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Introduction

These last ten years have seen the emergence of the era of topological band theory.
The search for topologically non-trivial band-structures leads to the theoretical pre-
diction of a plethora of new materials : topological insulators, topological semi-metals

and topological superconductors.

For many of these new materials, the topological properties result from parity-
inversions in the band structure; for example, the topological properties of Hg'Te ba-
sed topological materials result from the band inversion between the I'g and I's bands
existing in the bulk HgTe. However, topological properties can also arise from the
combination of trivial materials. In this context, the III-V family of materials are par-
ticularly interesting. It has been shown theoretically[!] and experimentally[2, 3, 4, 7]
that the heterostructures InAs/GaSb constitute a two-dimensional Quantum Hall In-
sulator, even that neither InAs or GaSb has inverted band structure. In addition, it
has also been shown, theoretically[6] and experimentally[7], that the deposition of a
superconducting electrode on the top of an InAs nanowire[7]| leads to a topological
superconductor, when submitted to an in-axial magnetic-field. Similarly, the deposi-
tion of a superconducting electrode on the two-dimensional quantum Hall insulator

InAs/GaSb is expected to give rise to a topological superconductor[3].

This context leads to a renewal of interest for the interface between metals and
[TI-V semiconductors. In some situations, STM spectroscopy can be a powerful tool for
investigating interfaces at the atomic scale. For example, about 1989, STM spectro-
scopy near Fe clusters deposited on GaAs[9] was employed to demonstrate the presence
of cluster-induced interface states. More recently, it has been demonstrated that STM
tunneling spectroscopy on the side of cleaved III-V heterostructures is possible, which
enabled the visualization of the discrete quantum dots levels in self-assembled InAs
QDots grown on GaAs[10, 11, 12, 13].

For this thesis, I worked on the growth of superconducting (Pb) and semi-metallic

(Bi) nanocrystals on the (110) surface of InAs and the STM spectroscopy of these
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Fig. .1 STM topographic images of (left) Pb and (right) Bi nanocrystals on
InAs(110).

systems. In addition, I also worked on the microfabrication of InAs/GaSb heterostruc-
tures, which, in the future, could be employed in cross-sectional STM spectroscopy.

In this manuscript, I will provide, in the first chapter, the theoretical background
on quantum tunneling and review our current understanding of the interface between
ITI-V semiconductors and metal overlayers.

In the second chapter, I will describe the first experiment where I show that high
quality superconducting Lead (Pb) nanocrystals can be grown on the (110) surface of
InAs. We found that when the lateral size of the Pb nanocrystals is smaller than the
Fermi wavelength of the two-dimensional electron gas accumulated at the surface of
InAs, the nanocrystals are only weakly coupled to this electron gas and, consequently,
are found in the regime of Coulomb blockade. This phenomenon enabled the first study
of the superconducting parity effect through STM spectroscopy, which we employed
to check the validity of the Anderson limit for the existence of superconductivity in
Pb nanocrystals. Furthermore, we identified, in these Pb nanocrystals, the signature
of discrete electronic levels and attempted a mapping of the corresponding electronic
wavefunctions.

In the third chapter, I will describe the second STM experiment where I show that
high quality Bismuth (Bi) nanocrystals can also be grown on the (110) surface of InAs.
In contrast to Pb nanocrystals, a wetting layer of Bi separates the nanocrystals from
the InAs surface, leading to a strong coupling between the Bi nanocrystals and the
substrate. From STM spectroscopy, we have identified edge-states on the (111) plane
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of the bismuth nanocrystals. These edge-states have C3 symmetry, which is lower than
the C6 symmetry of the (111) face. Assuming that Bismuth is a 2nd order topologi-
cal insulator as suggested theoretically, the observed edge-states can be interpreted
naturally as the hinge-states predicted in this last topological band-theory.

Finally, in the last chapter, I will present the methods that I developed for the fa-
brication of hybrid Josephson junctions on bulk InAs and InAs/GaSb heterostructures,

together with preliminary measurements of Josephson characteristics.
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| — STM spectroscopy of InAs

As an essential part of this thesis is about the tunneling spectroscopy of metal-
lic/superconducting nanocrystals grown on InAs, I will introduce in this first chapter
the basic theoretical and technical elements required to understand our experiments.
I will start, first, with a basic introduction on quantum tunneling and provide a des-
cription of the STM microscope installed in the laboratory. Second, I will provide
an elementary description of the electronic properties of the semiconductor InAs, as
well as provide a review of our current understanding on the surface physics of this

material.

.1 Theory of quantum tunneling

In classical physics, a particle cannot go though a potential barrier which is larger
than its kinetic energy. However, in quantum physics, a particle can tunnel through
such a potential barrier with some probability, this is called quantum tunneling. Consi-
dering the one dimensional square barrier shown in Fig. [.1 : a particle with energy ¢
on the left side of the barrier is described by the wavefunction v, and, after tunneling

across the barrier of height U, is described by the wavefunction ¢g.

a Classical mechanics b Quantum mechanics
d d

L R L

W, L W,
o | X /\\//0 .-

Fig. I.1 A particle in the front of a barrier potential in a) classical mechanics and b)

quantum mechanics. The barrier has width d and height U.
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As described by the equations :

wL — Aeikx +B€—ikx
¢R — Oeikz + De—ik:c

the wavefunction ¢, is the sum of two components propagating in opposite di-
rections, ¥, = Ae’*® which penetrates into the barrier and 1, = Be ** which is
reflected by the barrier and travels backward. Meanwhile, the final state ¢y is also the
sum of two components, the transmitted wave V., = Ce’*®. propagating away from
the barrier and v, = De~** travelling backward. The transmission coefficient 7', i.e.

the tunneling probability for a particle to cross the barrier is given by :

_ |77Z)tran|2 — cer

P~ ax

Furthermore, the wavefunction g inside the barrier can be written as :
wB — Geikgx i Fefikgx

The evolution of ¢, ¥r and g is described by the Schridinger equation :

K2 0?
%@YPL +eyr, =0
ﬁ2 82
%@%3 + (U —¢e)ys =0
h2 02
%@Tﬁf{ +eyr =0

These equations have to be solved with the following boundary conditions :

YL(z =0) =Ygz =0),¢p(z = d) = Yr(z = d)
which can be done in the so-called Wentzel-Kramers-Brillouin (WKB) approxima-

tion, giving the transmission coefficient 1" as function of the electron energy e :

T(e) x e (1.3)
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Electrode L barrier Electrode R

Fig. .2 Sketch of the tunneling process between two metallic electrodes.

