which is predominantly
terminated with As atoms [4]. Finally, the growth of the InAs film takes place and the InAs

surface exhibits the same (2 x 2) surface reconstruction.

All samples are grown inside the MBE chamber with a 0.05 ML /s growth rate under an atomic
hydrogen flux. The As/In ratio is set around 120. For the first sample that will be called
sample A for better clarity, a 10 nm-thick InAs layer is epitaxially grown on the InP (111)
surface at 440°C. The second sample, sample B, also consists of a 10 nm-thick InAs film but
is grown at 380°C. The last sample, sample C, is grown with the same growth conditions as

the sample B, but the thickness of the InAs layer is increased to 30 nm.
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2.1.2 Morphology of the InAs surface

The surface morphology of the different samples is studied by SEM and AFM techniques, as
illustrated in Figure 3.1. The SEM image of sample A, as seen in Figure 3.1(a), indicates that
InAs initially nucleates by forming triangular islands that coalesce and merge. The presence
of these islands is due to the lattice mismatch of InAs and InP. For a thickness of 10 nm, the
islands cover about 50% of the InP surface. Their density is about 0.06 um 2. An AFM image
acquired at higher magnification (Figure 3.1(d)) shows that the grown InAs nanostructures
consist of prisms with a triangular base and an average height of 20 nm. These islands are
terminated at the top with triangular concentric terraces with a height of almost 5 nm. The

total height is around 25 nm, hence, 10 nm higher than the intended nominal height.

Sample A Sample B Sample C
Temperature (°C) 440 380 380
Thickness (nm) 10 10 30

SEM images

AFM images

Figure 3.1 — SEM and AFM images of samples A (a,d). B (b,e) (the scale bar in the inset of
(b) is 1pm-long) and C (c,f) respectively. The inset in (f) is a magnified view of the surface
inside the blue rectangle in (f) where the scale bar is 250 nm-long.

Figure 3.1(b) displays the SEM image of sample B where the InAs thin film is smoother and
seems to cover almost the whole InP surface. Some hillocks may appear as highlighted in the
inset of Figure 3.1(b). Figure 3.1(e) is an AFM image scanned at a higher magnification. It
shows that almost 99% of the surface is covered with granular coalescent structures. Moreover,
the surface roughness measured in this 10 x 10um? AFM image is around 1.6 nm which is 4.5
times lower than the surface roughness of the triangular islands of the sample A for the same

image dimensions. Therefore, lowering the growth temperature from 440°C to 380°C leads to
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a smoother growth: the InAs islands coalesce in the early growth stage causing a flattening of
the InAs film on the InP(111)p surface. We believe that the growth temperature around 380°C
is probably low enough to limit the In diffusion on the InP surface, preventing its accumulation
in some areas of the surface compared to 440°C for sample A. In these conditions multiple
InAs islands are grown all over the wafer surface and coalesce, whereas for sample A, larger

InAs triangular islands are created because of the In diffusion.

The growth conditions of sample B are considered as relatively optimized growth conditions
of a thin InAs layer on the InP(111)g wafer. In this vein, the third sample, sample C, is grown
for a longer time aiming to a 30nm-thick film. The SEM image of sample C (Figure 3.1(c))
shows a full coverage of the InP surface, whereas the higher resolution AFM images (Figure
3.1(f) and the inset of the Figure 3.1(f)) show smaller granular and triangular structures than
the ones seen in sample B. The surface roughness of the InAs surface of sample C, in the

10 x 10pm? AFM-image-dimension, is around 1.0 nm compared to 1.6 nm in sample B.

Figure 3.2(a) shows a higher resolution AFM image of sample A which confirms the concentric
triangular form of the InAs terraces. These flat terraces cover few hundreds of nanometers of
the surface. Figure 3.2(d) displays the acquired height profile along the blue line plotted in
Figure 3.2(a). The average height of an InAs plane is around 3.5 A, matching the theoretical
monolayer thickness of an InAs (111) surface % = 3.5A. In the case of sample B, the islands
are rather concentric, as shown in Figure 3.2(b). The height profile of Figure 3.2(e) shows
some hundreds of nanometers-wide terraces separated, again, by an average step height of
3.5A. Concerning sample C (Figure 3.2(c)), the same magnification as in Figure 3.2(a)
and 3.2(b) reveals circle-like InAs terraces, a shape similar to sample B, albeit wider. The
extracted height profile from the blue line in the AFM image of sample C that is plotted in the
Figure 3.2(f), presents an average InAs steps height also around 3.5 A. Based on this AFM

image, the unfilled surface separating the InAs terraces is not as deep as the holes separating

the InAs islands in Figure 3.2(b), yielding a lower surface roughness.

In summary, a sample A grown at 440°C, shows non-coalescent InAs islands with a triangular
shape. The islands cover only 50% of the InP surface. The surface roughness is 7.3 nm,
much higher than the surface roughness of sample B where the InAs layer is grown at a lower
temperature of 380°C and shows a surface roughness of 1.6 nm. Hence, the temperature
is believed to be low enough to limit the indium adatom diffusion on the InP(111) surface,

promoting the uniform growth of InAs. It leads to a surface coverage above 99% of the surface.
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Sample A Sample B Sample C
Surface coverage % 50 99 Full coverage

RMS (nm) 7.3 1.6 1.0
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Figure 3.2 — AFM images and height profiles taken along the blue line plotted in the AFM
images of samples A (a,d), B (b,e,) and C (c,f) respectively. Red dashed lines in (d), (e) and
(f) correspond to the multiples of the theoretical InAs(111) monolayer step height (3.54).

Using the relatively optimized growth conditions of sample B, the third sample C is grown
with a 30 nm-thick InAs layer instead of a 10nm-thick layer that further enhances the flatness
of the surface. The roughness decreases to 1 nm. The InP surface is fully covered in this case.
The circle-like InAs terraces seem more coalesced than those in the case of sample B. The
surface defects of sample C like the triangular islands and granular defects presented in the

inset of the Figure 3.1(f) have a smaller size than those found in sample B.

In the next part, the InAs film of the optimized samples, B and C, is studied using the XRD

technique to further determine how it is strained with respect to the InP substrate.

2.1.3 InAs film relaxation

InAs is 3.3% mismatched with InP. Therefore, the growth of the InAs film may take place
with several morphological defects like dislocations. The InAs film relaxation depends on the

wafer orientation, the growth conditions of the InAs layer and on its thickness.

Figure 3.3 displays the XRD spectra measured on samples B and C. The large and narrow peak
is attributed to the diffraction from the InP(111) substrate and the broad peak is attributed
to the diffraction from the InAs film. A strain relaxation of about 50% for the 10 nm-thick
InAs layer and of about 70% for the 30 nm-thick InAs layer can be deduced by fitting the
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experimental spectra with a simulation.
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Figure 3.3 — (a) XRD data compared to the simulated spectrum assuming a 50% strain re-
laxation of the film for the 10 nm-thick epitaxial InAs layer on InP (111)g, (b) XRD data
compared to the simulated spectrum assuming a 70% strain relaxation of the film for the 30
nm-thick epitaxial InAs layer on InP (111)g.

A longer growth time of the InAs film on the InP (111) surface leads to a smoothening due

to the complete coalescence of the InAs islands. Sample C is more relaxed than sample B, in

agreement with the accumulated strain as the layer thickness increases.

The structural properties of the InAs layers are summed-up in the following table.

Table 3.2 — Growth conditions and structural properties of the InAs layer relaxation for the
different InAs thin films studied in this chapter.

Sample A Sample B Sample C

Growth rate (ML/s) 0.05 0.05 0.05
As/In ratio 120 120 120
Temperature (°C) 440 380 380
Thickness (nm) 10 10 30
Surface coverage (%) 50 99 100
RMS (nm) 7.3 1.6 1.0
Film relaxation (%) - 50 70

Based on the morphology of the InAs thin films studied in this section, sample C is believed

to present the best quality.
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2.2 InAs 111 nanowires

In this section, the three different epitaxial growth conditions described above will be applied
to the selective area growth of InAs nanostructures on InP(111)g. Patterns are defined on
the SiOy mask as described in chapter 2. For all three samples, the mask is identical. The
InP wafers were respectively bonded on the same Si wafers as samples A, B and C described
in the previous section. For this reason we will keep the nomenclature previously used where
Aggr, Bsgr, and Cggy, are selectively grown samples using the same conditions as A, B and C

respectively.

We start with the description of the nanowire morphology for nanowires with different crys-
tallographic orientations and widths of 50 nm, 100 nm, 200 nm, 500 nm and 1000 nm. At a
first stage, the samples Aggr, and Bggr, are compared. As recalled in Figure 3.4, the growth
conditions of both samples are a growth rate of 0.05 ML/s and an As/In ratio of 120. Be-
cause the growth takes place under an atomic hydrogen flux, the growth occurs only in the
mask openings corresponding to the InP surface, and not on the SiO, mask, enabling a good

selectivity [5].

Figures 3.4(a) and Figure 3.4(c) show SEM images of sample Aggy, for nanowires grown
with different crystallographic orientations and widths. The majority of the planar nanowires
consist of isolated and non-coalesced islands within the openings, as pointed out by the blue-
aqua arrows in these figures. These results are consistent with the InAs thin film growth
behaviour of sample A that promotes an island growth mode. Due to the relatively high
growth temperature, In adatoms diffuse and nucleate at several sites in the openings on the
InP surface. Those islands are not seen in sample Bggy, (Figures 3.4(b) and Figure 3.4(d)), as
the mask openings seem to be homogeneously filled. Nevertheless, rare defects exist in some
areas of the nanowires as pointed out by the blue-aqua arrows in Figure 3.4(d). As seen in
this figure, these defects are present mainly on the largest nanowires. However, due to the
lower growth temperature, we can notice, based on Figure 3.4(b), a few bright nuclei on the
SiOy mask (pointed out by the blue-aqua arrows in Figure 3.4(b)) indicating that the growth

selectivity, although still convenient, starts to degrade.
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Sample Agg; Sample Bgg;
Growth rate (ML/s) 0.05 0.05
As/In ratio 120 120
Thickness (nm) 10 10
Temperature (°C) 440 380

NWs along
different
crystallographic
orientations

NWs with widths
of 50 nm, 100 nm,
200 nm, 500 nm
and 1000 nm
(Right to left)

Figure 3.4 — SEM images of (a,b) InAs nanowires grown on InP(111)g wafers with a nominal
width of 100nm for different crystallographic orientations on sample Aggr, and Bggr, respec-
tively. The blue-aqua arrows underline numerous defects on the nanowires. (c,d) [211]-oriented
nanowires with 1000 nm, 500 nm, 200 nm, 100 nm and 50 nm nominal widths for the sample
Aggr, and Bggy, respectively. The blue-aqua arrows underline defects on the nanowires.

As a conclusion, based on the comparison of the SEM images of both samples, decreasing the
growth temperature from 440°C to 380°C limits the diffusion of In on the InP (111) surface
and therefore promotes a better coverage of the InP surface in the mask openings. In this
case, the mask selectivity decreases, but it is still convenient. The use of an atomic hydrogen
flux during the growth extends the selectivity limit towards lower temperatures than the one

described in [6], [7].

As for sample Cggr,, that is prepared with the same conditions as sample Bggy,, albeit to
a longer growth time to obtain 30 nm-thick nanowires, the selectivity remains acceptable.
A complete and homogeneous filling of the openings is achieved for 200 nm wide wires with
different orientations (Figure 3.5(a)) and for the [211]-oriented nanowires with different widths
(Figure 3.5(b)). Figure 3.5(a) shows that the nanowires grown with the same conditions as
the nanowires of sample Bggy, are almost defectless. Zooming at the extremity of the in-plane
nanoribbons with a nominal width of 200nm enables the observation of the facets delimiting

the nanostructure for different in-plane orientations. The nanowires grown along the main
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crystallographic orientations are straight whereas in the case of some secondary orientations,
the nanowires show a zigzag-edge. These directions do not match the natural lattice structure,

leading to higher surface energy and less stable growth fronts.

The InAs nanowires grown along the (112) family of directions show vertical highly symmetric
{110} side walls [8] (see Figure 3.5(c)) whereas the NWs grown along the (110) directions
family present asymmetric trapezoid cross-sections with a vertical {112} sidewall on one side
and a slanted {100} facet on the other side as presented in Figure 3.5(d) and explained by
J.S.Lee et al. [9].

(a) /

300nm|  200nm
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Figure 3.5 — (a) SEM images of 200 nm-wide InAs NWs with different in-plane orientations
(rotation every 10° from [011] to [211]) grown by SAE on InP(111)g (sample Csgr). The
different facets that are formed at the end of the NWs are highlighted in the different insets.
(b) SEM images of 200um-long and [211] oriented InAs NWs with different nominal widths
(1000 nm down to 50nm from left to right) (sample Csgr). (c¢) Schematic representation of
the nanowire geometry along the <211> orientation.[5] (d) Schematic representation of the
nanowire geometry along the < 110 > orientations [9].

The observation of such facets is also confirmed in Ref. [10]-[12]. For nanowires grown on (111)
wafers, uniform faceting can only be achieved along two high-symmetry direction families:
<110> and <112>. This phenomenon is driven by the imperative energy minimization of
facet surfaces during the SAG process. The growth enhancement observed along the <110>
and <112> orientations can be attributed to the localization of energy minima along these

directions, according to the Wulff diagram pertinent to the InAs(111)g facet.
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M.E. Cachaza et al. prove that the relation between the growth mode of I1I-V semiconductors
and the filling of the mask openings emerges as a complex equation governed by a set of factors,
not only the crystallographic orientation, but also the mask geometry, which encompasses the
pitch and width of the NW array, and its spatial positioning. Furthermore, the surface energy
adds another layer of complexity, directing the morphology and the ensuing physical properties

of the resultant structure [13].

The AFM image of the nanowires in sample Cggr, with a nominal height of 25 nm is visible
in Figure 3.6. If we consider a residual SiO, mask with a height of about 10 nm [5], the
real height of the nanostructure is around 35 nm. For these series of nanowires grown along
the [101] direction with a nominal mask width of 100 nm, the real width is 200 nm revealing
a clear overgrowth of the InAs on top of the mask. This is observed in Ref. [6] for <110>

directed nanowires.

Figure 3.6 — (a) AFM image of a series of 200 nm-wide-nanowires along the [101] direction of
the sample Cggr. (b) Height profile of the NW series along the blue line plotted in (a).

Decreasing the growth temperature from 440°C to 380°C enhances the homogeneous filling
of the openings despite the lower selectivity. The nanowires grown at 380°C with the longer
duration show flat top facets, consistent with the highest structural quality obtained for the
analog thin film. Therefore, sample Csgy, is chosen for carrying out the electrical measurements

with in-situ multiprobe STM that will be presented in section 4.2.2.

3 Transport properties of InAs films with oxidized sur-

faces

In order to study the electronic properties of the InAs films with the best InAs crystalline

quality (samples B and C), Hall effect measurements were performed. For this purpose, the
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samples are etched in forms of Hall bars and Van der Pauw microstructures as explained in

chapter 2.

Hall measurements are carried out for samples B and C at 300K. Transport in sample C is

further studied at 77K. The values of the main parameters are summarized in Table 3.3.

Table 3.3 — Hall measurements of samples B and C at RT and at 77K.

Temperature (K)  Heterostructure Sheet resistance (/1) Charges density (10?’cm2) Mobility (cm?/Vs)

77 30nm InAs (Sample C) 3300 -2.47 760
300 10nm InAs (Sample B) 38700 -1.10 148
i 30nm InAs (Sample C) 2470 -2.42 1050

Sample B with an InAs thickness of 10 nm has a sheet resistance of 38700 2/J. The charge
density is —1.10 x 10'? cm™2 yielding a room temperature electron mobility of 148 cm?/V.s.
Sample C shows a sheet resistance of 2470 /0] with a charge density of —2.42 x 10'? ¢cm ™2
and an electron mobility of 1050 c¢m?/V.s at RT.

Therefore, a 16 times higher conductance is achieved in sample C compared with sample B.

The sheet resistance of a 2D surface is given by the following expression:

Where Rp is the sheet resistance, n is the surface charge density, ¢ is the elementary electron
charge and p is the charge mobility. The first reason that explains the lower sheet resistance
of sample C is the larger thickness of the sample with respect to sample B. If we consider a
homogeneous distribution of charges in the layer, one would indeed expect a 3 times lower
sheet concentration for sample B than for sample C. Considering the measured Hall densities,

the ratio is 2.2.
As the InAs layers are unintentionally doped, the charge carriers originate from:

— the intrinsic carrier concentration, which can be estimated in the 10** cm™ range at 300K
[14]
— the bulk doping by background impurities

— the surface and interface state doping

The dependency of the sheet Hall density with the thickness reveals that a significant part of

the sheet carrier concentration is coming from surface and interface states since this source
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of doping is independent of the film thickness. For surface states, this is consistent with the

surface Fermi level pinning in the conduction band reported for InAs [15].

This surface state doping also impacts the Hall mobility, as the electrons are concentrated
near the surface and are thus more sensitive to surface roughness scattering. Consequently,

the thinner sample B exhibits a much lower mobility than sample C.

At 77K, sample C has a sheet resistance of 3300 €2/00 with a Hall density which is almost
constant: —2.47 x 10'? cm™2 and an electron mobility of 760 cm?/V.s. Whereas the charge
density for sample C does not much evolve, the electron mobility decreases. This is, probably,
due to a reduced contribution of thermally activated bulk electrons to the transport properties

compared to surface electrons with a low mobility [16].

In addition to surface defects issues, surface oxidation is believed to reduce the transport
properties of the InAs thin films. The following section will, thus, be dedicated to the study

of the InAs surface for both thin films and nanowires in UHV using in-situ four-probe-STM.

4 Transport properties of InAs (111) nanowires with

cleaned facets

4.1 Sample transfer protocol

In order to investigate electron transport in non-oxidized InAs thin films and 1D nanostruc-
tures, samples C and Csgy, are studied by in-situ 4P-STM. Two issues have to be solved. The
first one is the transfer of the sample from the MBE system to the 4P-STM system that requires
an exposure of the nanostructures to the ambient atmosphere. The second issue is the SiO,
oxide layer that surrounds the nanostructures of the Csgr, sample and prevents any approach
of the tips between the nanostructures, as no tunneling current can be detected. Although the
use of a SEM limits the risk to position the tips away from a conductive nanostructure, there
might be some uncertainty in the tip positioning for the narrowest nanostructures, especially

when the tip is blunt or slightly tilted.

To overcome the first constraint, sample C is capped with an amorphous As layer just after
the growth. During the process, the temperature of the manipulator is cooled down to 5°C

and the sample is capped with As using an As, flux for 5 min. In the case of sample Csgy,, the
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sample is taken out of the MBE system and immersed in a HF 1% solution for 1min in order to
totally remove the SiO, layer that surrounds the nanowires. Then the sample is loaded back
inside the MBE system to get fully deoxidized at 400°C' with an As flux combined with an
atomic hydrogen flux. At the end of the oxide removal, the temperature of the manipulator is
cooled down to 5°C' and the sample is also capped with As using As, flux for 5 min. Previous
works showed that an As cap layer can successfully protect the InAs nanostructures from
oxidation and can be removed after heating the sample at 320°C' for 2h without degrading
the structural and electronic properties of the InAs nanowires [17]. These different steps are

illustrated in Figure 3.7.

As capping layer in the MBE
chamber

i A

Air exposure

Removal of the As-cap layer

by heating the sample in the

preparation chamber of the
4P-STM

Nanostructures Mask removal
Mask

Sample transfer to the
analysis chamber of
the 4P-STM

Figure 3.7 — Scheme illustrating the transfer process of sample Cggy, from the MBE system to
the 4P-STM system.

Inside the 4P-STM system, samples are annealed at 120 °C in UHV for a few hours in the
load lock in order to desorb water molecules. Once inside the preparation chamber, they are
further annealed at 320°C for 2h to desorb the As protection layer. The uncapping process

was monitored with a mass spectrometer and a pyrometer.

4.2 4P-STM measurements

For transport measurements with an arbitrary positioning of the probes, the samples are
characterized with the four-probe STM system. As mentioned before, this instrument offers
the possibility of contacting nanostructures with tungsten probes that can be moved freely
and make direct electrical contacts. No metal deposition is therefore required in contrast with

the Hall measurements. The fine approach of the four probes is performed using the tunnelling
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approach of the STM control system. When the tunnelling current is detected, the tip is after

that pushed down to the surface until a stable electrical contact is obtained.

4.2.1 Resistivity of the reference 2D Electron Gas

In the case of sample C, a 4-aligned-probe configuration is used (Figure 3.8). As described
in Chapter 2 (section 3.4.2 ) the current is injected and collected by the outer tips and the

voltage is measured between the two inner probes.

Source |

Figure 3.8 — False coloured SEM image illustrating the 4P-STM measurement with four aligned
and equidistant probes. The blue outer probes are used to inject (source) and collect (sink)
the current, whereas the red inner probes measured the potential drop V1-V2.

The 4P resistance of the 2DEG is independent of the inter-probe distance d and it is given
by equation 3.2 [18], [19]:

In2
Ryp = — Rn (3.2)

Here Ry corresponds to the 2DEG sheet resistance.

The four probe measurements are carried out at room temperature and also at 115 K using
a liquid nitrogen flow enabling the cooling of the sample holder. The distance d is varied
from 100 pm down to few microns. For each measurement, the resistance value is extracted
from a V(I) linear curve averaged from three to five 4P consecutive measurements with the

Keithley source meters. Such an average is essential at low temperature where the V(I) curves
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are more noisy than room temperature measurements due to the stronger instability of the
electrical contacts caused by the difference of temperature between the cold sample and the

tips maintained at room temperature.
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Figure 3.9 — (a) Curves of the 4P-STM measurements for the sample C at room temperature
for different distances d between the two inner probes. Inset: 2P measurements performed
at d = 9.6 pm. (b) Curves of the 115K 4P-STM measurements for sample C prepared on
an InP(111)g wafer for different distances d between the two inner probes. Inset: the 2P
measurements performed at d=10pm.

For all measurements the applied current is swept from -50 pA to 50 pA. Figure 3.9(a)
shows the V(I) curves measured at room temperature for different distances d between probes
arranged with a linear equidistant configuration. From these linear curves, we extract the

resistance. The 4P-resistance variation against the distance d is given in the following table.

Table 3.4 — Four-probe-resistance against the distance d at 300K.

Distance d(um) 5 10 15 19 48 96
Resistance Rp(€2)] 65 114 126 127 109 104

The distance d varies from 5pm to 96 pm. The four-probes resistance Ryp seems almost con-
stant and the mean value is 115€). This is consistent with the theoretical resistance behaviour
given by equation 3.2. When the four-probe distance is below 5pm, we observe a decrease of
the resistance to about 65¢2. This decrease could be related to a lower density of crystal defects
encountered by the electrons at this length scale. 4P-measurements with smaller inter-probe
distances are needed to confirm this tendency. TEM cross-section analysis should also give
more information about the crystal defect density in the film and confirms the correlation

between transport properties and the quality of the InAs layer.
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The two probes (2P) V(I) curve measured between the two inner probes for d=10pm, displayed
in the inset of the Figure 3.9(a), shows a steeper slope. We sweep the voltage from -0.01V to
0.01V and measure the corresponding current. The voltage is, however, plotted as a function
of the current for better comparison with the 4P measurements. The measured current is

almost about some microamperes that reveals resistance values around 2.5 kOhms.

We note that the resistance of the electrical contact is higher than the 4P resistance. The
linear aspect of the 2P measurements reflects the ohmic contact between the tungsten tips
and the InAs layer due to the conducting behaviour of this layer. As the Fermi level is pinned
in the conduction band at the surface [16], an accumulation layer exists below the surface,

allowing the formation of an ohmic contact.

Figure 3.9(b) displays the V(I) curves measured with the 4P-STM at 115K. Despite a higher
noise level, the V(I) curves are still linear. The four-probe-resistance variation against the

distance d between the tips is summarized in Table 3.5.

Table 3.5 — Four-probe resistance against the distance d at 115K.

Distance d(pm) 5 10 15 20 50 98
Resistance R,p(Q2)] 115 153 120 155 135 116

Here, the measured Ryp seems fluctuating between 11562 and 1552, while the distance d
between the inner tips is increased from 5 pm to 98 pm. We assume that the four-probe-
resistance is almost constant around 1302 at 115K. This resistance is slightly higher than the

average four-probe resistance measured at RT, which was 115€).

These low temperature measurements do not reveal a resistance drop at 5 jnm as the one seen at
RT. As the current is mainly due to electrons accumulated at the surface at low temperature,
this may indicate a lower impact of threading defect scatterings on the mobility of surface

electrons than that of bulk ones.

The inset curve of Figure 3.9(b) shows an example of the 2P V(I) curves measured at d=10pum.
The 2P- resistance extracted from this linear curve is around 25 kOhms. Again, the contact

resistance is higher than the sample resistance.

The graph in Figure 3.10 sums up the 4-probes measurement carried out at RT and at 115K

compared to the resistance values deduced from the Hall effect measurements at RT and 77K.

For the 4-probes measurements, an uncertainty exists regarding the true distance as for blunt

tips, the exact position where the probe is in contact with the surface is sometimes badly
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Figure 3.10 — Four-probe resistances of the InAs film grown on InP(111)g SI wafers (sample
C) at RT and at 115K as a function of equidistant probe separations (square and rhombus)
and Hall bars resistances measured at RT and at 77K (cross). The dashed horizontal lines
correspond to the mean values of the 4P resistances.

defined based on the SEM observation of the tip only. Figure 3.11 is a simplified scheme using
only two tips that illustrates the calculated distance based on the SEM images. Assuming R
and R’ as the radii of the curvature of the two tips, the distance is d+(R+R’). This uncertainty
was quite large for some of the measurements and accounts for the large horizontal error bars
seen in Figure 3.10. Despite this uncertainty, the resistance is almost constant when the tip
separation varies, which is consistent with electronic transport in a homogeneous 2D layer.
The average 4P-resistance is 101 2 at RT and 132 Q at 115K, yielding intrinsic sheet resistance
of 458 /0 at 300K and 598 2/0J at 115K, based on equation 3.2. These values are lower than
the sheet resistances measured in air in the Hall bar configuration. We explain this change
by different surface chemistry: the surface is oxidized in the Hall bars, whereas it consists of
arsenic dangling bonds when analysed with 4-probe STM. Such a difference was also found
for wurtzite InAs nanowires, although the nanowires with oxidized surface showed a smaller
resistance than the nanowires exposing clean and well-ordered facets [17]. In this reference,
because of the sidewalls, gold clusters having diffused from the seed Au particles acted as

strong scatterers.

To conclude, the thin InAs film grown on InP(111) with the best crystalline quality exhibits a
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Figure 3.11 — Schematic of the distance d measured including the uncertainty induced by the
radius of the STM tip based on the SEM images.

sheet resistance around 2470 /00 at RT and 3300 €2/0 at 77K when its surface is exposed to
the air and oxidized. Its intrinsic sheet resistance is 5 times lower than the value measured in air
conditions. The oxidization degrades the crystalline quality of the InAs layers and lowers the
intrinsic conductivity at RT and nitrogen temperature. Moreover, the 4P-STM measurements

confirm the decrease of the lower impact of bulk conductivity at low temperature.

If we fix the charge carrier density in the InAs film at RT to -2.42 10 cm™? as measured in
the Hall bars, the intrinsic mobility of the charges is equal to 5660 c¢m?/V - s. This value is
slightly higher to the Hall mobility of 5400 c¢m?/V - s measured by H. Schmidt et al. for InAs
nanowires grown by the TASE technique [20]. If we consider that the charge carrier density
at 115K does not change at 77K, as the measured electrons density is -2.47 10'? cm=2, the
electrons mobility at 115K would be 4190 c¢m?/V - s. The discussed data are resumed in the

following table.

Table 3.6 — Mobilities, charges densities and sheet resistances of samples B and C at different
temperatures.

Temperature (K) Heterostructure Sheet resistance (Q/L1) Charges density (10cm™>) Mobility (cm?/Vs)

el 30nm InAs (Sample C) 3300 -2.47 760
115 30nm InAs (Sample C) 598 -2.47 4190
10nm InAs (Sample B) 38700 -1.10 148
300 30nm InAs (Sample C) 2470 -2.42 1050
30nm InAs (Sample C) 458 -2.42 5660

4.2.2 Sheet resistance of InAs nanowires

In case of the selectively area grown nanostructures, we restricted the study to nanowires
grown along the two [211] and [011] perpendicular directions. The nanowires have nominal
thickness of 30 nm, a length of 20 pm and nominal widths of 100 nm and 200 nm (giving

almost 140 nm and 250 nm real widths respectively due to the HF opening of the windows).
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The measurements principle is detailed in chapter 2 ( section 3.4.2). 4 Tips with diameters
of about some tens of nanometers are contacted to the surface of the sample. For each
measurement series, a current generator is used and can provide currents from -1 pA to 1 pA.
The voltage drop between the two inner probes is measured at each contact position of the
moving tip, as shown in the graph of Figure 3.12(a). This graph sums up the V(I) linear
curves extracted from the 4-probes measurements on a [011] oriented nanowire grown in a
100 nm-wide opening where d is the distance between the two inner probes. The spectra
are averaged from 5 consecutive V(I) measurements. Figure 3.12(b) shows 2P measurements
illustrating averaged I(V) curves measured at different inner probe separations. The behaviour
is not always ohmic and the resistance changes with the position of the inner tip. However, as
long as all the tips are electrically connected to the nanowire, the four-probe resistance does

not suffer from fluctuations in the contact resistances.
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Figure 3.12 — (a) 4P averaged V(I) curves measured on a 100 nm-wide and [011]-oriented
nanowire (grown on an InP(111)g SI wafer (sample C ggr, )) for different inter-probe distances
d. (b) 2P averaged I(V) curves measured on the same nanowire for different inter-probe
distances d.

Figure 3.13 sums up the 4P resistance against d measured for nanowires with widths of 100nm
and 200 nm and oriented along the [211] and [011] directions. The 4P resistance is linearly

dependent to the spacing distance d between the two inner probes as found in [17], [19].

The four-probe resistance of the NWs is related to the resistivity of the InAs channel through

the following equation:

d
Rp="1° (3.3)
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Where p is the resistivity of the InAs channel, d refers to the distance between the inner

probes, and S is the cross section of the wire. It is given by:

S=hxW (3.4)

Here h refers to the height of the wire and W is the width of the wire.
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Figure 3.13 — 4-Probe resistance versus d. (Left) Measurement carried out on 100 nm-wide
NWs grown on an InP(111)g SI wafer (sample C g, ) . (Right) Measurements carried out on
200 nm-wide NWs. Lines correspond to best fits.

We know that transport predominantly occurs in the accumulation layer below the InAs
surfaces of the nanowire due to the surface pinning of the Fermi level above the conduction
band [16]. Therefore, we can convert the bulk resistivity into a sheet resistance. While the
nanowires have different facets depending on their orientation, we assume that the conduction
along the lateral facets is negligible with respect to the top facet as the nanowire growth was

mainly with vertical side facets inside the openings for these two orientations.

The sheet resistance is then calculated based on the measured slopes of the linear fits of the
R4p resistance against the distance d between the inner probes and the measured widths of

the nanowires.

Figure 3.14 summarizes the sheet resistance of the measured nanowires as well as the sheet
resistance of the InAs thin film of sample C with both oxidized and non-oxidized surfaces. The

nanowire sheet resistance is almost equivalent to the InAs thin film sheet resistance. It proves
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that the width of the nanowires at 100 nm is large enough, implying an amount of surface
scattering equivalent to the one involved in the thin film. Also, we do not see any significant
variation of the resistance for both nanowire orientations. This observation is consistent with

the predominant contribution of the top facet to the conduction of the wires.

When compared with free-standing InAs nanowires, which have a wurtzite structure, the
sheet resistance of our zinc blende SAG is lower than the sheet resistance inside free-standing
oxidized InAs nanowires epitaxially grown in previous works by C. Durand et al. [17]. As
the mean diameter of these nanowires was about 70 nm, we estimate a nanowire width equal
to a semicircle perimeter (about 220 nm). As their resistance per unit length Ryp/d was
6.3 kQ/pum, the estimated sheet resistance was about 1386€)/sq. This value is higher than
the mean sheet resistance measured for the SAG nanowires, around 400 §2/sq, whatever their
orientation is. The NW sheet resistance is also lower than the InAs nanowires grown by the
TASE technique along the [110] orientation by H. Schmid et al. [20] and the InAs nanowires
grown by VLS technique by M. Scheffler et al. [21]. But conductance measurements of these
nanowires took place in air with oxidized nanowires. In fact, the oxidation of the InAs surface
seem to damage dramatically the layer (almost 4 times) as the electrons transport takes place
mostly at the InAs surface. Thus, it is affected by the interfacial states caused by the InAs
native oxide. This confirms the efficiency of the As cap layer in the passivation of the InAs

surfaces clearly yielding enhanced conductance.