The application of quantum theory of tunneling to the case of two metallic elec-
trodes separated by a thin insulating barrier was done in the 1960s by Bardeen[l]
and Simon[15]. In this case, we have to consider tunneling between two Fermi liquids,
as sketched Fig. [.2. An applied voltage V' between two metallic electrodes leads to a
shift of the electrochemical potentials. In this situation, empty electronic states of one
metallic electrode are facing full electronic states of the other metallic electrode. If the
insulating barrier is not too thick, quantum electron tunneling from the full states to

the empty states is possible.

The tunneling current between the two metallic electrodes can be calculated from

the Landauer formula[16, 17] :

1v) =2 [ TE) fe)  fale)] de (14)
where fi(e) = 1 and fr(e) = 1 are the Fermi distribu-

exp | % |41 EmEY

exp[ kT

tions of the left (L) and right (R) electrodes, respectively. ) is Fermi energy of the
left and right electrodes and V' = ¥~ is the voltage polarization of the junction.

Introducing the transmission coefficient (1.3) into the Landauer equation (I.4), one

gets an expression for tunneling current, a formula first obtained by J. Simmons|[15] :
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I = Iy[U exp[—AUY? — (U + eV)exp[—A(U + eV)?|

with :
(&
fo= Am2h([d)?
. —208d+/2m

h

where 3 ~ 1. In the low voltage limit, this last formula can be written as :

22 2
I = eh2deV exp[—ﬁ\/ 2mdU|

which shows that the tunnel junction has a ohmic behavior at low voltage, i.e. the
tunneling current increases linearly with the voltage, I ~ V', and so the differential
conductance dI/dV is constant and featureless at low bias. This formula also shows
that the current decreases exponentially with the distance, I ~ exp(-f£od), where the

attenuation coefficient 3y ~ 1A~ for a tunnel barrier of height U = 1 €V.

The differential conductance dI/dV (V') remains constant at low bias only when
the density of states in the two metallic electrodes is constant as function of energy.
When this is not the case, i.e. the density of states changes with energy, its effect on

the tunneling current can be described by a formula similar to the Landauer formula :

_26 0

V=5 ).

ps(e) [fu(e) — fa(e)] de
where ps(e) is the density of states in one of the metallic electrodes, from which it

follows that the differential conductance is proportional to the density of states :

dl
Viias) ~ Viias L5
g7 (Vbias) ~ ps(€Vhias) (1.5)
Thus, dI/dV curves as function of bias voltage provide a measure of the local

density of states on the sample surface as function of energy.
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Feedback loop

Scan control

RN, 0

Atomic resolution |

Fig. .3 a) Sketch of an STM. b) Photo of LT-STM (SPECS) in LPEM.

1.2 Scanning Tunneling Spectroscopy

Gerd Binnig and Heinrich Rohrer built the first Scanning Tunneling Microscope| 1,
19, 20] and won the Nobel Prize for this discovery in 1986. The STM has already played
and will continue to play an important role in surface science. In this section, I will
briefly introduce the working principle of STM. As sketched in Fig. 1.3, a STM tip
(which can be made of Pt/Ir, W, etc.) is fixed to a piezoelectric tube. Upon applying
a voltage, up to 300 V, on the electrodes covering the piezoelectric tube, motion
in the three spatial directions x, y and z is possible with sub-Angstrom resolution.
The working range of the piezoelectric tube is only a few microns. For this reason, a
piezoelectric motor is used to approach the tip, initially a few millimeter away from the
sample, toward the surface of the sample, such that the tip-surface distance becomes
smaller than 1xm, the working range of the piezoelectric tube. This piezoelectric motor
moves by steps where one step is in the range of 20-200 nm. To approach the tip at
a distance about lum of the sample surface without crashing the tip, we use the
following standard method : first, we make one step in the range 20-100 nm with
the piezoelectric motor ; second, we extend the piezoelectric tube up to its maximum
length while measuring the tunneling current. If no tunneling current is measured, we
retract the piezoelectric tube and execute an additional step with the piezoelectric

motor and so on. This procedure is automated and can even be launched overnight. It
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stops when a tunneling current is detected.

Once the tip is in the tunneling regime, i.e. an electrical current between the tip
and the surface can be measured, scanning tunneling microscopy and spectroscopy
experiments can be executed.

The scanning process is controlled by a feedback loop and a scanning controller.
There are two working modes of the STM. One is the constant current mode, the
other is the constant height mode. The constant current mode is a convenient mode
for making topographic images of the sample surface. With this method, a current
setpoint is set into the feedback loop controller. This feedback loop adjusts constantly
the height z of the tip so that the measured tunneling current is equal to the current
setpoint. Then, by scanning the tip along the x and y directions above the surface, we
obtain a matrix of values z as function of x and y. This two-dimensional matrix is the
topographic image of the surface of the sample, as shown in the inset of Fig. [.3. In
the constant height mode, the height of z is not changed. Note that in this mode, the
STM tip can be crashed if the surface is not flat.

At each point of the scanning area, the lateral tip motion can be stopped to acquire
a tunneling spectrum. To do that, one stops the feedback loop and measures the
tunneling current as function of bias voltage Vi, thus providing the I — V' curve.
However, we are usually more interested by the differential conductance dI/dV (Viyas)
as it is directly proportional to the density of states, see Eq.(1.5). This differential
conductance curve can be obtained from numerical differentiation of the I — V' curve
or can be measured directly with a lock-in amplifier. In this thesis, we use the lock-in
method to measure dI/dV curves. The principle of this method is to add a sinusoidal
signal Vac = Vpsin(wt) to the DC signal. This added signal Vi causes an oscillation
Inc = Iysin(wt) of the tunneling current at the same frequency, whose amplitude Iy is

extracted by the lock-in amplifier. The differential conductance is directly given by :

dal I
vV

Thus, the lock-in method enables a measurement of the dI/dV (V') curves with high
signal to noise ratio.