5 Conclusion

Due to the important lattice mismatch between InAs and InP, InAs nanostructures on InP
wafers may present morphological and surface defects that certainly affect the transport prop-
erties inside the InAs. This chapter was dedicated to the study of the growth conditions, to
obtain high quality thin films and 1D InAs nanostructures grown on InP(111)g semi-insulating

walfers.

We have found that lowering the growth temperature of the InAs thin film and 1D nanowires
promotes a better coverage and a relatively faster coalescence of the InAs islands with a
nominal thickness of about 10 nm. Moreover with 3 times thicker nanostructures, a better
relaxed InAs film and a continuous growth in the openings have been obtained, yielding InAs
nanostructures with less surface and morphological defects based on the XRD, AFM and SEM

study. We consequently measured relatively higher mobilities and conductance in this sample.
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Figure 3.14 — Summary of the sheet resistances measured in InAs NWs of sample Cggy and
from literature benchmarked with the sheet resistance of the sample C (oxidized and non-
oxidized).

The conduction inside the InAs layer decreases at low temperature for both oxidized and non-
oxidized samples. This is probably due to the suppression of the bulk charge carriers at low

temperature leading to a transport dominated by surface electrons.

The 1D nanostructures selectively grown along both main crystal orientations, the [211] and
[011] directions, show vertical InAs side facets whereas the nanowires grown along other in-
termediary directions with a rotation variation of 10° show trapezoid sections and present a
zigzag facet shape. The sheet resistance of the 1D InAs nanostructures is similar to the sheet
resistance of the InAs thin film and mostly independent of the nanostructure width at least
for the [211] oriented nanowires with 100 nm and 200 nm nominal widths. This suggests that

the transport inside the nanowires occurs mostly on the top facet on the nanowires.

The oxidation of the InAs surface reduces about 5 times the conduction inside the InAs thin
film. It also degrades the conductivity of the 1D InAs nanostructures, supporting the use of

a protective layer, such as an As cap layer to achieve the highest conductance.
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[n-plane InAs/GaSh nanostructures grown on

[TI-V (001) substrates

1 Introduction

In the previous chapter, we have demonstrated the importance of the surface passivation of
InAs nanowires to preserve their transport properties. Arsenic capping has been demonstrated
efficient for the transfer from the MBE system to the STM set-up, but this solution is not
compatible with the fabrication of nanodevices and a more robust protective solution has to
be found. On the other hand, the large lattice mismatch between InAs and GaAs or InP
semi-insulating substrates induces a plastic relaxation of InAs associated with the formation
of dislocations that can affect the electron transport properties (even if the dislocations may
be confined in the interface plane with the substrate for nanostructures). As GaSb is nearly
lattice matched with InAs and exhibits a positive conduction band offset with InAs, it may
provide a solution both for surface passivation and mismatch accommodation with the GaAs

substrate. Such a solution is investigated in this chapter.
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First, InAs/GaSb 2D heterostructures are grown on GaAs (100) and characterized with trans-
port measurements to validate the concept and benchmark our results with InAs/AlGaSb
heterostructures [1]-[4]. Then, the growth of InAs/GaSb core-shell in-plane nanostructures
on InP (001) is reported. Their transport properties are studied with intrinsic conductance
measurements by 4P-STM before the fabrication of elementary nano-devices and their char-

acterization with cryogenic magneto-transport measurements at the Neel Institute.

2 InAs/AlGaSb 2-Dimensional-Electron-Gas (2DEG)

2.1 Presentation

As already discussed in chapter 1, InAs exhibits a low electron effective mass that can provide
a large electron mobility at room temperature. However, it is highly mismatched to GaAs
and InP wafers. A good trade-off between lattice mismatch, conduction band-offset and air
stability of the barrier can be obtained using a ternary AlygGagsSb alloy. But, previous
experiments performed at IEMN have shown that the MBE-selective-growth of aluminium
based compounds is very complicated to achieve. This is explained by the fact that aluminium
presents a strong chemical affinity with the atoms of the SiO; mask consequently, Al based
IT1-V semiconductors result in a high probability of nucleation on the mask. The InAs/GaSh
system is thus considered as an alternative. However, it is essential to assess its transport
property as a 2DEG, for the subsequent use of the heterostructure in in-plane core-shell
nanostructures based on SAG. For a better understanding of the charges confinement inside
the InAs/GaSb system , simulations have been carried out using the Nextnano software for

both quantum wells [5].

The simulation of Figure 4.1(a) confirms the type II band line-up at the AlGaSb-InAs in-
terfaces and the resulting confinement of electrons in the InAs channel. The advantage of
the AlysGagoSb barriers resides in the large conduction band offset with respect to the InAs
channel allowing good electron confinement. With a surface Fermi level assumed near the
middle of the band gap of GaSbh, the sheet electron density integrated over the thickness of

2 range at room temperature. As presented in Figure 4.1(b),

the channel is in the 102 cm™
the InAs/GaSDb stack is characterized by a broken gap band line-up. Most of the states in the
InAs conduction band lie clearly below the highest energy states of the GaSb valence band.

This heterostructure shows also, a significant density of holes concentrated near the bottom
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Figure 4.1 — (a) Band diagram and charge carrier distribution simulated with Nextnano simula-
tion for the InAs/Aly sGag 2Sb quantum well. (b) Band diagram and charge carrier distribution
simulated with Nextnano simulation of the InAs/GaSb quantum well.

InAs-GaSh interface.

As the electron is predominantly confined in the quantum well, the InAs/Al;sGag2Sb and
InAs/GaSb systems offers good prospects to build efficient n-type channels. The next section
is dedicated to the growth and the transport characterization of the InAs/AlysGag2Sb [4] and

InAs/GaSb quantum wells, avoiding the use of aluminium compounds.

2.2 Growth conditions

The growth is performed by Molecular Beam epitaxy on semi-insulating GaAs (100) wafers.
Prior to the growth, substrates are outgassed at 200°C' for 1 hour under ultra-high vacuum
before being transferred to the MBE chamber. In order to remove the native oxide layer from
the surface, wafers are annealed at 580°C' under As, flux with 1 min atomic Hydrogen flux
exposure while raising-up the temperature. The deoxidization of the surface leads to a sharp
RHEED pattern indicating a (2 x 4) As-terminated surface reconstruction [6]. A 100 nm thick
GaAs buffer layer is then added to smooth the surface at 580°C' with a growth rate of 1IML/s
and an As/Ga ratio of 2.[7].

The structures of the two samples are depicted in Figure 4.2.

On top of the GaAs buffer, a 1.2 nm-thick AISb layer is grown at 480°C' as it has been proven
in previous works in our group that this interlayer thickness gives a better interface structure

with the GaSb buffer [8], [9]. A 1 nm thick GaSb buffer layer is subsequently deposited at
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510°C' with a growth rate of 0.7 ML/s and a Sb/Ga ratio of 3.5, in order to mitigate the
defects and dislocations resulting from the large lattice mismatch between the GaSb film and

GaAs [7].

The first sample consists of a 15 nm-thick InAs channel grown on a 50 nm thick AlygsGagoSb
bottom barrier and covered with a top 5nm thick AlggGag2Sb top barrier. This barrier is
protected from oxidation with a 5nm thick GaSb cap. This structure is grown at 500°C with
a growth rate of 0.7 ML/s the AlGaSb layers, 0.5 ML/s for the GaSb layers and 0.5 ML/s
for the InAs channel. The Sb and As fluxes were fixed at 2.5ML/s and 2ML/s respectively.

For the second sample, the AlygGag2Sh barriers are replaced by pure GaSb (Figure 4.2(b))

and the growth is performed with the same conditions than for sample A.
(a)

Gasb cap GasSb caop

Al 4Ga, 1Sb barrier Gasb barrier

InAs channel InAs channel

Aly 4G, ;Sb barrier GasSb barrier
Gasb buffer Gasb buffer
AlSb nucleation layer AISb nucleation layer

GoAs buffer GaAs buffer
GaAs S.I. subsirate GaAs $.1. subsirate

Figure 4.2 — Structures the InAs/AlysGag2Sb (a) and InAs/GaSb. (b) epilayers grown on
semi-insulating GaAs (100) SI.

Figure 4.3 displays the XRD spectrum of the AlysGag2Sb/InAs sample. A quite good agree-
ment between the experimental and the simulated peaks can be obtained considering a full
relaxation of the 1 pm-thick GaSb layer and the AlGaSb layers and the InAs layer being fully
strained with respect to GaSh.

2.3 Hall effect measurements

Hall effect measurements are performed on these two samples after the definition of Hall
bars mesa using optical lithography and chemical etching, as described in chapter 2. Room

temperature and 77K results are summarized in Table 4.1.

At room temperature, the sample with the AlygGagoSb barriers exhibits a high electron
mobility of 33500 ¢cm?/V -s. This is consistent with the best results previously achieved at
IEMN for Si-doped AlSb/InAs heterostructures grown on InP substrates (1 = 34300 cm?/V-s
at RT [1]). The measured Hall density is consistent with the electron density estimated with
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Figure 4.3 — XRD spectrum of the InAs/AlygGagoSb sample compared to the simulated
spectrum assuming a full relaxation of the GaSbh layer and fully strained InAs and AlGaSb
layers with respect to GaSh.

Table 4.1 — Hall data measured on AlysGag2Sb/InAs and GaSb/InAs heterostructures at RT
and 77K.

Temperature (K) Heterostructure Sheet resistance (/C1) Charges density (10’cm ) Mobility (cm?/Vs)

. Al 3Gag,Sb/InAs 16 -1.26 301000
GaSb/InAs 42 -1.00 150000
-~ Al Gay,Sb/InAs 117 -1.60 33500
GaSb/InAs 114 -2.10 26000

Nextnano simulations.

At 77K, we observe an improvement of the Hall mobility mainly due to the reduction of
phonon scattering effects [8]-[10]. The measured value (above 300000 cm?/V -s) overpasses
the best results achieved in the lab for Si-doped AlSb/InAs heterostructures grown on InP
substrates (u = 223000 cm?/V - s at 77K [1]) probably because of the absence of Si dopants
in the barrier and thus limited Coulomb interactions with this remote ionized impurities. The
mobility is also similar to the 12 K mobility measured by H. R. Blank et al. for an InAs/
AlGaSb quantum well grown on GaAs [11].

In the sample with GaSb barriers, the associated Hall density is larger than for InAs/AlGaSh
QW and evolves from 2.1 x 10*2 ecm~2 at 300K to a lower value of 1 x 10'? em~2 at 77K.

This phenomenon may be related to the broken gap nature of the band offset between InAs
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and GaSb that provides, as can be seen in the simulation of Figure 4.1(b), a significant
concentration of holes at room temperature in the GaSb bottom barrier near the interface
with the InAs quantum well. Their contribution to the Hall transport measurements may

explain the lower Hall mobility in this sample.

The lower conduction band offset with bottom and top barriers for this sample also induces
a larger extension of the electron wave functions in the barriers and thus a lower electron
mobility. The Hall mobilities ( 26 000 cm?V~'s~! at RT and 150000 ecm?V~'s~! at 77K ) are
lower than the Hall mobilities of the sample with AlGaSb barriers, both at room temperature

and 77 K.

The sheet resistance for InAs/AlysGagaSb and InAs/GaSb structures at room tempera-
ture are quite similar with about 117Q/0 and 114 /0 respectively. However, at 77K,
the InAs/AlGaSb quantum wells exhibits a clearly lower sheet resistance (16 €2/J) than for
the InAs/GaSb one (42€2/0). At room temperature, the slightly lower electron mobility in
InAs/GaSb QW is counterbalanced with its larger charge density. At low temperature, this
is no longer the case and the larger mobility for InAs/AlGaSb QW results in a lower sheet

resistance.

In the next section, the transport properties of the InAs channel are studied with four-probe-
STM. As mentioned before, this instrument offers the possibility of contacting nanostructures
at arbitrary positions as the tungsten probes can be moved freely and make direct electrical

contacts. No metal deposition is therefore required to perform measurements.

2.4 In-situ 4P STM Transport measurements

Both samples are introduced in the 4P-STM chamber in UHV (around 107! Torr). Inside
the analysis chamber of this instrument, four already prepared tungsten probes with apex
diameters of a few tens of nanometers are moved down closer to the sample surface with the
coarse approach. As large Hall bars mesa have been processed on the samples for the Hall
measurements, the four probes are placed on the top of one of the mesa (Figure 4.4). Probes
are then moved down closer to the sample using the tunnelling approach of the STM control
system. After the detection of the tunnelling current, the tips are further pushed down until

stable electrical contacts are achieved.

The principle of the measurements is similar to what has been performed on the InAs thin
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InAs Hall-bar

Figure 4.4 — SEM image of the four probes contacting the heterostructure surface inside the
UHYV analysis chamber of the four probe-STM.

films in chapter 3. It consists in injecting the current in the structure with the outer probes
and measuring the voltage induced by the resistance of the layer with the inner probes. Thus,
we are insensitive to the contact resistances and can measure the resistance of the layer varying
the distance d between the two inner probes. We use the 4-aligned-equidistant-probe- con-
figuration for the measurement as shown in the SEM image of Figure 4.4. According to the
model presented by I. Miccoli et al. [12], the resistance for a 2DEG should be independent of
the inter-probe distance d for this configuration. The 2D sheet resistance is given by equation

3.2.
a. InAs/AlGaSb 2DEG

The distance d between probes is varied from about 5 pm to 100 pm. For each measurement,
the four probe resistance value is extracted from a V(I) linear curve averaged from several 4P
consecutive measurements with Keithley Source-Meters. As shown in Figure 4.4 for d=15 pm,
the applied current is varied from -150 pA to 150 pA, while the voltage is measured between
the two inner probes. The inset of Figure 4.5, displaying the I(V) curve measured between
the two inner probes for the same distance, reveals the Schottky character of the tip/sample
contacts and the importance of the 4-probe-configuration to evaluate the intrinsic resistance
of the layer, independently from the contact resistance. This resistance arises from both the

native oxide layer on the GaSb top layer and the AlGaSh barrier.
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Figure 4.5 — Multiple and reproducible 4P measurement at d=15pum, (inset) 2P measurement
for the same distance d=151m.

The Table 4.2 summarizes the 4P resistances deduced from the different V(I) data measured

on the InAs/AlysGagoSb heterostructure for d varying between 5 pm and 100 pm.

Table 4.2 — Four-probe-resistance with respect to the inter-probe distance d measured at 300K
on the InAs/AlysGagoSb heterostructure.

Distance d(um) 5 10 50 100
Resistance R ,p(€2) 33 27 27 25

The mean four-probe resistance is 28 2 with a small deviation of £4 ) for more than a
decade of distance range. This is consistent with the independence of the resistance with
d, as described by equation 2.9 . This value is about 4 times lower than the 4 P-resistance
measured on the oxide free InAs thin film directly grown on InP(111)g substrate studied in the
previous chapter, whereas the thickness of the InAs layer is half. This confirms the positive
impact of the buffer layer on the crystal quality of the InAs channel (threading dislocations
and roughness). It also shows the reduction of surface scattering events when the channel is

protected with a top barrier.

4P-STM measurements are also performed with the same configuration at 115K using a ni-
trogen flux that cools down the sample. But as the probes are at room temperature before

the contact, it takes time to get them thermalized to the sample temperature. This makes the
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tips unstable on the surface and the contact more complicated to achieve.
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Figure 4.6 — Curves of the 4P-STM measurements for the InAs/Aly sGag2Sb quantum well at
115K for different distances d between the two inner probes.

Figure 4.6 displays the curves extracted from 4P measurements on the InAs/AlysGag2Sb
quantum well at 115K for different distances d. The red and black curves are relative to 4P
measurements where the inter-probe distances d are 49 pm and 100 pm respectively. For these
measurements the applied current is between -3 mA to 3 mA and -2 mA to 2 mA respectively.
The voltage is linearly dependent on the applied current and 4P resistances can be extracted.
For measurements when the distance d is about 15 pm and 3 pm the applied current is from
-150 pA to 150 pA. The green and blue curves are relative to 4P measurements where the
inter-probe distances d are 3 pm and 15 pm respectively. The curves are much noisier than
the red and black curves as can be seen in the inset of the Figure 4.6. They are obtained
by integrating the dc signal over one or more power line cycles (Number of Power Line Cycle
NPLC), during the measurements with the Keithley tool, from 1s to 10s. This helps rejecting
the noise for some of these low temperature measurements. For all these measurements at

different distances we extracted the resistance values from the V(I) curves.

The mean value of the 4P-resistances extracted from the V(I) curves (Table 4.3) is 112 with
a deviation of £4 ) for d varying from 3 ym to 100 um. The average R4p is thus two times

lower than the R4p value of the 2DEG at 300K.

b. InAs/GaSb 2DEG
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Table 4.3 — Four-probe-resistance against the distance d at 115K of the InAs/AlysGag2Sb
sample.

Distance d(pum) 3 15 50 100
Resistance R;p(2) 12 15 7 10

Table 4.4 — 4P resistance against the distance d at 300K of the InAs/GaSb sample

Distance d(um) 0.7 2.5 5 10 50 100
Resistance Rp(Q2) 34 31 33 20 25 28

The Table 4.4 illustrates the 4P-resistance of the InAs/GaSb quantum well at 300K. For this
sample, the mean four probe resistance is 28.5€2 with a deviation of £7§2 for a distance d
varying by a factor of 140, from 700 nm to 100 um. This is, also, consistent with the theoretical
resistance behaviour illustrated by the equation 2.9. The average 4P-resistance is similar to
the one measured for the InAs/Aly sGag2Sb heterostructure. Due to the instability of the tips

at low temperature, 4P measurements have not been performed for this sample.

2.5 Comparison between both techniques

Figure 4.7 summarizes the 4P measurements carried out at RT and at 115K compared to the
sheet resistance values deduced from the Hall measurements at RT and 77K. A quite good
agreement between both measurements is obtained indicating that the sheet resistance of the
two samples at sub-millimetric range (Hall bar dimensions) does not much evolve down to the

range of a few microns.

We recall that a 30 nm-thick InAs 2D layer directly grown on an InP(111) wafer, studied in
chapter 3, exhibited a 4P resistance around 101 €2 at RT and 1322 at 115K in best cases, when
non oxidized. These resistance values are higher than those obtained in the (Al)GaSb het-
erostructures in ambient air and UHV conditions. This highlights the interest of the (Al)GaSb
buffer and cap layers for protecting the InAs film from oxidation and misfit dislocations as

well as providing a quite good electron confinement inside the channel.
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Figure 4.7 — Variation of the four-point probe resistance as a function of equidistant probe
separation and equivalent four-probe resistances deduced from Hall measurements (crosses).
Horizontal dash lines are projections of the Hall values over the full range of distances to guide
the eye.

Moreover, the good matching between Hall resistances and the 4P ones for the InAs QWs
validates the use of the 4P-STM set-up as an efficient and non-destructive tool to estimate the
intrinsic conductance of in-plane nanostructures. In the next part, this set-up will be used to
study the transport properties of in-plane InAs/GaSb core-shell nanowires grown by selective

area MBE.

3 InAs/GaSb in-plane nanowires

3.1 Growth conditions

In the case of selective growth, the sample preparation starts with a dielectric mask deposition
on the wafer. This mask is used to control the position and the dimensions of the planar

nanostructures on the wafer (See chapter 2). After the mask fabrication, the samples are
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introduced in the MBE system for the growth.

Two different samples are grown on InP (001) substrates with the same conditions but using
two different masks. Figure 4.8 presents the layout designed to grow one field of nanowires
dedicated to four-probe measurements. The field area is about 190 pm x 170 pm. This
is sufficiently large to be detected in the 4P-STM system thanks to the combined scanning
electron microscope. A matrix of a few fields spaced with 3 mm between each other is patterned
on a sample. Simple nanowires of different widths (50 nm, 100 nm, 200 nm and 500 nm) and
lengths (5 pm and 10 um) are fabricated, with orientations both in the [110], [011] and [100]
in-plane crystallographic directions. More complex structures like nanowires networks and

rings are also designed.

10pm

Figure 4.8 — Layout for the selectively grown nanostructures designed for the 4P-measurements.
More details about the layout are given in Figure A.7 of the Appendix 2

The second mask is designed to perform electrical measurements at cryogenic temperatures
and under magnetic field at Neel Institute. For this kind of measurements, metallic contacts
must be deposited on the nanowires and markers have to be designed prior to the dielectric
mask opening to enable the alignment of the lithographic level of metal contacts with the
selective area grown nanostructures. The layout of the mask with these different devices is

shown in Figure 4.9.

The markers for e-beam alignment consist of 8 x 8 um? Ti(5 nm)/Pt(50 nm) squares deposited
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on the SiOy layer by e-beam lithography, metal evaporation and lift-off.

300 pm

Figure 4.9 — Layout of the selectively grown nanostructures for cryogenic measurements.More
details about the layout are given in Figure A.8 of the Appendix 2

After the dielectric mask opening using the method previously described in chapter 3, the sam-
ples are bonded on Si wafers with bare InP(001) wafers for RHEED and temperature control
matters. Then, the samples are outgassed in the ultra-high-vacuum preparation chamber at
180°C' for 1h and transferred to the III-V MBE growth chamber. Before the growth, the InP
(001) wafers are deoxidized under Arsenic (Asy) flux with an atomic Hydrogen flux exposure

for 1 min while rising up the substrate temperature to 470°C".

Previous works have studied the selective growth and the integration of InAs with a GaSb
buffer on GaAs (001) [13]. In our case, the growth is performed on InP (001) wafers. A GaSb
buffer with a nominal thickness of 100 nm is grown under atomic H flux with a growth rate
of about 0.1 ML/s and a Sb/Ga flux ratio of 2.5. After this step, the RHEED exhibits a
(1 x 3) pattern characteristics of a Sb-rich GaSb surface. 1 ML of In is deposited after the
interruption of the Ga and Sb flux and before the exposure of the surface to As, in order to
promote the formation of In-Sb bonds at the interface between GaSb and InAs. The idea is
to balance the strain and delay the relaxation of the tensile strained InAs layer on GaSb. The
channel consists of a 10 nm-thick-InAs layer with a 0.2 ML/s growth rate and an As/In flux
ratio of about 5. At this stage, the RHEED exhibits a (2 x 4) surface reconstruction. Finally,
a 10 nm-thick GaSb shell is deposited with the same growth condition as the buffer layer.

These growth conditions were optimized, during previous works at IEMN, to provide best
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results in terms of selectivity and nanostructure continuity inside the mask openings, despite
the high lattice mismatch between GaSb and InP. Indeed, M. Fahed et al. demonstrated
that a relatively low temperature combined to an atomic hydrogen flux and a low Sb/Ga flux
ratio during the GaSb growth ensure a good selectivity with respect to the SiOy mask, while
continuous NWs can be achieved along the [110] and [110] crystallographic orientations. We
note that a larger Sb/Ga flux ratio leads to the nucleation of small islands along the stripes

as it favours the formation of (111)p facets [13].

A scheme of the grown structure is represented in the Figure 4.10.

[100]
10 nm
10 nm
100 nm
' *———.GﬂSb O
~350 pm InP(100)

Figure 4.10 — Cross-section scheme representing the InAs/GaSb core-shell nanostructures
grown on InP (001).

Figure 4.11(a) displays a SEM overview of the nanostructures after growth. Some nanos-
tructures are highlighted in the magnified views of Figures 4.11(b) to 4.11(g): crossing NW
array (b), Hall bars (c), [110], [110] or [100] oriented single NWs (d to f) and nano-rings (g).
The small density of nuclei on the SiO, mask indicates a quite good selectivity. These figures

show that the nanowires are continuous, up to 4 pm, along the different orientations.

Zoomed SEM images in the inset of Figures 4.11(d) and 4.11(f) clearly show the formation
of well-defined facets delimiting the nanostructure shape. They are a first clue of the good
crystallographic quality of the material. Transmission Electron Microscopy (TEM) and Energy
Dispersive X-ray (EDX) analysis are then performed to investigate more deeply their structural
characteristics. STEM lamellas are prepared by David Troadec at IEMN whereas TEM is done
by Gilles Patriarche at C2N.
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Nominal length Nominal Width

Figure 4.11 — SEM images of the InAs/GaSb selectively grown nanostructures on InP (100)
ST wafers: (a) Overview of a nanostructure field. (b,c) Images of complex networks and hall
bar nanoribbons. (d,e,f) Images of simple nanowires with 100 nm and 200 nm nominal widths
along different crystallographic orientations, with zooms of the side facets in the insets. (g)
Ring nanostructures.

3.2 Morphological study

Figure 4.12 displays the cross sectional High-Angle-Annular-Dark-Field (HAADF)-STEM and
EDX analysis of a single InAs/GaSb NW for two different crystallographic orientations [110]
and [100] and two stripes with nominal widths of 100 nm and 200 nm.

A first view of the different cross section images of the 100 nm-wide and the 200 nm-wide [110]
nanowires (Figures 4.12(a-j)) confirms the formation of (111) side facets for the GaSb buffer
layer with an angle of 54° with the substrate. For the nanostructures grown inside 100 nm
wide openings, the nanostructures exhibit a hexagonal prism shape delimited by a top (001)
surface, two upper (111) 5 side facets and two lower (111) 4 facets joining the interface with the
substrate. This is consistent with the observation made by Fahed et al. [13]. The EDX images
enable the identification of InAs and GaSb areas within the nanostructure cross-section. They

show that the InAs channel grows on top of the (001) and (111) 5 facets of the GaSb buffer. It
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is fully covered with the GaSb cap layer. The embedded InAs channel is about 15 nm-thick,

what is slightly larger than the nominal 10 nm thickness.

For the [100]-oriented nanowires (Figures 4.12(k) to 4.12(t)), the nanostructures look more
like a flat cylinder with reduced (111) facets and vertical (010) ones appearing on the side
walls. The shape of the InAs layer is also slightly different as it grows mainly on the top (001)
surface of GaSb but also a little bit on the (010) vertical side walls. Almost no InAs growth
can be detected on the (111) facets of GaSb.

HAADF As
images

presence | In presence | Ga presence | Sb presence

[110] and 100
nm wide NW

[110] and 200 [
nm wide NW

[100] and 100 ¥
nm wide NW

[100] and 200 [{
nm wide NW |

Figure 4.12 — HAADF and associated EDX micrographs of nanowires grown by SAG inside
[110]-oriented openings with a nominal width of 100 nm (a-e) and 200 nm (f-j) and [100]-
oriented openings with a nominal width of 100 nm (k-o) and 200 nm (p-t). The scale bar
represents 50 nm.

Figure 4.13 displays cross-section TEM bright field micrographs of the nanowires presented in
Figure 4.12. Threading dislocations that can be observed in the GaSb buffer are pointed out
with red arrows. For both orientations, some dislocations originating from the GaSb/InP mis-
matched interface clearly thread up to the (001) InAs/GaSb interface. A threading dislocation
is also visible for the [110]-oriented 100 nm wide nanowire (Figure 4.13(a)). However, the
aspect ratio between buffer thickness and mask opening impedes the defect to reach the (001)

interface between InAs and GaSb. Instead, it joins the (111) interface. On the [100]-oriented
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NW, no threading defect can be clearly observed (Figure 4.13(c)).

[110] crystallographic orientation | [100] crystallographic orientation

100nm-wide-NW [200nm-wide-NW |100nm-wide-N'W |200nm-wide-N'W

Figure 4.13 — TEM bright field micrographs of in-plane [110] or [100]-oriented InAs/GaSb
NWs grown inside (a and e) a 200 nm-wide mask aperture or (b and f) a 100 nm-wide mask
aperture, (c and g) a 100 nm-wide mask aperture, (d and h) a 200 nm-wide mask aperture.
(e), (f), (g) and (h) are magnified views of the InP-GaSb interface inside the blue rectangles
indicated in images (a), (b), (¢) and (d) respectively.

In conclusion, for the narrowest nanowires, the GaSb buffer layer and shell seem to protect
efficiently the InAs channel from scattering phenomena originating from mismatch accom-
modation with the InP substrates and from surface states. One may thus expect enhanced
electronic transport properties for this “core-shell” nanostructures with respect to the one

presented in chapter 3.

3.3 Transport measurements

In order to study the electrical properties of these nanowires, and especially their sheet re-
sistance, four-probe STM measurements are carried out at room temperature on the sample

designed with the first mask.

Compared to measurements carried out for the 2D-heterostructures, the principle of these
measurements is that we move only one of the four probes positioned on the NW surface to
measure the evolution of the electrical characteristics for varying distances from the injecting
current probe (Figure 4.14). One advantage of this configuration is that, with only one

tip that moves on the top of the nanowires we reduce the probability of degradation of the
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nanostructures with the tips. At each position on the wire, a resistance value is deduced from

the linear V(I) curves (Figure 4.14).

Source |

Figure 4.14 — Colorized SEM image presenting a 4P measurement performed on one branch
of a cross-bar NW (in green). The current is injected and collected by external probes (blue)
and the voltage is measured by the internal probes (red) separated by the distance d.

Measurements are performed on nanowires with nominal widths of 100 nm and 200 nm and

grown along the [110] and [010] crystallographic orientations.
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Figure 4.15 — (a) Multiple 4P measurement at d= 2580 nm for a 100 nm wide nanowire with
the [110] orientation grown on an InP (100) SI wafer. (b) 4P averaged V(I) curves measured
with different inner probe separations on the same nanostructure.

Unlike the in-plane 30 nm-thick InAs NWs directly grown on InP(111), that are studied in
chapter 3, the SiO, mask is not etched here prior to the STM measurement, as the GaSb
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layer would also be etched with the HF solution used for SiO, etching [14]. Hence, the
tunnelling approach of the probes on the NW surface is more complicated in this case as the
insulating properties of the SiOs layer surrounding the nanostructures impedes the detection
of the tunnelling current when the probe is in contact with the oxide layer. This can cause
severe damages to the probe. For this reason, the four tips are manually approached and then
contacted on the top of the nanostructures. In spite of these cautions, tips have been bent

during the approach or some nanowires damaged during the measurements as shown in Figure

4.16.

Figure 4.16 — (Left) SEM image showing the tip deterioration during the probe approach on
one nanowire and (Right) SEM image presenting the nanowire after measurements.

The two graphs of Figure 4.17 show the evolution of the four-probe resistance with respect
to the distance d between the two inner probes for all the measured InAs/GaSb nanowires.
All these graphs exhibit a linear variation of the 4P-resistance with the distance as expected
[9]. The resistance seems also quite independent to the NW direction. The uncertainty bars

shown in these graphs take into account the tip diameters as explained in chapter 3.

In order to estimate the sheet resistance of the InAs channel, we use the equation linking the

four probe resistance Ryp to the sheet resistance of the InAs channel R e

R4P
Rsheet = 5 -

y 1774 (4.1)

where d is the NW length and W the width of the InAs channel.

Based on the EDX images of Figure 4.12, the width of the InAs channel inside NWs oriented
along [110] is evaluated by the addition of the width of the InAs layer on the (100) top facet
of the GaSb buffer and the width of the InAs wings laying on the (111) GaSb side facets. For
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Figure 4.17 — 4P-resistance versus distance d for 100 nm wide NWs (left) or 200 nm-wide NWs
(Right). Lines correspond to the best linear fit. NWs grown on an InP(100) SI wafer

NWs oriented along the [010] direction, we consider only the width of the InAs channel laying
on top of the (100) top facet. We also assume that the [100]-oriented nanowires studied by

STEM and TEM measurements are equivalent to [010]-oriented ones.

In Table 4.5, the widths and sheet resistances of the InAs channel measured on InAs/GaSb
core-shell nanowires are listed and compared to the measurements carried out on 30 nm-thick

InAs nanowires directly grown on InP(111), as detailed in the previous chapter.

Table 4.5 — Summary of the sheet resistances of all the measured nanowires.