In this thesis, we work with the SPECS JT-STM installed at LPEM. This STM
is functioning under Ultra-High Vacuum (=~ 1071 mbar) and can be cooled down to
a temperature 7" ~ 1.3 K thanks to a Joule-Thomson stage. A picture of this STM
is shown Fig. 1.3b. This STM is equipped of a preparation chamber with an e-beam

evaporator for the evaporation of elements such as Pb, Bi, Au, Sb etc.
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1.3 Electronic properties of InAs

To obtain the results presented in this thesis, I extensively used the semiconductor
InAs. I used it for the STM experiments, as a substrate for the growth of the nano-
crystals of Bismuth and Lead, I also used it for the fabrication of Josephson junctions

on bulk InAs and the two-dimensional heterostructure InAs/GaSbh.

Tight-binding band structure of InAs

energy (eV)

1| Egap

=T
I\ /A

L A T A XUuk X T

Fig. .4 a) Sketch of a single unit cell of zinc blende InAs crystal. b) First Brillouin
zone of bulk InAs. ¢) Band structure calculated by tight binding method extracted
from Ref. [21].

InAs is a narrow-gap semiconductor where In is an element of column III and As is
an element of column V, making this semiconductor a member of the so-called I1I-V
family of semiconductors which also include the well known GaAs, AISb, InSb. As
one of these III-V semiconductors, InAs has a zinc blende crystal structure with space
group F'43m. The unit cell and the first Brillouin zone are shown in Fig. I.4. Figure L.4c
shows the band structure of InAs. It has a small direct band-gap Eg,, ~ 0.3 €V at
the ' point separating the I'y conduction band from the doubly degenerate valence
band I's. The I's band results from the s-type orbitals from the In atoms while the I'g
bands results from the p-type orbitals from the As atoms. The s-type orbitals have
even spatial symmetry while the p-type orbitals have odd spatial symmetry. As will be
described in the last chapter, in InAs/GaSbh heterostructures, this is the inversion of
the symmetry of the conduction and valence bands that leads to non-trivial topology

of the band structure in this 2D gas.
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1.3.1 Metal-semiconductor interfaces

On a semiconductor surface, the adsorption of a metal overlayer leads to band
bending as sketched in Fig. [.5. This band-bending leads to a carrier depletion at the
surface of the semiconductor and is responsible for the formation of a Schottky barrier
at the interface between the metal and the semiconductor. As we will see, in rare cases,
the metal deposition leads to a carrier accumulation at the interface.

For metal-semiconductor interfaces, the barrier height ¢g, for the electrons in the

conduction band is generally given by the relation :

OB = Sp(Pm — Xs) + (1 = Sp) (Wei — Woy) (1.6)

where ¢, is the metal work function, y; is the semiconductor electron affinity, W,
is the energy of the conduction band bottom, Wy; is the charge-neutrality level and
Sp = % is the slope parameter. This last parameter describes the dependence of the

barrier height on the metal work-function[22].

a b

Mott-Schottky model Bardeen model

A A

A
vacuum level ¥
. Wi vacuum level
Xs

Interface States| cl

Y ¥ B WOQ ¥ CB
¥

~~—— w S’J

VB

>

metal n-type semiconductor metal ! n-type semiconductor

Fig. 1.5 a) Mott-Schottky model of band-bending, which applies in the absence of
interface states. b) Bardeen model of band-bending, which applies in the presence of

interface states[23].

In a Mott-Schottky model, shown in Fig. [.5a, where no interface states are present,

the slope parameter Sy = 1 in Eq. (1.6), then the barrier height is :

¢Bn = ¢m — Xs (I?)
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According to Eq. (I.7), the barrier height is proportional to the amplitude of the
metal work function.
In a Bardeen model, shown in Fig. 1.5b, interface states are present, the slope

parameter S, = 0 in Eq. (1.6), then the barrier height is :
(an = Wci - W()i

In this case, the Fermi level is pinned by interface states at the charge neutrality
level. The charge-neutrality level separates the electron-type levels from the hole-type
levels. As described in Refs. [22, 24, 25, 26], because the interface states derive from
the band structure of the semiconductor, the charge neutrality level is an intrinsic
property of the semiconductor, which implies that the barrier height does not depend
on the metal work function.

A plot of the slope parameter measured experimentally for many distinct semicon-
ductors, Fig. 1.6, shows that in III-V semiconductors the slope parameter is close to
zero, indicating that the barrier height is set by the Bardeen relation, where a large
density of interface states is induced by the metal overlayer and leads to a pinning
of the Fermi level. Ionic semiconductors presenting a large electronegativity difference
between the cation and the anion, such as the chalcogenides CdS, CdSe, etc tend to
have a large slope parameter, which implies that the Mott-Schottky model applies.
In contrast, covalent semiconductors such as Si, GaAs and InAs (not shown on the
graph) tend to have a small slope parameter implying the presence of a large density
of interface states that pin the Fermi level at the charge neutrality level, i.e. Bardeen
model.

The structural and electronic properties of metal layers deposited on III-V com-
pounds have been the subject of an active research effort in surface physics. While
transition metals react and/or interdiffuse when deposited on silicon and on III-V se-
miconductor surfaces, semimetals give ordered and epitaxial two-dimensional epilayers
without alloying with the substrate. These atomically sharp interfaces are suitable
model systems for experimental and theoretical studies of the atomic geometry and
electronic properties of 2D ordered layers[27, 28]. For most I1I-V semiconductors, the
charge neutrality level lies within the band gap except for small gap materials like
InAs and InSh, where the charge neutrality level has been found within the conduc-
tion band[29, 30, 24, 31]. Consequently, the adsorption of a metal overlayer leads to
the formation of accumulation layer of electrons as sketched in Fig. I1.7b. In particu-

lar, on InAs (110), photoemission meausurements have shown that the Fermi energy
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Fig. 1.6  The slope parameter Sy as function of electronegativity difference for a series

of binary semiconductors[25].

is about 100-400 meV above the conduction band minimum upon deposition of dif-
ferent adsorbates such as H, O, N, Cl, Ag, Au, Ga, Cu, Cs, Na, Sb, Nb, Fe and
Co[32, 33, 34, 35, 36, 37, 37, 38, 39, 40, 41, 42,43, 44] and Fig. 1.8. For Pb, while no
data exists for the (110) surface, it was shown that one mono-layer of Pb on the (100)
surface of InAs leads to an accumulation layer of electrons|15].