Nominal width (nm) ~ Nanowire Rep/d (Unm)  Real width (nm)  sheet resistance (€/0])

InAs/GaSb [010] 0.94 238 224

= TnAs/GaSb [110] 0.89 306 273
S InAs111[211] 1.62 250 405
InAs111[211]2 1.50 250 374

InAs/GaSb [010] 1.40 161 225

InAs/GaSb [110] 1.20 158 190

InAs/GaSb [110] 0.89 158 141

S InAs[211] 2.86 143 384
= InAs[Z11]2 334 143 479
InAs[211]3 o 143 397

InAs[0T1] 1.95 143 280

TnAS[0T1]2 322 143 462

The sheet resistance for 200 nm-wide InAs/GaSb nanowires is about 250§2/0J as an average
value of the two studied crystallographic orientations. A slight decrease of the sheet resistance
can be noticed for the 100 nm-wide NWs. This could be related to the lower density of thread-

ing dislocations reaching, through the buffer, the top InAs channel, as observed with TEM

110
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analysis. Even if some variations are measured between two different [110]-oriented NWs; it

seems that the sheet resistance is slightly better along this direction.

The average sheet resistances of the different nanowires are plotted in Figure 4.18 and com-
pared with the sheet resistance of the InAs/GaSb 2DEG. If we compare with the sheet resis-
tance measured on 30 nm-thick-InAs NWs grown on InP(111) (sheet resistance above 300€2/0),
the improvement achieved with the InAs/GaSb core-shell configuration is evident with esti-

mated values close to the 2DEG configuration.
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Figure 4.18 — Sheet resistance estimated from four-probe resistance measurements on all the
measured NWs benchmarked with the sheet resistance of InAs/GaSb 2DEG. InAs NWs are
grown on InP (111)g SI wafer, InAs/GaSb NWs are grown on an InP (100) SI wafer and
InAs/GaSb QW grown on a GaAs (100) SI wafer.

Comparison with the state of the art:

Comparing our sheet resistance with the best values published for InAs NWs in the literature
is not simple because different parameters have to be taken into account (channel thickness,
NW width or diameter, gate command...). For this reason, we rather compare the resistivity of
the InAs channel. Assuming a real channel thickness of about 25 nm, deduced from the TEM
cross-section micrographs of our nanowires (10 nm thicker than the 15nm-nominal-channel-

thickness), the resistivity of the InAs channel is 0.5 m€2 - cm for 200-nm-wide nanowires and
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0.45mf2- cm for 100-nm-wide nanowires. This is higher than the value deduced for 2DEG with
a 15nm thick InAs channel (0.17mf2- cm). However, this resistivity is more than 4 times lower
than the resistivity reported by Heike Riel et al. for a 25nm height InAs channel grown by
template assisted MOCVD [15] and Y. Mols et al. for 100 nm-wide InAs fins selectively grown
on Si substrates [16]. A fair comparison would however require gated or magneto-transport
measurements to estimate separately the role of charge density and electron mobility in the

resistivity and to assess the crystal quality.

Based on the sheet carrier density of the InAs/GaSb quantum well measured by Hall effect, we
could assume a sheet electron density of 2.1 x 10'2 cm~2. In this case, the electron mobility
inside the 100 nm wide InAs/GaSb core-shell NWs would be of about 20000 ¢m?/V -s at room
temperature. This estimation is about 11 times larger than the RT Hall mobility measured

on InAs NWs grown by TASE [15].

Assuming such a mobility, we can estimate an electron mean free path larger than 1um at

room temperature according to equation 4.2 [17].

V2
l, = hy2mn, 1 (4.2)

q

where [, is the electrons mean free path inside the channel, u refers to the charge mobility, h
refers to Planck’s constant, ng corresponds to the sheet charges density and ¢ to the elementary

charge.

This value is about 6 times larger than the 150 nm mean free path reported by S.Chuang et

al. in an InAs nanowire with a radius of 34 nm [18].

In order to confirm these estimations, magneto-transport measurements at cryogenic temper-
atures in the Neel institute are performed with dedicated devices. Their fabrication is detailed

in the following part.

3.4 Device fabrication for magneto-transport measurements

For the cryogenic measurements, as these kind of measurements cannot be performed in 4P-

STM setup, metal deposition is necessary in order to contact the nanowires.

Based on the lift-off process presented in the Chapter 2, small area pads consisting of a Ti/Pt
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(5 nm /50 nm) metal bilayer is first deposited on some part of the NWs. Larger (150 x 150
nm?) and thicker (100 nm Ti/400 nm Au) metal pads are then evaporated to enable the wire
bonding for cryogenic measurements. Different devices are studied: single NWs with two
contacts, single NWs with 4 contacts, NW crosses with 4 contacts (Figure 4.19(a)) and ring
structures for Aharonov-Bohm phase-coherent transport investigation (Figure 4.19(b)). The

inset of the Figure 4.19(b) shows some discontinuities in the Ti/Pt layer at the NW edges.

Figure 4.19 — False coloured tilted SEM images of InAs/GaSb based devices. The blue coloured
patterns are the InAs/GaSb NWs, the orange coloured layers correspond to the (Ti/Pt) layers
and the yellow coloured structures refer to the (Ti/Au) thick contacts. (a) NWs junctions-
based devices, (b) Aharonov-Bohm (rings) nanostructure-based devices. The inset in (b) is a
zoomed SEM image on the part of the nanostructure where the (Ti/Pt) contacts are deposited.

Cryogenic measurements are carried out by Hermann Sellier at the Néel Institute. The mea-

surements are performed at 0.3K. Figure 4.20 displays a 4P-magneto resistance variations with

respect to the perpendicular magnetic field in a Hall configuration (R = rapsverse voltage ) for a

~ Tongitudinal current
device fabricated from two perpendicular NWs in the [100] and [010] crystallographic orienta-
tions (Figure 4.19(a)). The 4P Hall magneto-resistance is linearly varying with the magnetic
field with a slope of about 750 Q/T. As the sheet resistance deduced from 2P-measurements
of the NW is about 170 €2/0J, the estimated electron density and mobility are about 8.3 x 10!

cm™? and 44000 cm?/(V - s).

Figure 4.21 displays the magneto-resistance measurements performed at 0.3K on a single
NW with four contacts. The small variations of the resistance with the magnetic field are
attributed to Universal Conductance Fluctuations (UCF) indicating that coherent interference

phenomena occur within the NW.

Concerning the mean value of the magneto-resistance, it differs by a factor of about 3 between
single 2P-NW and 4P-NW. The sheet resistance and mobility deduced from the magneto-
resistance for a 12 pm long NW in the 2P configuration (Figure 4.21(a)) are respectively
240 /0 and 31000 cm?/(V - s) with a symmetric Ryp(B) curve. We consider that 2P

113



Chapter 4. In-plane InAs/GaSb nanostructures grown on III-V (001) substrates

—— down

0,2 -0,1 0.0 0.1 0.2
B (T)

Figure 4.20 — Magneto-resistance variations depending to the applied magnetic field of
InAs/GaSb junction of two perpondicular 100 nm-wide and 4.25 pm long NWs grown along
the [100] and [010] orientations.

measurements are not relevant for quantitative analysis due to the large contact resistance.
With a 4P configuration on the same NW, the magneto-resistance of a 2 um long segment
reveals a sheet resistance of 67 Q /0 associated to an electron mobility of 110000 cm?/(V - s).
These values are estimated considering the mean distance between the 1 ym long inner metal
contacts. If we consider instead, the length of the NW between the metal contacts (about
1 um), the sheet resistance is double and thus the resulting electron mobility is half (55000
cm?/(V - s).

Eventually, from the correlation field of the oscillating Ryp(B) (correlation field = typical
distance between features), a phase coherence length larger than 400 nm can be deduced but
temperature dependent measurements have to be carried out for a more accurate determina-

tion.

To our knowledge, these values are larger than all reported electron mobility inside InAs NWs.
The 44000 cm?/(V - s) value measured on the crossing NWs is 5 times higher than the reported
electron mobility inside 440 nm-wide and (110)-oriented-InAs NWs demonstrated by Cui et

al. (about 8000 cm?/(V - s)) [19], confirming the crucial impact of surface passivation.
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Negative-bend-resistance measurements (discussed in chapter 1, section 1.3) carried out on
crossing NWs have also been observed up to 10K but further experiments are needed to confirm
this observation and clearly demonstrate ballistic effects. In the same vain, Aharonov-Bohm
oscillations could not be observed on ring nano-structures probably because of the two large
number of conductance channels in the nanostructure. For such kind of measurements, a back
or top gate is highly desirable to tune the charge density and thus the number of conducting

channels in the nanostructure.
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Figure 4.21 — Magneto-transport measurements performed at 0.3K on single NW with 12 pm
2P (a) or 2 pm 4P (b) configuration.

4 Conclusion

The InAs/AlysGag2Sb and InAs/GaSb quantum wells grown on GaAs (001) are highly con-
ductive with consistent 4P-STM and Hall effect resistances both about 28 2 at 300K. The Hall
mobility inside the former heterostructure is slightly larger than the one inside the InAs/GaSh
quantum well. This is explained by the stronger electron confinement caused by the higher

conduction band offset with AlGaSbh barriers than with GaSb ones.

The mobility at liquid nitrogen temperature increases up to state of the art values for Al-
GaSb/InAs QW and, although slightly degraded for the GaSb/InAs QW, it is clearly better
than the one measured inside the 30 nm-thick-InAs channel directly grown on the InP(111)
wafer in the chapter 3. For the GaSb/InAs QW, the transport properties are compatible
with mesoscopic transport experiments. The 1D InAs/GaSb core shell nanowires grown by

SAG exhibit also a low sheet resistance close to the InAs/GaSb QW at room temperature,
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particularly for [110] oriented nanostructures with shrinked mask opening width, and consis-
tently with the STEM study that shows a lower threading defect density in this case. We also
notice an improved conductivity for in-plane InAs/GaSb core-shell NWs with respect to the

30 nm-thick in-plane InAs NWs directly grown on InP(111) discussed in the previous chapter.

Even if ballistic phenomena inside the in-plane nanostructures couldn’t be clearly evidenced
for now, the electron mobility that could be estimated from 4P-STM measurements (up
to 20000 ¢cm?/(V - s) at 300K) and cryogenic magneto-transport experiments (larger than
55000 ¢cm?/(V - s) at 0.3K) bears the comparison with state of the art values for comparable
InAs NW.
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MBE growth and characterization of InSb

nanostructures

1 Introduction

As shown in chapter 1, InSb is a very interesting I1I-V semiconductor for spintronics [1] and
quantum computer conception [2][3]. For these applications, in-plane InSb nanowire networks
with very good surface properties are highly desired. The existing scalable bottom-up methods
to produce such arrays consist mainly of selective area atomic hydrogen assisted MBE-SAG
on AlGaSb (100) [4], MOCVD SAG [3] or metal-sown MBE on InP(111) substrate [5]. In
this chapter, atomic hydrogen assisted MBE-SAG of InSb on InP wafers is investigated. After
optimizing the nucleation conditions, InSb nanostructures are fabricated and their morphology
and surface properties are analysed using SEM, AFM and low temperature STM. A process
for the deoxidization of the InSb surface after the transfer from MBE to STM is proposed.
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2 InSb growth optimization on InP wafers

The lattice mismatch between InSb and InP is 10.4%. Optimizing the growth conditions
is crucial for the fabrication of high crystal quality in-plane InSb nanostructures. In this part,

we focus on the growth of InSb on InP(100) and InP(111) wafers.

2.1 Nucleation of InSb on un—masked InP(100)

a. Growth conditions

In order to study the nucleation of InSb on InP, a nominal thickness of InSb of only 10 nm is
deposited on InP. Different sets of samples are grown to study the impact of the growth rate,

the growth temperature and the Sb/In flux ratio on the nucleation.

First, InP (100) wafers are loaded and outgassed in ultrahigh vacuum at 200°C for 1h and
then transferred to the MBE growth chamber. After that, they are deoxidized under an
As, flux combined with an atomic hydrogen flux for 30s and progressively increasing the
substrate temperature from 300°C to 470°C. The growth conditions of the different samples
are summarized in Table 5.1. All samples are grown with conditions compatible with selective
area growth (low growth rate and atomic hydrogen flux). For the first set (samples V1jq,
V2100 and V3jq9), the growth rate is varied from 0.05 to 0.2 ML/s whereas constant growth
temperature of 390°C and Sb flux of 2ML/s are used. For the second set of samples (samples
Tli00 and T24qg), two different temperatures are studied (390°C and 405°C) while constant

growth rate of 0.05 ML/s and Sb flux of 6 ML/s are used.

Table 5.1 — Growth conditions of V1ig9, V2100, V3100, T1l1go and T21oy samples.

V(n)i90 | V(IN)2199 | V(IN)3199 | Tiygg T2490

Growth rate (ML/s) 0.05 0.1 0.2 0.05 0.05
Sb flux (ML/s) 2 2 2 6 6

Sb/In 40 20 10 120 120
Temperature (°C) 390 390 390 390 405
Thickness (nm) 10 10 10 10 10

b. Impact of the growth rate

For all samples grown on InP(100) substrates, the RHEED rapidly turns to a spotty patterns
indicating a three dimensional growth and the formation of facetted islands. This is confirmed

by the SEM images of the three samples obtained with different growth rates in Figure 5.1.
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Figure 5.1 — SEM images of the samples (a) V1o, (b) V2100, and (c¢) V3ip0. InSb islands
grown on InP(100) wafers

The bright-grey islands correspond to the InSb nanostructures and the dark background to the
uncovered InP surface. In all images, InSb nanostructures exhibit an elongated shape along the
[110] direction. As expected, a higher growth rate leads to an increase of the island density as
the diffusion length of In adatoms is reduced. At the highest growth rate of 0.2 ML/s (sample
V3100]), we observe badly-defined rectangular islands surrounded by a large density of smaller
nuclei. At the intermediate growth rate (sample V2pqq)), the density of the smallest islands
and nuclei is reduced and becomes quasi-null for the lowest growth rate (sample V1pgg). This
change occurs along with an evolution of the island shape, which turns progressively to a
very regular rectangle oriented along the [110] direction for very low growth rate. This same
nucleation behaviour was reported by S. El Kazzi et al. for the growth of GaSb nanostructures
along the [110] orientation on GaP (100) [6]. According to these authors, the anisotropy of
the growth is explained by the larger incorporation of Ga on {111} A edge facets for high Sb

fluxes.
c. Impact of the growth temperature

Figures 5.2(a) and 5.2(b) display AFM images of the surface for the two samples T1;9 and
T2199 respectively. Both AFM images exhibit InSb islands elongated in the [110] crystallo-
graphic orientation, consistent with the ones seen in Figure 5.2(a). Figures 5.2(c) and 5.2(d)
are height profiles obtained across InSb islands outlined in Figures 5.2(a) and 5.2(b) respec-
tively. The blue line corresponds to the height profile along the [110] direction whereas the
green line is relative to the [110] orientation. The height profiles show that the InSb islands
grown at higher temperature have a thickness of about 100 nm, whereas the nanostructures
grown at 390°C are about 85 nm-thick. For both samples, the side angles of the profiles are
between 45° and 60°.

Taking into account the convolution with the AFM tip and the orientation of the scan with

respect to the nanostructure orientation, this may indicate the creation of (111) side facets
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Figure 5.2 — AFM image of the InSb nanostructures after the deposition of a nominal thickness
of 10 nm on the InP (100) substrate at (a) 390°C (sample T'1;90) and (b) 405°C (sample T2q).
Scale bar is 1um. (c) Height profile of an InSb island of sample T1;qy along the [110] (green
line) and the [110] (blue line) directions. (d) Height profile of an InSb island of sample T2;¢
along the [110] (green line) and the [110] (blue line) directions. (e) The Table summarizes
the mean width along both crystal directions for the islands observed on samples T1(;oq and
T2100.

which form a 54° angle with the substrate. Such an observation agrees with the side facets
obtained for GaSb islands grown on GaP [6]: Sb-terminated (111)p facets form in the [110]
direction while In-terminated (111),4 facets form in the [110] direction. The mean island di-
mensions, summarized in Figure 5.2(e), indicate that the lower growth temperature promotes

the elongation of the islands in the [110] direction and thus the formation of (111)p facets.

As in the case of GaSb grown on GaP [9], the anisotropy of InSb islands under large Sb flux
can be attributed to the excessive Sb flux that saturates the incorporation sites for indium on
the (111)p facets. This promotes their diffusion and incorporation to the (111)4 facets and

thus the elongation of the islands. When the temperature increases from 390°C to 405°C, Sb
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re-evaporation is enhanced and this effect is softened.

The impact of the Sb flux on the island elongation is confirmed if we compare sample V1
and T1,9p which are grown at the same growth rates and temperatures but with different Sb

Hux.
d. Conclusion

On InP(100) substrate, the use of growth conditions compatible with SAG leads to the forma-
tion of small area trapezoidal islands 10 times thicker than the nominal deposited thickness.
Interestingly, combining a low growth rate with a very large Sb flux promotes the formation
of (111)p facets, which suggest a minimization of their surface energy under large Sb flux. In
the next section, we will thus investigate the growth on InP(111)g substrate to take benefit

from the low surface energy of InSb (111)p to promote 2D growth.

2.2 Growth of InSb on un-masked InP(111)p

The same deoxidization process and set of growth parameters as the ones selected for the
growth performed on InP(100) are used on InP(111)g (samples V1i11, V2111 and V3117). An
additional set of samples (samples A, B and C) with low growth rate of 0.05 ML/s, a very
large Sb flux of 6 ML/s and a temperature of 390°C is prepared with different thickness of 10,

30 and 100 nm. These growth conditions are summarized in Table 3.

Table 5.2 — Growth conditions of samples V111, V2111, V3111, sample A, sample B and sample
C.

V1111 V2111 | V3111 [Sample A|Sample B Sample C

Growth rate (ML/s)) 0.05 | 0.1 | 0.2 0.05 0.05 0.05
Sb flux (ML/s) 2 2 2 6 6 6
Temperature (°C) | 390 @ 390 | 390 390 390 390

Thickness (nm) 10 10 | 10 10 30 100

Figure 5.3(a) is a graph illustrating the evolution of the coverage of the InP(111)p surface
with InSb at different growth rates for the same amount of deposited material. Based on
the comparison of Figure 5.3(b-d), it shows that decreasing the growth rate from 2 ML/s to
0.05ML/s enhances the surface coverage. At 0.05ML/s, the InSb film covers more than 75%
of the InP substrate (Figure 5.3(b)). This is much more important than what have been

achieved on InP(100). This is primarily due to the much larger island size that are formed
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Figure 5.3 — (a) variation of the InP (111)p surface covered by InSb at different growth rates
for the deposition of a nominal thickness of 10 nm at 390°C and corresponding AFM images
of the surface for growth rates of (b) 0.05 ML/s, (¢) 0.1 ML/s and (d) 0.2 ML/s.

on InP(111)g than on InP(100). It is consistent with the low surface energy of InSb(111)g
deduced from the previous results. Figures 5.4(a) and 5.4(b) are respectively SEM and
3D-AFM micrographs of the 10 nm-thick sample grown at the lowest growth rate of 0.05
ML/s with a large Sb/In flux ratio of 120 (sample A). Under these conditions, a quasi-2D
growth mode is achieved with a surface coverage of about 90%. Once again, the enhanced
surface coverage confirms the low surface energy of InSb(111)g. It also suggests a low interface
energy between highly mismatched InSb layer and InP substrate. A small density of triangular
hillocks on the surface can be noticed on the surface. One of them is highlighted in the inset of
Figure 5.4(a). These triangular pyramids are probably related to the formation of mirror twin
defects at the mismatch InSb/InP interface. The resulting 180° rotation of the crystal leads
to the observation of InSb islands delimited by a (111)4 top surface and (111)g side facets.
As the large Sb flux promotes the (111)g facets, (111)s top surface progressively disappears
at the benefit of (111)g side facets, explaining the shape of the pyramidal islands.

Figure 5.4(c) displays the XRD analysis of sample A. A good fit between experimental and

simulated spectra is achieved considering a 95% relaxation of the InSb film.
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Figure 5.4 — SEM (a, d and g) micrographs, AFM images (b, e and h) and XRD spectra (c, f
and i) of InSb layers on InP(111)g with a nominal deposited thickness of 10 nm (sample A), 30
nm (sample B) and 100 nm (sample C) respectively. Inset of (a) and (g) display a magnified
view of a hillock observed on the surface. Scale bars are 200 nm long.

Figures 5.4(d) and 5.4(e) present SEM and AFM images of sample B. Both Figures show that
after 30 nm deposition, the surface coverage is about 93%. Figure 5.4(f) presents the experi-

mental XRD spectra of this sample compared with a simulation assuming a full relaxation of

the InSb film.

Figure 5.4(g) and 5.4(h) are the SEM and AFM images of sample C. After the deposition of
100 nm, the InP surface seems almost fully covered albeit the presence of a few defects, one of
which being highlighted in the inset of Figure 5.4(g). The density of these defects, probably

related to the initial formation of twin defects, is around 2.6 x 105 cm—2

. In a large area
between defects, a smooth surface is obtained, as revealed by the large terraces observed in
Figure 5.4(h). For this sample, Figure 5.4(i) presents a good fit between experimental and

simulated XRD spectra for a 99% relaxation of the InSb film.

Figure 5.5(a) is an AFM analysis of sample B. The InSb film exhibits some holes on the surface.
These holes have a depth around 50 nm that reveals an InSb layer which is 20nm thicker than

the nominal thickness, as shown in Figure 5.5(c). This greater thickness than initially intended
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can be attributed to the fact that the surface coverage is not total. Furthermore, there is a
potential uncertainty in the Indium deposition rate, estimated at 0.05 ML/s, which could also
contribute to the observed discrepancy in layer thickness. Figure 5.5(a), also, reveals a 12
nm RMS roughness due to the presence of holes in the InSb film. The magnified view of flat
areas shown in Figure 5.5(b) reveals terraces extending over several hundred nanometers.
The height profile measured along the black segment in Figure 5.5(b) reveals a first step
height of about 7.5A (Figure 5.5(d)). This value is twice the value of InSb(111) monolayers
(% = 3.74A). The apparent height steps is then relative to a one double-step terrace and
two single-step terraces. We note that single-step terraces are visible, as shown in the right-top

area of Figure 5.5(b).
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Figure 5.5 — (a) AFM image of the sample B. (b) Depth profile of the hole along the purple
line in (a), (c¢) Higher resolution AFM image than in (a) showing InSb terraces. (d) Height
profile along the black line in (c).

As a conclusion, with a low growth rate and a high Sb/In flux ratio, InSb deposited on
InP(111)g exhibits a growth mode with large 2D relaxed islands that rapidly coalesce to
achieve an almost full coverage of the InP surface at a nominal thickness of 100 nm. Despite the
large lattice mismatch, the InSb film is rapidly accommodated to InP as demonstrated by the
quasi-full relaxation measured with XRD. Interestingly, it already starts at the beginning of the
growth. This suggests the formation of an efficient misfit dislocation network accommodating

the mismatch at the interface with InP. TEM should be performed to confirm the existence
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of this dislocation network on thin films.

Although a very low surface roughness can be measured on several um? areas, a low density of
small defects probably originating from the initial formation of hillocks during the nucleation
are still observed after 100 nm growth. With selective growth limited to micrometre scale
areas, one would expect to get rid of these defects and achieve high quality InSb in-plane

nanostructures directly grown on InP.

2.3 Selective area growth of InSb on InP(111)p

2.3.1 Nucleation of InSb inside nanoscale openings

In this section, the deoxidization and growth conditions used for the nucleation study on
InP(111)g (Table 5.3, 10 nm-thick series) are applied on InP(111)g substrates patterned with
a 510y mask as described in chapter 2. The nominal widths of the openings in the SiO, layer
are about 50 nm, 100 nm, 200 nm, 500 nm and 1 pm. The nanowire length is about a few

micrometres and different in-plane orientations are studied.

The denomination of the different samples and their growth conditions are indicated in Table

5.3.

Table 5.3 — Growth conditions for 10 nm-thick selective area grown InSb on InP(111)g samples.

SAG 1 SAG2 SAG3 SAG4
Growth rate (ML/s) | 0.2 0.1 0.05 0.05
Sb flux (ML/s) 2 2 2 6
Temperature (°C) 390 390 390 390
Thickness (nm) 10 10 10 10

Figure 5.6 displays SEM images of the different samples, focusing on a set of nanowires
oriented along the [211] crystallographic direction. The nominal width of the mask openings

varies between 1pm (left) and 50 nm (right).

First, all the images show no nucleation outside the mask openings confirming a very good

selectivity with respect to the SiO, areas.

Regarding the morphology of the InSb growth inside the openings, a clear evolution between

the different samples can be seen in Figure 5.6. For sample SAG1 (Figure 5.6(a)), all the
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Figure 5.6 — SEM images of the InSb deposition with a nominal thickness of 10 nm by atomic
H-assisted MBE into SiO5 openings forming an array of 20 pm-long parallel nanowires oriented
along [211] with different widths from 1 pm (first opening from left), 500 nm (openings 2 to
5), 200 nm (openings 6 to 9), 100 nm (openings 10 to 13) and 50 nm (last four openings to
the right). (a) sample SAG1, (b) sample SAG2, (c) sample SAG3 and (d) sample SAG4. InSb
NWs grown on InP (111)g wafers

mask openings contain small sized isolated islands without any well-defined shape. As the
growth rate is decreased to 0.1 ML/s (Figure 5.6(b)), InSb islands are more spread inside the
wide openings whereas their shape follows the mask for narrow apertures, except some thicker
islands that seem to spread out of the mask. For the lowest growth rate (Figure 5.6(c)),
the mask openings are almost completely filled. Inside the narrow openings, several pm-long
nanowires can be achieved although a few segments appear thicker and extend laterally over

the mask.

For the same growth rate but with the largest Sb flux (Figure 5.6(d)), homogenous and
continuous nanowires over more than 10 pm are formed inside the narrow openings whereas

500 nm and 1 pm wide apertures contain very large rectangular islands.

InSb growth inside the mask openings is thus improved when reducing the growth rate and
increasing Sb flux. This is consistent with the results presented for un-masked InP substrates
in the previous section where 2D InSb growth is optimized for very large Sb/In flux ratio.

After a nominal deposition of 10 nm, InSb has almost completely filled narrow apertures.
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2.3.2 Selective growth of in-plane InSb nanowires

For sample SAG5, the same growth conditions than for sample SAG4 are used but the nominal
deposited thickness is 30 nm. Different nanostructures grown in this sample are presented in

Figure 5.7.

Figure 5.7 — SEM images of different patterns of the sample SAG5 (30 nm-thick InSb NWs
grown on an InP (111)g wafer at 390°C with a growth rate of 0.05ML/s and a flux ratio of
120). (a) 200 nm-wide InSb NWs in different in-plane orientations (rotation every 10° from
[011] to [211]) of SAG5. (b) SEM images of 20 pm-long and [211] oriented InSb NWs with
different nominal widths (1000 nm down to 50 nm from left to right). (c) Rings with 1 pm
inner diameters. Pattern opening is 100 nm.

The SEM images in Figure 5.7 show a very small number of InSb nuclei on the SiOy mask,
ensuring a good selectivity. Figure 5.7(a) proves that whatever the opening orientations
are, continuous nanowires over several micron distance can be achieved along the different
directions despite some local discontinuities. Their length is up to 10 pm. Figure 5.7(b)
shows that for NWs grown along the [211] orientation, larger apertures than 200 nm are not
fully filled showing incompletely coalesced islands. Figure 5.7(c) displays a ring pattern. A
few rings show some height discontinuities, but in overall the rings present a good quality

using these growth conditions.
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Figure 5.8 presents AFM images at the extremities of 20 pm-long in-plane InSb nanowires
oriented along the [211] or [011] crystallographic directions on sample SAG5. Apertures of
50 nm and 100 nm nominal widths are investigated here. The height profiles of the different
nanowires presented in Figures 5.8(a) to 5.8(d) show that the height of all the nanowires is
about 20 nm. If we take into account the SiO, mask thickness of about 10 nm, this means
that the thickness of the InSb nanostructures is about 30 nm, matching the nominal intended
thickness. Whatever the crystallographic directions, the nanowires grown inside openings
with a width of 50 nm are wider than the initial width, reaching 150 nm. Similarly, the
nanostructures grown inside the 100 nm-wide openings have a width of about 200 nm. This

difference can be attributed to three effects:

— The HF treatment performed at the end of the mask etching enlarges the width of the
aperture with respect to the nominal one.
— A lateral growth of the InSb nanostructures outside the mask openings.

— An artefact due to a tip convolution during the AFM measurements.

Considering the difference between the nominal widths and the measured one, we can estimate
that these three elements contribute to an enlargement of about 100 nm for the measured

width.

The profiles of Figure 5.8(e) suggest that the nanowires are delimited by vertical side facets.
This is consistent with the results obtained for selectively grown InAs nanowires on InP(111)
wafers in chapter 3 and reference [7]. For both directions, we can also notice a very flat top
NW facet. The nanowires along the [211] and [110] directions display highly symmetrical
{110} and {112} vertical sidewalls.

130



Chapter 5. MBE growth and characterization of InSb nanostructures

o m 35 " L E— T T L " T —T
. " L ——— 100nm-wide-[0T1] N ]
- 30 —— 100nm-wide-[211] NW i
‘ QJ/ . » i 50nm-wide-[071] NW ]
15 . —
100nm ) . sl 50nm-wide-[211] NW i
5 =)
E 20 | i
° moa L
S
0 © 15 B
I L
40
10 | i
30
20 5 L |
10
o 0 ~ 100 200 300 —
‘ | | Width ) . ) .

0 50 100 150 200 250 300
Width (nm)

Figure 5.8 — AFM images of 30 nm-thick InSb nanowires grown by SAG on InP(111)p with
a growth rate of 0.05 ML/s and a Sb/In flux ratio of 120 (sample SAG5). Nominal aperture
widths are 50 nm (a and ¢) and 100 nm (b and d) for in-plane orientation along the [211]
direction (a and b) or the [011] direction (c and d). (e) Height profiles along the green, red,
blue and black lines in (a), (b), (¢) and (d) respectively. The inset shows a height profile along
the two (black and orange) lines in (d).

Figure 5.9(a) displays the HAADF-STEM cross section micrograph of a nanowire grown on
sample SAG5. The TEM lamella has been prepared by D.Troadec at IEMN after the selection
of one nanowire with a nominal width of 100 nm and oriented along [011]. The TEM analysis

has been performed at CEA Leti by Pierre-Henry Jouneau and Nicolas Chaize.

Interestingly, no threading defects are observed in the InSb material. InSb exhibits a flat (111)
top facet. At the SiO, interface, side facets are curved following the profile of the mask. Once
outside the mask window, some lateral growth is observed in the right side of the nanowire and
the side facet looks more like a vertical facet as observed in the AFM profile of the previous
figure. Figure 5.9(f) is a zoomed STEM image of the side interface between the mask and the
InSb nanostructure. This dark-grey part of the nanowire in this figure reveals an amorphous
InSb layer at the SiOs interface with a thickness around 3.4 nm. This amorphous layer can
be due to the roughness of the sides of the mask. Figure 5.9(g) reveals a sharp interface
between InP and InSb. A numerical filtered image of the red dashed square in this figure
(Figure 5.9(h)) highlights a periodic array of 60° misfit dislocations at the InP-InSb interface.
According to Figure 5.9(h) these dislocations are spaced with an average distance of 3.24 nm

AInP(111)

that coincides with the theoretical distance value that is given by d = V3 and equals 3.26

nm [8], where f is that lattice mismatch (between InSb and InP in this case)) presented in
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Figure 5.9 — (a) HAADF-STEM cross section of a [011]-oriented InSb NW belonging to sample
SAGS5 (30 nm-thick InSb NWs grown on an InP (111)g wafer at 390°C with a growth rate of
0.05ML/s and a flux ratio of 120). Scale bar is 50 nm. Elemental mapping of the cross-section
highlighting (b) Si (pink) and O (light blue), (c) Sb (red), (d) In (green) and (e) P (blue).
Scale bar is 40 nm. (f) Magnified view of the area delimited by a blue dashed square in (a).
Scale bar is 10 nm. (g) High-resolution image of the InSb/InP interface. Scale bar is 5 nm.
(h) Numerical filtered image of the red dashed square area in (g) highlighting the interface
misfit dislocations (green circles), scale bar is 3 nm.

chapter 1. The dark grey zone on top of the nanowire (Figure 5.9(a)) reveals an amorphous
layer that we attribute to the preparation of the thin slice with the focus ion beam. Indeed,

the Pt mask is not thick enough to protect the NW surface from the Ga ion beam.

EDX images of Figures 5.9(b) to 5.9(e) confirm the In and Sb composition of the InSb

nanostructure.