Pinning of the Fermi level can also occur at bare UHV cleaved surfaces as a conse-
quence of native surface defects. On InAs, this leads to the formation of an accumula-
tion layer at (100) and (111) surfaces[16, 17], but not on the (110) surface where the
band remains flat, Fig. I.7a. The absence of defects on the (110) surface of InAs is
well-known and make this surface particularly interesting for surface science studies.
This (110) surface is non-polar, with a cation and an anion occurring in the surface

unit cell. Strong electrostatic forces that could push the reconstruction process are not
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a No interface states b Fermi pinning

A A

Vacuum level Vacuum level
Interface States |~

Woi

HF 6 Hr — <
VB s
» »
InAs Substrate InAs Substrate

Fig. 1.7 a) Flat band structure in absence of interface states. b) Fermi level pinning

effect in the presence of interface states.

present and, hence, the bulk-terminated (1 x 1) translational symmetry is conserved.
Furthermore, the (110) planes contain only weakly interacting zigzag chains of bonded
group-III and group-V atoms, where each atom possesses a dangling bond. Thus, this
surface is intrinsically neutral, free from defects and no reconstruction is ever observed

for this surface[21]. Consequently, no pinning of the Fermi level is ever observed for
the UHV cleaved (110) surface.

One remarkable consequence of the absence of Fermi level pinning is the possibility

g oo ©
i gsoo
E :
hv E_ A gmo
! e 216V 166V 05
§ O 13eV 458V 5nm uf Nb.
:E e« 18eV 13eV 1nm %300'
o 18eV 9aV 2nm
5 4 3 2 10 1 o 130V 7ov 3nm| Z p00/INAS(110)
binding energy [eV] 00 02 04 06 08 1.0 12 4 5 6 7 8 9 10
Nb coverage [ML] atomic ionization energy [eV]

Fig. 1.8  Figure extract from Ref. [13]. a) Photoemission spectra on n-type InAs (110)
taken at different Nb coverages as indicated. The peaks shift to negative energies as
metal is deposited indicates Fermi level shifting at the surface of InAs. b) Plot of
the change in the shift of the Fermi energy with metal coverage. c¢) Measured highest
positions of the Fermi level with respect to the conduction-band minimum for different

adsorbate atoms as a function of the ionization energy of the corresponding atom.
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Fig. 1.9 Tip induced band bending (TIBB) in three cases : TIBB<0, TIBB=0,
TIBB>0.

to shift the conduction band energy with the electric field induced by the STM tip,
the so-called tip-induced band bending[48, 49, 50, 51].

To illustrate this phenomena, I show a sketch, Fig. 1.9, of the band bending induced
in a semiconductor by the applied bias on the tip, where the work-functions of the tip
and the semiconductor are respectively ¢r and ¢s.

Three different cases are shown and described now :

Case I : Vijas =0

No bias voltage is applied, V},;.s=0. In that case, because of the differences in the
work functions between the metal and the semiconductor, the bands in the semicon-
ductor will bend down at the approach of the surface. This leads to the formation of
an electron accumulation layer at the surface of the semiconductor. The amplitude of
this band bending can be defined as eV}, where the V; is the flat band voltage, i.e. the
voltage needed on the tip to compensate for the work function difference and make
the band flat in the semiconductor.

Case I : Vijus = Vi

A bias voltage Viias = Vi is applied. This compensates for the work function diffe-
rence between the tip and the semiconductor and the band becomes flat as shown.

Case III : Vs < V4

The bands bend in the opposite directions. The electron gas at the surface of the
semiconductor is completely depleted.

Because the tip-induced band-bending only occurs on a narrow size region below

the tip, this leads to the formation of a quantum dot in the 2D electron gas at the
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Volt

Fig. .10 The band bending induced by the tip leads to the formation of a QDot into
the accumulation layer at the surface of InAs. This QQDot has discrete electronic levels

as indicated by the green circles.

surface of InAs, so-called tip-induced quantum-dot, as sketched in Fig. 1.10 which is
going to be identified in the tunneling spectrum by conductance peaks resulting from

the discrete electronic levels in the QDot.

1.3.2 STM spectroscopy of InAs

To perform the tunneling spectroscopy with atomic resolution, the substrate must
be prepared in Ultra High Vacuum (UHV). In the case of III-V semiconductors, the
method to prepare the surface is to cleave a piece of wafer in UHV. To that end,
starting with a (001) InAs wafer, we cut a rectangle of dimensions 3.8 mm x 7 mm
using a diamond scriber, the long length direction of the rectangle is along the [100]
direction, the short length is along the [110] direction. On this rectangle, a small mark
is made with a diamond tip at mid-height of the sample, shown in Fig.I.11a. Then,
the sample is fixed into a vise as shown in Fig. [.11b. Upon pushing on the side of

the sample, the sample will be cleaved, providing the surface (110). In Fig.I.11c, in
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Fig. I.11 a) After cutting the wafer into a small rectangle (3.8 mm x 7 mm), a mark
made by a diamond tip at the mid-height is shown by the blue line. b) The sample is
inserted into the vise on the sample holder and fixed by tightening the screws. c¢) The
sample is cleaved by pushing on the side. A nice mirror-like surface is observed, while

atomic steps due to dislocations are observed in area around the mark.
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the area near the mark made by the diamond tip, many atomic steps are observed on
the surface. However, beyond this area, the sample cleaves very nicely with a mirror
finish and with few atomic steps as shown by the optical images. This method was
developed by the STM group in C2N (J.C. Girard, C. David), and actually prepared
the samples for us. We only had to fix the sample into the vise and cleave the sample
into UHV. After inserting the sample into the UHV preparation chamber, the sample
with its sample holder including the vise is baked at 250 °C to clean it. After cooling
at room temperature, the sample is cleaved by pushing on the side with the wooble
stick.