As a conclusion, we have shown that high quality InSb nanostructures directly grown on the

highly mismatched InP(111)g surface can be obtained by combining a low growth rate and a
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high Sb flux. The nanowires grown inside sub-200 nm apertures are smooth and continuous
over several nms. The cross section HAADF-STEM analysis shows no threading defects in-
side the InSb nanowires and a strain relaxation by the formation of regularly spaced misfit

dislocations at the InP-InSb interface.

3 Atomic structures of the InSb (100) and (111)p sur-

faces resulting from deoxidation

Similar to the transport properties of the InAs nanowires characterized in UHV with the
Nanoprobe setup, we aim at investigating the transport properties of the InSb nanowires in
UHV. As shown in the previous chapter, this environment allows to study the intrinsic prop-
erties of the nanowires with clean and reconstructed facets, before any treatments resulting
from the subsequent fabrication of electrical contacts. As the UHV STM and Nanoprobe tools
are not connected to the MBE system, the samples have to be exposed to air for their transfer
between the different systems. Therefore, the nanowires could get easily oxidized during this
transfer and a reproducible method must be designed to study InSb nanowires with clean and
well-ordered facets. To establish such a method, we focus on the study of the InSb (100) and
(111)p surfaces, instead of nanowires, because finding an array of nanowires and positioning

the STM tip on a single nanowire within a reasonable time is not straightforward.

As a supplement to traditional deoxidation methods, InSb nanostructures are capped using
arsenic (As), antimony (Sb), and selenium (Se) inside the MBE chamber, followed by uncap-
ping procedures in the LT-STM system. For arsenic-capped samples, a minimum evaporation
temperature of 320°C is mandatory. Noting that antimony within the InSb layer evaporates
at a temperature of 230°C [9], this solution is hard to implement. Moreover, we found that
As intermix with Sb in the crystal surface planes. The antimony-capped alternative presented
challenges, because the oxidation of the capping layer prevents its sublimation, as verified from
Raman spectroscopy with persistent antimony layers left on the surface. Selenium-capped
samples, as corroborated by XPS analyses conducted by Xavier Wallart, resulted in elemental
intermixing, evidenced by the formation of In-Se and In-Sb-Se bonds. Cumulatively, these
capping experiments posed considerable complications, as no capping layer could be entirely
withdrawn. The following section delves into the deoxidation of InSb surfaces via atomic

hydrogen flux.
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3.1 The InSb (100) surface reconstruction after deoxidation

As the study of the oxide desorption is quite demanding in STM to find the appropriate
conditions that yield a clean and well-ordered surface, a more direct and non-invasive tool
is combined with the STM characterization: Raman spectroscopy in UHV. Because of the
significant analysis depth of Raman spectroscopy, this technique is usually not suitable for
the study of the semiconductor surfaces. In order to increase its surface sensitivity, an InSb

heterostructure is prepared. It consisted of an InSb/Alj 3Ing7Sb quantum well grown on an

InSb (100) wafer.

3.1.1 Growth of the InSb heterostructure

The growth of an InSb/Alg 3Ing 7Sb quantum well is performed by MBE on n-type doped InSh
(100) wafers (10'® cm™ Te doping). Prior to the growth, the substrate is outgassed at 150°C
for 1h under ultra-high vacuum before being transferred to the MBE chamber. The MBE
growth is carried out after the wafer deoxidation under a Sb flux and atomic hydrogen (for
10s) while heated progressively until 400°C". The heterostructure included a 20nm-thick InSh
buffer layer epitaxially grown on the InSb wafer. This buffer is covered by a 10 nm-thick
Alg3Ing 7Sb barrier. Finally, a 30 nm-thick InSb top layer is added. The growth of all the
layers in the heterostructure is carried out at 390°C'. The InSb buffer layer growth is achieved
with a growth rate of 0.20 ML /s and a Sb/In ratio of 10. For the 10 nm-thick Alj 3Ing 7Sb alloy,
the growth rate is 0.29 ML/s and the V/III ratio is 7. Finally, the InSb cap layer is grown
with the same conditions as the ones used for the InSb buffer layer. The RHEED shows a
(2 x 3) surface reconstruction while depositing the Aly 3Ing ;Sb layer, which turns into a (2 x 4)
reconstruction for the InSb surface. The following table displays the growth conditions of the

different layers in the heterostructure.
Table 5.4 — Growth conditions of the InSb/Alg 3Ing 7Sb quantum well

Growth rate (ML/s)  V/Ill ratio = Temperature (°C) Thickness (nm)

InSb top layer 0.20 10 390 30
Al ;In, ,Sb barrier 0.29 7 390 10
InSb buffer layer 0.20 10 390 20
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3.1.2 Monitoring the oxide desorption

As illustrated in Figure 5.10(a), during the sample transfer to the LT-STM, the sample is
oxidized as it is exposed to ambient air. Inside the preparation chamber of the LT-STM
system, the deoxidation process is achieved with an ion gun fed by a molecular hydrogen
flux. We selected an annealing temperature of 200°C and eroded the sample for 50 min with

1.5keV HT ions.
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Figure 5.10 — (a) Scheme illustrating the transfer process of the InSb/Alj 3Ing 7Sb QW from the
MBE system to the LT-STM system. (b) UHV-Raman spectra of the heterostructure before
and upon simultaneous annealing and hydrogen sputtering of the sample. The transverse
acoustic, transverse and longitudinal optical, the Fuchs-Kliewer surface phonon modes are
labelled TA, TO, LO, FK respectively. The spectra are vertically shifted for convenience.
The inset illustrates the Raman spectrum of the heterostructure compared to an InSb (100)
substrate spectrum.

Figure 5.10(b) compares three Raman spectra of the heterostructure measured at different
stages of the oxygen removal from the InSb (100) surface: before the deoxidation of the surface
(black spectrum), after 30 min of ion sputtering with the sample maintained at 200°C (red
spectrum) and after 50 min of deoxidation with the same conditions (blue spectrum). The

Raman excitation used a wavelength of 532 nm.

In order to identify the different peaks of the heterostructure, the Raman spectrum measured

before deoxidation was compared to the Raman spectrum of an InSb (100) substrate, as
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presented in the inset of Figure 5.10(b). Both spectra show similar peaks, except the peak at
298 cm™! that is seen for the sample with the InSb/Alj 3Ing 7Sb quantum well only. Therefore,
this peak is identified as the phonon modes of the InAlSb barrier. This is consistent with Ref.
[10] where the peak is attributed to the (In)AlSb-like LO phonons [11], [12]. As the deoxidation
process changes the InSb surface only, this peak related to a buried structure is not affected
by the sputtering process. It is, therefore, taken as a reference. The intense peak observed at
190 ecm™! in all spectra is attributed to the LO phonon line of bulk InSb. It could also include

1

a small contribution of the TO phonon line at 180 ¢cm™ as the incident laser beam is not

totally aligned to the surface normal. The smaller peaks appearing at 117 cm™', 362 cm™!,

and 381 c¢cm™! are respectively attributed to the 2TA, 2TO and 2LO phonon modes [14], [14].

As shown in Figure 5.10(b), the desorption of the oxide layer by hydrogen provokes a small
shift of the main peak. After 50 min of hydrogen sputtering, it is centred at 186 cm~!. Based
on Ref. [15], we attribute this new position to the stronger contribution of the surface, as this
wave number is consistent with the loss peak measured by High Resolution Energy Electron
Loss Spectroscopy (HREELS) on the ¢(2 x 8) reconstructed In-rich InSb (001) surface. A

Fuchs-Kliewer surface phonon mode of InSb would then be favoured [17].

3.1.3 STM study of the surface structure

Figure 5.11(a) is a STM image of the InSb surface after 50 min of hydrogen eroding at 200°C'.
It shows a clean surface with terraces where periodic rows are observed. The height profile
corresponding to the blue segment in Figure 5.11(a) shows a step of 3.6 A & 0.5 A between
two terraces [Figure 5.11(c)]. It matches with the theoretical step height of %7 = 3.24 A
for the InSb (100) crystal. Periodic rows extend along the [110] direction, as illustrated in
the magnified STM image of Figure 5.11(b). A FFT image deduced from an enlarged part
of Figure 5.11(b) and its inverse image presented in Figure 5.11(d) and 5.11(f) show a
periodicity of two along the [110] direction [18]. Along the other direction, no sharp spot is
visible, indicating that the periodicity is probably partial, although we can see regular rows on
the STM image. However, the dark row can be filled every two rows, consistent with a previous
work [18], as it will be discussed later. According to the FFT image the periodicity in this
layer is around 1.8 nm that matches with the In row periodicity of the ¢(8 x 2) reconstruction
in the InSb crystal, equal to 1.83 nm [18]. The diamond cell in Figure 5.11(e) shows a ¢(8 x 2)
unit cell. These STM results support the ¢(8 x 2) surface reconstruction measured with UHV

Raman spectroscopy after deoxidation.
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Figure 5.11 — (a) STM image of the InSb (100) surface obtained at 77K. Feedback parameters
Vs=-0.75V and ;=110 pA. (b) Magnified view corresponding to the green square shown in
(a). (c) Height profile along the blue segment in (a), black dashed lines correspond to mean
value of the fluctuations of the blue profile at each terrace level (d) FFT image of an enlarged
part of (b), green circles correspond to bright points. (f) Inverted FFT image of (d).

This atomic reconstruction seems similar to the results published by G.Goryl et al. [18], which
dealt with an InSb (100) surface deoxidized with a 700 eV Ar™ ion-beam and annealed at 700K
for several hours. Indeed, G. Goryl et al. [18] confirmed with X-ray diffraction and FM-AFM
measurements at RT that the obtained surface shows a ¢(8 x 2) atomic reconstruction which
seems to be a common reconstruction for element-III-rich InSb, GaAs and InAs (100) surfaces.
This atomic surface reconstruction was strongly debated. Kumpf et al. [19] proposed the ¢
(4 x 2) model. Lee et al. performed DFT calculations that evinced this model, arguing that
the most stable and favourable reconstruction was the ¢(8 x 2) [20]. In general Sb rich surfaces
present (1 x 1), ¢(4 x 4) and asymmetric (1 x 3) surface reconstructions that are less ordered

than the ¢(8 x 2) reconstruction [21].

G-Goryl et al. demonstrated that the c¢(8x2) surface reconstruction can be only stable for
sample temperatures above 180K [22]. The RT ¢(8 x 2) symmetry would be lowered from
c2mm to p2 [22] and the structure would not be similar to the ¢ (4 x 2) model any more.
According to this reference, additional features appear at low temperatures. Added to that,
some structural irregularities aligned in chains running in the %2 [110] direction, have been
revealed in the same work. Figure 5.12(a) is a STM image of ¢(8 x 2) reconstruction of the
InSb/Ing 7Aly 3Sb quantum well. Green arrows point at the irregular features observed in the

InSb surface. These irregular shapes correspond to the protruding defects and defects with
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long or short form present in every two dark rows, respectively shown in Figures 5.12(b-f)
[22]. They are usually attributed to In atoms. Their packing caused disorder, which is partly
at the origin of the lack of long-range periodic structure in the FFT images along the [110]

direction.
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Figure 5.12 — (a) STM image of the InSb/Ing7Aly3Sb quantum well (sample bias= -0.7V,
tunnelling current 110pA). (b) enlarged flower-like pattern of the InSb/Ing 7Aly 3Sb quantum
well (sample bias= -0.7V, tunnelling current 110pA). (¢) STM image of the ¢(8 x 2) InSb(100)
surface acquired at 77 K (25 x 25 nm?, sample bias: 0.5 V, tunnelling current: 50 pA). White
rectangles indicate ¢(8 x 2) unit cells for two differently tilted domains. The frame is drift
corrected and rotated to align the [110] direction horizontally in order to show the structure
angles clearly. (d) Enlarged “protruding defect”. (e) “Elongated long” form. (f) “Elongated
short” form [22]. All STM images are measured at 77K.

3.2 Reconstruction of the InSb (111)p surface

3.2.1 Monitoring the oxygen desorption

In order to study the surface of an InSh(111) layer, the sample B, which was described above
and consisted of a 30 nm-thick InSb film grown on an InP(111) wafer, is considered. At the
end of the MBE growth, the RHEED indicates a (2 x 2) Sb-rich reconstruction. The sample

is then exposed to ambient air while being transferred to the LT-STM system. It is, therefore,
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deoxidized in the STM system, using the same method as before. However, due to the lower
surface free energy of the InSb {111} surface with respect to the InSb {100} surface (600
instead of 1100 ergs/cm? [23]), a higher annealing temperature of 300°C was selected. The

sputtering was also lengthened to reach 1 hour.

Figure 5.13 compares two Raman spectra of the InSb surface obtained before and after
hydrogen eroding. In both spectra a main peak, observed at 180 cm™?, corresponds to the TO
phonon mode. The small shoulder observed on the right side of this peak is relative to the
LO phonon mode. A smaller peak is visible at 305 cm™!. We attribute it to the TO phonon
of the InP(111) substrate [24]. It appears because of the deeper penetration of the excitation
wavelength than the thickness of the InSb layer. Small peaks are seen between 350 cm™! and

382 cm ™! and are assigned to 2TO and 2LO phonon modes.
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Figure 5.13 — UHV-Raman spectra of the InSb/InP(111)g heterostructure before and after 1h
of simultaneous annealing and hydrogen sputtering.

Both spectra look similar. Except a slight broadening of the main peak, that we attribute to
the use of different optical gratings, Raman spectroscopy does not detect any significant shift
of this peak in comparison with the oxide desorption of the InSb (100) surface. For the InSb

(111) surface, the TO mode contributes much more to the signal. We believe that this mode

139



Chapter 5. MBE growth and characterization of InSb nanostructures

is less sensitive to a structural modification of the surface, or the surface reconstruction does
not involve the formation of phonon modes that strongly differ from the bulk structure. As a

result, the removal of the oxygen surface cannot be monitored with Raman spectroscopy.

3.2.2 STM study of the surface structure

Enlarged + FFT
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Figure 5.14 — (a) STM image of the InSb (111)p surface measured at 77K. Feedback param-
eters: Vs= -1.8V and ;=150 pA. (b) Atomically-resolved STM image showing two different
types of defects surrounded by a blue diamond. (¢) FFT image of an enlarged part of (a),
green circles correspond to bright points. (d) and (e) Height profiles along the blue segments
in (a) and (b) respectively. (f) Comparison with the literature [25] for an occupied-state STM
image measured at room temperature, where the atomic structure corresponds to a (3 x 3)
reconstruction.

Figure 5.14(a) shows a STM image of the sample surface after hydrogen eroding for 1h
at 300°C. A well-ordered crystalline structure is seen on both terraces. The height profile
along the blue segment across the two adjacent terraces yields a step height of 3.7+ 0.1 A.
This value corresponds to the theoretical monolayer thickness of an InSb (111) surface that
is % = 3.74A. Figure 5.14(c) is a FFT image calculated from the STM image in Figure
5.14(a). It suggests a (3 x 3) atomic reconstruction for this surface, consistent with Ref. [25].
It corresponds to an In-rich InSb (111) surface with the module of both lattice vectors equal
to 2.27 nm. This reconstruction differs from the (2 x 2) structure observed at the end of the

growth. As the (2 x 2) reconstruction corresponds to a Sh-rich structure, the removal of the

oxide layer, which involved an annealing at 300°C, causes the desorption of Sb atoms, yielding
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an In-rich surface in the STM system.

We note that the atomically-resolved features in Figure 5.14(b) have an elongated shape
instead of the diamonds seen at room temperature in the STM image observed by [25] as
illustrated in Figure 5.14(f). This discrepancy could be caused by a tip artefact as elongated
shapes are also observed in the STM image of Ref. [26]. However, another explanation could
rely in the different temperatures used to image the surface, 77 K in our study versus 300 K in
Ref. [27]. These features have been attributed to the contribution of hexamer rings to the STM
contrast. The hexamers consist of two pairs of bonded In adatoms separated by Sb adatoms
[26] [27]. In this InsSby elliptic ring, the adatoms vibrate at room temperature, making the
ring more symmetric. By studying the surface at low temperature, the vibrations become
frozen, giving rise to an elongated contrast, signature of the In Shy clusters. Conversely, a
few features, highlighted in Figure 5.14(b), show a different symmetry with fainter contrast.
Based on Ref.[26] , we attribute them to hexamer ring with alternating Sb and In adatoms,

the so-called beta InzShs ring.

4 Conclusion

This chapter focused on planar InSb nanostructures directly grown on InP wafers. The growth
conditions were optimized to overcome structural growth defects which are known to arise due

to the high lattice mismatch between InSb and InP.