For the STM experiments, we used Sulfur doped substrates. Figure 1.12b shows
a topographic image of the InAs surface with atomic resolution. Figure 1.12¢ is the
measured dI /dV curve on this surface. From the curve, we can clearly identify the edges
of the conduction and valence bands. The edge of the conduction band is the closest

to zero bias, indicating that the Fermi level is in the conduction band as expected

3
)

for this n doped InAs sample. With a dopant concentration, Np ~ 6 x 10%cm™
the Fermi level Er is 21 meV above the conduction-band minimum. A zoom of these
spectra on the energy range [-150, 100] meV, Fig. 1.12d, shows the presence of small
conductance peaks. These peaks result from tip-induced QDots, as already observed
in past works on (110) surface of InAs[52, 31]. So far, these tip-induced QDots have
been observed only on the (110) surface of InAs, confirming that the Fermi level is
not pinned at this surface. Had the Fermi level been pinned, it would not have been
possible to shift the conduction band below the tip and so creates the QDot at the

origin of the conductance peaks.
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Fig. 1.12 a) The band bending induced by the tip leads to the formation of a QDot
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levels that are seen as conductance peaks into the tunneling spectra shown panels ¢
and d. b) Topographic image of the (110) surface of InAs. ¢) Conductance spectrum
dI/dV measured on the InAs surface. The edges of the conduction and valence bands
are clearly visible, as well as the conductance peaks dues to the discrete levels in the

tip-induced QDot. d) Zoom at low bias on these conductance peaks.



Il - STM spectroscopy of Pb
nanocrystals on InAs (110)

How small superconductors can be? For isolated nanocrystals subject to quan-
tum size effect, P.W. Anderson conjectured in 1959[53] that superconductivity could
only exist when the electronic level spacing 0 is smaller than the superconducting gap
energy A. In this chapter, I will describe a Scanning Tunneling Spectroscopy (STS)
study of superconducting Pb nanocrystals grown on the (110) surface of InAs. We
found that for nanocrystals of lateral size smaller than the Fermi wavelength of the
2D electron gas at the surface of InAs, the electronic transmission of the interface
is weak. This leads to Coulomb blockade and enables the extraction of the electron
addition energy of the nanocrystals. For large nanocrystals, the addition energy dis-
plays superconducting parity effect, a direct consequence of Cooper pairing. Studying
this parity effect as function of nanocrystal volume, we find the suppression of Cooper
pairing when the mean electronic level spacing overcomes the superconducting gap

energy, thus demonstrating unambiguously the validity of the Anderson criterion.

In the first part of this chapter, I will provide the fundamental theoretical back-
ground on Coulomb blockade, quantum confinement and superconductivity, required
to understand this experiment as well as a review on most relevant past study of
quantum confinement effect on superconductivity. In the second part, I will describe
the growth of the Pb nanocrystals on InAs(110). In the third part, I will describe the
observation of the superconducting parity effect and its disappearance at the Ander-
son limit. In the fourth part, I will describe other various manifestations of quantum
confinement effect on Pb nanocrystals. Finally, I will describe the observation of the

superconducting proximity effect from the Pb nanocrystals into the InAs substrate.

17
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I1.1 State of the art

Atomic clusters and nanocrystals offer promising perspectives for the study of
electronic orders and correlations at the scale of single electronic states in the quantum
confined regime, through statistical analysis of the energy levels distribution or the

study of the spatial structures of the corresponding wave-functions.

-
P Ctip Ftip Csub

sub

[

Nanocrystal
Substrate

Fig. I.1 A nanoparticle weakly coupled to electrodes where Coulomb blockade can

block electronic transport.

Numerous STM work of UHV grown metallic clusters strongly coupled to the
substrate have already been published[51]. Indeed, the STM seems particularly well
adapted to the study of quantum confinement effect on nanocrystals : the STM can
provide both a topographic image of the nanocrystals and spectroscopic data, which
enables not only the observation of discrete electronic levels but also a mapping of the
corresponding wave-functions. However, the study of quantum confinement effects in
isolated UHV grown nanocrystals has been hampered by two contradicting require-
ments : on one hand, the substrate should be conducting enough to enable a current
path to the ground; on the other hand, the nanocrystals should also be separated
from this substrate by a second tunneling barrier to preserve Coulomb blockade and
quantum confinement. One major contribution of my thesis is the identification of a

highly clean system where the superconducting nanocrystal is only weakly coupled to
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the conducting substrate, thus, enabling tunneling spectroscopy of nanocrystals in the

regime of quantum confinement.

11.1.1 Coulomb blockade

Coulomb blockade is a mesoscopic phenomenon. It occurs in small metal islands
where electrons produce a repulsive Coulomb force that prevents other electrons from
flowing in.

For double tunnel barrier junctions as sketched in Fig. I1.1, electronic transport
from one electrode to the other through a nanocrystal implies necessarily charge va-
riations in the nanocrystal of the amount of at least a single charge e. When the size
of the nanocrystal is small enough, the effect of an excess electron can be large enough
to react back on the tunneling probability of another electron. This charge feedback is
called Coulomb blockade which has been found in the early 1950’s by Gorter[55]. The
Coulomb blockade can take place not only in metal and semiconductor islands where
the charge carriers are electrons or holes but also in superconducting islands in which
the charge carriers are Cooper pairs.