In fact, for InSb 2D growth on InP(100) wafers, 3D rectangular-based islands are formed on
the surface. Optimizing the growth conditions of the InSb film by increasing the growth rate
enhances the island density. But, it is still complicated to form InSb 2D film on InP (100)

wafers whatever the growth conditions are.

In the case of the growth on InP(111) wafers, due to the lower surface energy, 2D films
are formed in this case. Increasing the Sb/In ratio to 120 by lowering the growth rate and
increasing the Sb flux has been found to enhance the continuity of the InSb films and 1D

nanowires selectively grown inside SiOy mask openings.

In case of a 30 nm-thick InSb films, prepared with a 0.05ML/s growth rate and a 120 Sb/In
ratio at 390°C, it is fully relaxed on InP. The film covered 93% of the surface even though holes
deeper than 30 nm are still present. The holes disappear for a 100 nm-thick film. However,

when InSb nanowires are selectively grown with the same conditions a thickness of 30nm-
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thick is enough to produce high quality nanowires due their reduced width. [211], [011] and
[011] oriented nanowires show vertical side facets with some lateral growth on the SiO, mask.
Despite some misfit defects present at the InP-InSb interface, the HAADF-STEM images

confirmed the good quality of the InSb nanocrystal.

The reconstruction of the (100) and (111) surfaces were further investigated with scanning
tunnelling microscopy. A full desorption of the oxide is obtained at a minimum temperature
of 200°C under hydrogen eroding for about 1 hour. For the InSb (100) surface, the STM
revealed an In-rich ¢(8 x 2) reconstructed InSb surface. As to the InSb (111) surface, an
In-rich InSb surface with the (3 x 3) reconstruction was obtained. Both results show that
the desorption of the oxide using hydrogen eroding and annealing leads to a loss of the Sb
adatoms, preventing the recovery of the Sb-rich reconstructions occurring at the end of the

growth.
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Conclusion

This thesis is dedicated to the epitaxial growth and characterization of InAs and InSb in-
plane nanostructures grown by selective area molecular beam epitaxy, with a specific focus
on overcoming the lattice mismatch challenge when both materials are grown on standard
GaAs and InP substrates. The journey started by laying a theoretical foundation that offered
a broad overview of the material science behind these nanostructures, their crystallographic
structures and their electronic properties. One of the critical milestones in this research was
the optimization of growth conditions for both InAs and InSb nanostructures. Our study
revealed that even slight adjustments to the growth temperature and V to III element flux
ratios could have a profound impact on the material quality. For example, the modified growth
conditions for InAs resulted in better island coverage and coalescence, enhancing the electronic
transport properties. Likewise, careful tuning of the Sb/In flux ratio during the growth of InSb
films and nanowires led to improved film continuity, a challenge that was compounded by the

inherent lattice mismatch between the materials and their substrates.

This research also emphasized the role of buffer layers. The incorporation of pseudo-morphic
buffer layers emerged as a pivotal factor in mitigating charge scatterings caused by lattice
mismatch accommodation. This finding aligns well with the objective of enhancing the quality
of the InAs and InSb layers, further amplifying their suitability for next-generation electronic

applications.

Transport properties stand at the core of any applications that these materials might have
in advanced quantum devices. Hence, an entire segment of this thesis was devoted to under-
standing how variations in structural quality could influence these properties. Multiple char-
acterization techniques, including low-temperature scanning tunnelling microscopy (LT-STM)
and four-probe scanning tunnelling microscopy (4P-STM), were employed. A noteworthy ad-
vantage of employing 4P-STM is its ability to make contact-free measurements, eliminating

the need to deposit metallic contacts on the nanowires. The technique uses tips that can
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move freely on the surface, making contacts with a nanometric precision. Furthermore, the
measurements are conducted in ultra-high vacuum (UHV) conditions. This combination of
high-precision contact and controlled environment allows for the measurement of the intrinsic
properties of our nanostructures with high reliability and fidelity. The collected data pro-
vided not just validation for the improvements seen in mobility and conductance, but they
also stood as a testament to the effectiveness of the chosen growth optimization strategies.
Notably, we demonstrated the protective role of the GaSb shell in guarding the InAs core
from oxidation—a critical feature for maintaining the structural and electrical integrity of the
nanowires. This protection manifests in exceptionally high conductance and electron mobil-
ities, outpacing comparable literature values. For instance, we measured electron mobilities
as high as 44000 cm?/(V -s) at 1.5 K for InAs/GaSb nanowires. Remarkably, although still
lower, these nanowires showed conductance values more closely aligned with those measured
in 2D electron gases (2DEGs), underscoring their utility in high-performance applications.
Additionally, our quantitative research on InAs (111) nanostructures revealed the impact of

oxidation on transport properties.

Looking forward, the results from this thesis offer promising avenues for further research and
technological applications. The mobility values obtained from both 4P-STM and cryogenic
magneto-transport measurements within the InAs nanostructures are sufficiently promising to
warrant subsequent investigations into ballistic transport within these nanostructures. The
development of InAs/GaSbh nanowire-based devices with top or back gates would be a signif-
icant next step. Such a configuration would enable the direct observation and manipulation
of the ballistic regime in these nanowires. By fine-tuning the gate voltages, we may gain
further insights into ballistic transport phenomena, which could, in turn, open the door to
quantum devices. In this realm of ballistic transport studies for InAs and InSb, an innovative
strategy, could also, involve the integration of superconductive shells. This approach opens
up the potential for developing selectively grown, in-plane hybrid heterostructures, combining
the unique properties of these semiconductors with superconductivity. Such hybrid structures
are anticipated to play a pivotal role in advancing quantum device technology. Moreover,
the deoxidation study of the InSb surface inside the LT-STM system allows the study of the
transport properties of these nanostructures inside the 4P-STM system with no need to an
additional passivation process. This method ensures a more accurate representation of the
intrinsic characteristics of InSb nanostructures. Additionally, within the scope of the 'Inspir-

ing’” ANR project involving IEMN, CEA-LETI and NEEL, the possibility of passivating InSb
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surfaces with a CdTe layer is being explored. This passivation aims to preserve the inherent
properties of InSh, thereby enhancing its suitability for advanced semiconductor applications.
This approach not only underscores the versatility of InAs and InSb nanostructures in quan-
tum research but also signifies a leap towards preserving and manipulating their intrinsic

properties for groundbreaking applications in nanotechnology and quantum computing.
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Appendix 1 : Fundamentals of ballistic versus

diffusive transport

When carriers are in motion, they might be scattered by phonons or by the imperfections
of the crystal (roughness, dislocations, impurities etc.). In this context, the mean free path
corresponds to the average distance travelled by electrons between two collisions and the
relaxation time refers to the average time taken between two successive collisions. The mean

free path and the relaxation time are related by the following equation:

l=vpT (eq A.1)

Here, [ designs the mean free path, vg is the velocity of the electrons at the Fermi level and

7 1s the relaxation time.

When an electric field is applied across the material, the electrons are accelerated. But as they
become scattered, they adopt a finite average velocity, the drift velocity, which is proportional
to the electric field. The factor of proportionality, the so-called mobility, is related to the

relaxation time by p = AT where ¢ is the carrier charge and m* is the effective mass of

the electrons. This relationship explains why materials with high electron mobilities or low

effective mass are attractive for ballistic transport.

The transport regimes in a material depends on the ratio between the average mean free path
and the dimensions of the conductor. For a two-dimensional system, if we call L the material

length and W the material width, then:

— When (L, W) >> [, the transport is diffusive (see Figure A.1), which is the most common
mode of transport in bulk materials. In this case, carriers exhibit a drift motion in the

direction of the applied voltage.
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— If I >> (L,W), the transport is ballistic (see Figure A.1). Here, electrons flow through
the device without collisions.

— A third case exists when L &~ [ > W the transport is called quasi-ballistic. This conduction
regime lies between the ballistic and diffusive regimes. Carriers have a low probability of

undergoing collisions.
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Figure A.1 — Diffusive and ballistic transport in a channel.

The diffusive regime is well described by the Drude model [1]. In the presence of an electric
field F, the conductance GG depends on the conductivity and the dimensions of the conductor,

the carrier concentration and to their mobility. It is given by equation A.2:

W
G = g (eq A.2)

Where ¢ is the carrier charge, n is the carrier density and p is the mobility. The material
conductance depends consequently on the mobility and thus on the carrier effective mass. The

lower the carrier effective mass in a material is, the higher the conductance is.

Under certain conditions, the phase coherence of carriers is preserved over sufficiently large
distances, allowing quantum interference to take place. This type of transport is, consequently,

called "coherent' electron transport. In the case of this type of transport, the conductance
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is described by the Landauer-Bittiker formalism [2], [3]. The model consists of a ballistic
conductor with a length L that is connected on both sides by two metal contacts (electrodes)

with two different Fermi levels Er; and Ersy, as presented in the Figure A.2.

1

Contact 1 Contact 2

Figure A.2 — Simplified scheme of a ballistic conductor with a length L connected to two
electrodes 1 and 2 with Fermi energies Er; and Eps respectively. M is the number of channels
in which electrons propagate between the electrodes.

The confinement of electronic states in the direction perpendicular to the current flow leads
to the existence of several energy sub-bands E;. The sub-bands are also called channel M (E)
(Figure A.2). Carriers occupy all states with energies below the Fermi energy, Er. Carriers
traveling from the left contact to the right contact occupy the kT states, while carriers moving
in the opposite direction occupy the k= states. In the absence of a bias between the contacts,
the Fermi energies in both contacts being at the same position, the symmetry of the dispersion
relation ensures that the current generated by the carriers in the ™ compensates the generated
current by the carriers in the £~ states, resulting in the absence of current. The presence of a
bias Vias between the electrodes leads to a shift of one Fermi energy with respect to the other

one. Hence, a current flows and can be calculated using the Landauer expression as follows

[3].

151



Appendiz 1 : Fundamentals of ballistic versus diffusive transport
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(the transition from a discrete summation to a continuous integration elegantly reflects the

dense and continuous nature of energy states within the ballistic transport regime.)

I~ LCJZMEFl — By
h q

Here, h is the reduced Planck constant. s refers to the transverse subbands, including spin

OFs

o is the group velocity of the carriers and [f(E; — Ery) — f(Es — Er2)] gives

degeneracy.
the difference in occupation probabilities for electrons at the source and drain. The transition
from Expression 1 to Expression 2 is essentially the replacement of the discrete summation
over k-states with an integral. This is done using the density of states in k-space for a one-

dimensional system, which is given by ~ per unit length for each k-state. The factor of 2

comes from the spin degeneracy, assuming that each k-state is doubly degenerate due to spin.

As I = G - Vias and Vi = Z21=Er2 the material conductance is then given by the equation

q
A 4:

2¢° 2¢*

G~ A —M = GyM with Gy = e (eq A.4)

Equation A.4 highlights a quantized conductance for ballistic transport regime. The ballistic
conductance is then proportional to the number of the channels (sub-bands) of the material

that are between the Fermi levels (Er; and Egs) of the electrodes separated by an energy

qX/bias .

A beautiful example of a quantized conductance was experimentally demonstrated by S. Frank
et al. using arc-produced multiwalled carbon nanotubes (MWCNT)[4]. The experimental
scheme is presented in Figure A.3(a) where a CNT fiber is brought down to be contacted to a
metal in the liquid phase at room temperature (mercury, cerrolow, gallium). With this setup,
the authors observed a conductance per single carbon nanotube that equals Gy independently
of the NT length or widths. This value is half the expected theoretical value for CNTs as a

metallic WNT is known to have two bands crossing the Fermi level [5], [6]. This value increases
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in discrete steps being proportional to Gg when additional NTs of the MWCNT get in contact
with the metal liquid (Figure A.3(b)).

Conductance (G,)

aasasianalasanssaislasasasanal

AR AR RAL AN RARARERRRERARARE)

Heater 0

1

-200 0 200 400 600

z-position (nm)

Figure A.3 — (a)Schematic diagram of the experimental setup. The nanotube contact is lowered
under SPM control to a liquid metal surface. After contact is established, the current I is
measured as the fiber is moved into the liquid metal, so that the conductance can be determined
as a function of the position of the nanotube contact. (b) Conductance as a function of the
dipping length into the liquid mercury contact. The quantized conductance of Gq corresponds
to a single nanotube making contact to mercury. The other quantized conductance values
correspond to two and three nanotubes making contact to the metal. [Adapted from [4]].

Ballistic transport was also observed in InAs/AlSb quantum wells grown on GaAs (100) wafers
by MBE. When constrictions are built in two-dimensional electron gas (2DEG), quantized
conductance steps can be seen at low temperature [7], [85]. S. J. Koester et al. benefited from
large band offset between InAs and AlSb, that generated high confined electron density and
mobility in the 2DEG. The high transport quality of the InAs/AlSb 2DEG allowed ballistic
transport observation up to the p scale. For 1D systems, J. Gooth et al. observed ballistic
transport inside InAs nanowires, as conductance plateaus are measured at integer multiples of
Go, as seen in Figure A.4 [8]. Remarkably, the hallmark of this 1D sub-bands survives when
cross-junctions are fabricated along the nanowires. In principle, such a cross-junction causes
the scattering of free charge carriers, which is detrimental to the transmission of 1D modes,
hence destroying ballistic effects. However, the quantized conductance plateaus versus the
gate voltage were observed for several number of junctions (Figure A.4(b)) at 4K, albeit to a
reduced intensity. The transport across multiple NW junctions is therefore not dominated by
the number of junctions along the nanowire, which can be considered transparent, but rather
by the mean free path of charge carriers. Figure A.4(c) displays the measured G~! dependency
to the wires length. For all wires, a clear transition exists around 800 nm. Below this threshold,
the resistance of the nanowire is constant, signature of ballisticity; above the threshold, the

resistance increases linearly with the nanowire length, corresponding to a diffusive regime.
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Consequently, the length for which the resistance variations change of slope represents the

electrons mean free path.
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Figure A.4 — The 1D quantum transport across multiple NW junctions. (a) False-colored
SEM image of a device with 0 cross-junctions. (b) Conductance versus Vg, curves for various
numbers of cross-junctions in the transport channel (1= 300 nm, blue; 1= 800 nm, red; 1=
900 nm, green; 1= 1200 nm, brown; 1= 1500 nm, orange; 1= 1700 nm, black). On all curves,
the same average contact resistance of 6.7 k2 has been subtracted. (c¢) Experimental plateau
resistance (symbols) as a function of channel length 1. The values are obtained by averaging
the data in (b) over the full width at half-maximum of the minima of the transconductance.
The error reflects the standard deviation. The red dotted lines in the SEM inset mark the
position of the right contact relative to the position of the left contact that corresponds L= 0
at the bottom axis. [8].

The variation of the resistance R is expressed as a function of the wire length L as follows:

L L
R =Gy (1 + 7) = Rpanistic (1 + 7) (eq A.5)

When the wire length is inferior to the mean free path L < [, its resistance is equal to Rpanistic-
When L > [, the resistance increase linearly with L. This behavior is also experimentally
confirmed by S. Chuang et al. [9] who studied the transport characteristics of 31 nm-diameter

InAs nanowire based Field Effect Transistors (FETS).

When a four probe configuration is used, with two outer electrodes that drives the current
and to inner electrodes that measure the potential drop, the ballistic resistance Rpapistic should

drop to zero if the inner electrodes are non-invasive. 4P measurements were carried out by R.

de Picciotto et al. A 1D GaAs/AlGaSb system created from the depletion of a GaAs/AlGaAs
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Figure A.5 — (a) Geometry of the cleaved-edge overgrowth (CEO) device. The fabrication
starts with a high-quality 2DEG created by epitaxial growth of a unilaterally doped GaAs
quantum well onto a [001] GaAs substrate [10]. (b) A representative result of a two-terminal
conductance measurement of a CEO wire at 300 mK.

2DEG by means of top gate electrodes (Figure A.5(a)) [10]. Electrons density and mobility

of the 2DEG were 2.5 x 10! ecm™2 and 4.0 x 105 cm?/(V - s) respectively. The system is

presented in Figure A.5(b). The 2P measurements proved the ballistic regime in the whole

wire, with the occurrence of conductance plateaus as the gate voltage is negatively swept.

When four probes were used, the resistance dropped to zero, demonstrating a ballistic regime

in the quantum and minimal invasiveness of the inner contacts.
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