To charge an island, which is coupled to electrodes by capacitance whose sum

amount to Cy, with an electron of charge e requires the Coulomb energy :

62

T 20y
The Coulomb blockade model is only valid if electron states are localized on the

Ec (I1.1)

island. This implies that the tunnel resistance Rt between the nanocrystal and the
electrodes is sufficiently high. An estimation of the minimum resistance required can

be obtained by considering the Heisenberg energy uncertainty :
h
AEAL > 5

where AE = E¢ is given by the Coulomb energy and the characteristic time for
charge fluctuation, At, is given by the time required for charging a capacitance Cy

through a tunnel resistor Ry :
At = R1CY,

These relations lead to the minimum tunnel resistance for the existence of the
Coulomb blockade, which is :
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Rr > L~ 95810
e

A second condition required for the observation of the Coulomb blockade is that

the Coulomb energy exceeds the energy of thermal fluctuations :

Ec > kgT

11.1.2 Quantum confinement

A direct consequence of quantum confinement is to induce discrete energy levels
[56, 57]. This occurs when the size of a nanostructure is comparable to the Fermi wa-
velength in metals or the Debye wavelength in semiconductors. The quantum confined

regime has been intensively studied in semiconducting Quantum Dots (QDots), either

in colloidal QDots[58, 59, 60, G1, 62, 63, 64, 65, 66, 67, 68] or in micro-fabricated
QDots[69, 70, 71, 72, 73, 71], where the mean level spacing § given by :
2(wh)?
0) = — < 7——
m*kr Volume
is large because of the large Fermi wavelength A\p = 27/kp, which makes the

experimental identification of the discrete levels in the spectrum easier than in metallic
QDots where the Fermi wavelength is short. Moreover, the energy distribution of
the electronic levels and the structure of the associated wavefunctions is expected to

depend on the location of the energy levels with respect to the Thouless energy :

ET =h / T
where 7 is the propagation time of the electrons across the QDot. With this defi-

nition of the Thouless energy, one finds that the ratio Fr/(J) (I1.2) depends only on
the ratio of the QDot radius r with the Fermi wavelength A\p.

Er/(8) = (4m/3)(r/Ar)? ~ 0.5(r/Ap)® (11.2)

Two regimes of quantum confinement can be distinguished with Er/(§) > 1 for
the chaotic regime and Er/(0) < 1 for the regular regime.

The chaotic regime Er/(J) > 1, where the level spacing is smaller than the Thouless

energy, is reached in QDots of radius much larger than the Fermi wavelength. In this
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case, for electronic states whose energy measured with respect to the Fermi energy
is smaller than the Thouless energy, the electronic wave-functions are delocalized on
the whole QDot and consequently, the electronic states are correlated through their
Fermi statistics. In presence of electron-electron interactions and disorder, this leads
to the formation of a complex quantum system with chaotic dynamic[75, 76]. The
energy levels are expected to follow a distribution P(e) given by Random Matrix
Theory (RMT)[77, 78] characterized by levels repulsion P(e — 0) ~ 0 at zero energy
as a consequence of Pauli exclusion. Furthermore, the wavefunctions are expected to
display large amplitude fluctuations with random or possibly fractal structure[79]. This
chaotic regime has been studied in micrometer sized QDots micro-fabricated from III-
V heterostructures and measured at milli-kelvin temperature in dilution fridges[69,

, 71, 72, 73, 71]. Fluctuations of the amplitude of the wave-function have been
observed to govern the statistics of the tunnel conductance in the Coulomb blockade

regime[79, 69, 73, 80].

The regular regime Ft/(d) < 1, where the level spacing is larger than the Thouless
energy, is reached in QDots of radius smaller than the Fermi wavelength or, equi-
valently, the Bohr radius. In that case, no level repulsion and no chaotic regime
is expected. The electronic states follow a regular pattern described by atomic-like
quantum numbers 1S, 1P and so on. This regime has been mostly studied through
tunneling spectroscopy on colloidal QDots by Scanning Tunnel Microscopy (STM)
[59, 60, 61, 62, 63, 64, 65, 66] or on-chip tunnel spectroscopy[58, 67, 68]. STM mapping
of the electronic wave-functions has been attempted on colloidal QDots of InAs[61].
As expected in those nanometer-sized QDots of radius smaller than the Bohr radius,
the wave-functions had simple spherical and toroidal structures expected for the S and

P symmetry respectively.

One major condition for the observation of quantum confinement is that the cou-
pling I' of the electrodes to the nanocrystal should be smaller than the level spacing
. As the tunnel resistance is inversely proportional to the coupling, Ry oc I'"!, this
also implies that the tunnel resistance should be large. A second condition for the
observation of quantum confinement is that the thermal broadening should be smaller

than the level spacing.

The study of quantum confinement effects on superconductivity is particularly
difficult as superconductivity only arises in metals where the density of states is large

and so where the level spacing is very small.
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11.1.3 Superconductivity
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Fig. 11.2 a) Density of states as function of energy for a metal (dash line) and a
superconductor (continuous line). A gap A appears in the superconducting state at
the Fermi level. b) Sketch of a Fermi surface in the reciprocal space (k;,k,) showing
the opening of the superconducting gap all around the Fermi surface. ¢) Characteristic

length scales for a superconducting nanocrystal of Pb.

Superconductivity results from the Bose condensation of electron pairs, the so-
called Cooper pairs, into a superfluid condensate described by an order parameter
Y(r) = |[1le’®), where the module |t| is proportional to the Cooper pairs den-
sity, i.e. the superfluid density, and ¢(r) is a global phase. This superfluid condensate
carries electrical current without dissipation, it is responsible for the null resistance
and the perfect screening of the magnetic field, the so-called Meissner effect. The
wavelike structure of the superconducting order parameter allows the fabrication of
interferometer-like devices such as Josephson junctions. In conventional superconduc-
tors such as Pb used in our experiment, electron-phonon interactions are known to be
at the origin of the formation of the Cooper pairs. The microscopic theory of super-

conductivity has been elaborated by Bardeen, Cooper and Schrieffer, leading to the
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eponymous BCS theory of superconductivity[¢1]. One major result of this theory is
that the Cooper formation leads to the opening of a superconducting gap A at the
Fermi level, as sketched Fig. I1.2. Theoretically, the amplitude of this gap is related to
the superconducting transition temperature through the BCS formula (Eq. (I1.3)).

2A = 3.5kgT, (11.3)

For Pb, the gap amplitude is 2A = 2.7 meV and T. = 7.2 K, which gives for the BCS
ratio 2A /kgT, = 4.35, slightly larger than expected theoretically. The existence of this
gap at the Fermi level is well established experimentally with different spectroscopic
methods such as tunneling spectroscopy, photoemission and infra-red spectroscopy.

To understand my work on the study of quantum confinement on superconduc-
tivity, we need to list all the relevant particular lengths of superconductivity. These
particular lengths are shown Fig. I1.2 for a spherical nanocrystal of radius r. For
Pb, the largest particular length is the correlation length ¢ = 83 nm. This is the
characteristic length on which variations and fluctuations of the superconducting or-
der parameter are possible. The second particular length is the London penetration
depth A\ = 37 nm, which corresponds to the distance on which the magnetic field is
screened. In addition, for nanocrystals, two additional lengths must be provided. The
longest one is rc = 700 nm which corresponds to the nanocrystal radius below which
the Coulomb energy becomes comparable to the superconducting gap energy. With
size smaller than r¢ and at temperature lower than the superconducting transition
temperature, the nanocrystal is in the regime of Coulomb blockade. This length is
calculated from the self-capacitance of the nanocrystal. For a nanocrystal of radius
r, the self-capacitance is given by Cgr =4mege,r and the Coulomb energy is calcu-
lated from Eq. (II.1). Finally, the smallest particular length is the Anderson length
TAnderson = 2.7 nm. Nanocrystals of radius smaller than this length have a mean level
spacing < ¢ > larger than the superconducting gap energy.

Let’s resume the list of size effects on superconductivity, starting from a super-
conducting bulk crystal. As the radius of the nanocrystal becomes smaller than r¢ =
700 nm, Coulomb blockade appears but does not alter the superconductivity of the
nanocrystal. The Cooper pair condensate still fully exists with bulk-like Meissner ef-
fect. Because of the Heisenberg-like relation, (N)(¢) > h, between the number N of
Cooper pairs and the phase ¢, the Coulomb blockade leads to quantum fluctuations
of the global phase of the superconducting order parameter. However, these fluctua-

tions have no measurable effects on the superconductivity of a single nanocrystal. To
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observe effects related to these phase fluctuations, devices including more than one na-
nocrystal coupled through Josephson junctions must be fabricated. Furthermore, upon
decreasing the radius below the value of the superconducting correlation length, no
effect is expected on superconductivity. Decreasing the radius a little further, crossing
the London penetration depth, leads to a reduction in the amplitude of the Meissner
effect, which is visible in magnetization measurements. However, the superconducting
transition temperature should be identical to the bulk. Finally, only when the nano-
crystal reaches the Anderson radius, 7anderson = 2.7 nm, do we expect that quantum
fluctuations of Cooper pairing will reduce superconducting correlations and lower the
critical temperature. This question of Cooper pairing in systems with a small number
of fermions is relevant not only to superconductivity in nanocrystals but is also rele-
vant to pairing between nucleons (protons and neutrons) in atomic nucleus[32] or more
recently, to the pairing between fermionic atoms in cold atomic traps containing only
a few number of atoms[33]. This question has been extensively studied theoretically,
in particular, using exact solutions of the Richardson-Gaudin pairing Hamiltonian[5].
These theoretical work have shown that the initial guess by P.W. Anderson in 1959
is correct and that Cooper pairing should be suppressed when the level spacing ¢

becomes comparable to the superconducting gap energy A.

11.1.4 Past works on quantum size effects on superconductivity

Unlike confinement effect that requires nanocrystals of very small volume about
Vianderson = 100 nm?, the Coulomb blockade can be observed already in superconduc-
ting islands of large size ~ 1 pum, which can be obtained through microfabrication.
Having a Coulomb energy about 1 meV, experiments in standard dilution cryostat
with base temperature of 25 mK enable the observation of the Coulomb blockade in
those microfabricated islands.

In the years about 1990-1995, the study of Coulomb blockade in microfabricated
superconducting islands led to the discovery of the superconducting parity effect. The
energy cost for adding an electron to a superconducting island, i.e. addition energy,
depends on the parity of the electron occupation number of the island as a conse-
quence of the formation of Cooper pairs[85, 86]. So far, this parity effect has been
observed in large ~ 1 um microfabricated islands, through direct measurement of the
charge capacitance of the island[36], through the even-odd modulation of the addition
energy in single electron transistors[37, 88, 89, 90, 91], or the parity dependence of the

Josephson current in Cooper pair transistors[92, 93, 94].
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The observation of the parity effect is challenging as it requires clean systems, free
of impurity states responsible for the so-called quasiparticle poisoning[95, 9].
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Fig. II.3 a) Nanoparticle of Aluminum located between two electrodes. b) Differen-
tial conductance as function of energy for different gate voltages. The curves show
conductance peaks that results from the discrete electronic levels in the nanoparticle.
c-d) Energy position of the conductance peaks as function of magnetic field. In na-
noparticles with odd number of electrons, all electronic levels are doubly degenerate
(Kramers theorem) and split under magnetic field as shown panel d. In nanoparticles
with even number of electrons, the degeneracy of electronic levels is not protected by
Kramers theorem, so generally, the electronic levels are expected not to be degenerate
and don’t split with the magnetic field.

A major breakthrough in this field occurred a few years later with the work of
Ralph, Black and Tinkham, who managed to microfabricate double tunnel junctions
circuits including a superconducting grain of Aluminum whose volume was about the
Anderson volume[96, 97], shown in Fig. I1.3. In these experiments, the 2e modulation
of the addition energy could not be observed directly, instead, the number parity of a
given grain was determined by studying the evolution of the discrete spectrum in an
applied magnetic field[98, 99], or by looking for the presence of the superconducting
gap in the tunneling spectrum[96, 99]. These results stimulated numerous theoretical
works to describe the crossover from the bulk-limit, where Cooper pairs are conden-
sed into the superfluid state, to the nano-sized regime dominated by superconducting
fluctuations[100, 101, 102]. In this work by Ralph, Blach and Tinkham, they demons-
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trated the persistence of Cooper pairing in nanoparticles of volume about the Anderson
volume. However, because of the complicated microfabrication process, they have not
been able to establish a curve of the superconducting gap energy and transition tem-
perature as function of nanocrystal volume. This is where STM spectroscopy can be

an interesting experimental solution.
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Fig. I1.4 a) Schematic of tunneling experiment on Pb or Sn grown on BN/Rh(111).
b) STM image of Sn grown on BN/Rh(111). ¢) Normalized dI/dV curves on Pb

nanocrystals of distinct sizes[103].

Using STM, one of the latest most important work in the field has been published
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by Bose et al.[103]. As shown in Fig. I1.4, they have grown Pb and Sn nanoparticles
on an insulating hBN layer deposited on the conducting surface of Rh. Thus, they
wanted to use hBN as a tunnel barrier to prevent the strong coupling between the
superconducting nanoparticles and the substrate. While they manage to observe the
superconducting gap, they did not observe the Coulomb gap. Because the Coulomb
energy is much larger than the level spacing §, the absence of Coulomb blockade also
implies the absence of Coulomb confinement in the nanoparticle. For this reason, in
this experiment, the disappearance of superconductivity observed in the small nano-
particles may not be related to the Anderson limit but the inverse proximity effect
produces by the normal substrate on the superconducting nanoparticle.

Thus, the search of an appropriate system for the study of weakly coupled super-
conducting nanocrystals through STM spectroscopy was still open at the start of my
thesis. We should mention that previous STM works have been attempted on nano-
particles separated of the conducting substrate by a thin tunnel barrier, where the
Coulomb blockade was observed. Among most recent works, we should cite the work
of C. Brun et al[104], who studied the Coulomb blockade in Pb nanocrystals grown on
Ag(111)/NaCl where a thin layer of NaCl separated the nanocrystal from the conduc-
ting substrate. While they observed the Coulomb blockade, they did not observe the
superconducting parity effect, though.

As we see now, our system, Pb on InAs, is the first one enabling the STM ob-
servation of both the Coulomb blockade and the superconducting parity effect. As
the superconducting parity effect is easily suppressed by quasi-particle poisoning, our
observation of the superconducting parity effect is an indication of the high quality of

the system.

1.2 Growth of Lead(Pb) nanocrystals

The Pb nanocrystals are grown on the (110) surface of InAs. As described in the
previous chapter, the surface is obtained by cleaving an (001) oriented substrate in-
situ, which is doped with sulfur to a carrier concentration of Np ~ 6 x 10'¢ cm —3.
The Pb nanocrystals are obtained by thermal evaporation of a nominal 0.3 monolayer
of Pb on the substrate heated at T=150 °C.

As shown on the topographic image in Fig. II.5a, Pb grows in the Volmer-Weber,
i.e. island mode[51]. Island growth of metals evaporated on III-V semiconductor has

been observed for various elements on GaAs such as Ag[105, , , |, Au[109],
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Fig. II.5 a) 1 pm x 1 pum topographic STM image(1 V, 30 pA) of Pb nanocrystals
grown on the (110) InAs surface. Scale bar 300 nm. b) 6.5 nm X 6.5 nm atomic
resolution image of InAs (110) zooming around Pb nanocrystals. Scale bar 2 nm.
¢) 3D 150 nm x 150 nm topographic STM image (1 V, 30 pA) of Pb nanocrystals
grown on the (110) InAs surface. d) Nanocrystals I to VI : 6 topographic images of
nanocrystals of different sizes shown with the same x, y and z scales. The volume is
decreasing successively from ~ 800 nm® to ~ 1.5 nm®. Scale bar 10 nm. Laplacian
Ayyz(z,y) images of I-IV nanocrystals are shown, in corresponding to the topographic

images.
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Fe[110] as well as metals on InAs such as Co[l 11, 112]. The nanocrystals have a size
ranging from 800 nm?® to 1.5 nm?, we will focus particularly on the six nanocrystals
[ to VI shown in Fig. I1.5d. Surrounding these nanocrystals, the surface remains free
from any adsorbate and atomic resolution on the InAs(110) surface is possible, seen

in Fig. I1.5b, zoomed from Fig. II.5a.
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Fig. 11.6  Sketch of two pyramidal nanocrystals indicating the main crystallographic
directions for(110) basal plane (left) and (100) basal plane (right).

The STM images enable a clear identification of the (111) planes of the Face Cen-
tered Cubic (FCC) structure of Pb, thanks to the hexagonal shape of the facets. The
nanocrystals have a pyramidal structure with truncated top. Two possible pyramidal
shapes are possible with either an (100) basal plane or an (110) basal plane. As sket-
ched in Fig. I1.6, these two pyramidal shapes can be distinguished by the angle that
the (111) plane makes with the basal plane. To figure out what is the correct basal
plane, we are going to plot the height and volume of the nanocrystals as function of
their area and compare it with the following simple model.

Knowing the unit cell length e = 0.495 nm of Pb, for the pyramid model with

base plane (110), the distance between atomic rows along the (011) directions is :

2
d(o11) = Ucell X i 0.175nm
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and so the height of the pyramid is given by :

V2
hlznxucellXT

where n is the atomic rows number.

For pyramid model with base plane (100), the distance between atomic rows along
the (001) direction is :

1
d(001) = Ucell X 5= 0.247nm
and so the height of the pyramid is given by :
ho =n X ucell/2

We can then calculate the nanocrystal areas :

2h
S =zr="
o
where the angle o ~ 35.3° for the pyramid with (110) basal plane and o ~ 54.7°
for the pyramid with (100) basal plane.

The volumes of the nanocrystals are obtained from :

S x h/2, for pyramid with vertical end faces

S x h/3, for pyramid with triangular base

The expected theoretical heights and volumes plotted as function of nanocrystal
base area are plotted Fig. I1.7 for the two possible pyramid structures of basal planes
(110) and (100) respectively. The base area of the nanocrystal is used as the varying
parameter because the surface is the quantity measured with the highest precision by
STM topography. The surface, the height and the volume of nanocrystals are extracted
from the STM topographic images and compared with the theoretical model (110)
basal plane and (100) basal plane also in Fig. I1.7.

This plot shows that the pyramids with (110) basal plane best describe the data.
As the area of the nanocrystal decreases, one sees that the height deviates significantly
from the model which reflects that the pyramid have a truncated top. For the volume,

the experimental value is obtained with good precision from a flooding method. For
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Fig. I11.7 Theoretical height and volume of nanocrystals for two possible pyramid
structures with (110) basal plane (left) and (100) basal plane (right). They are com-

pared to the experimental values from topographic STM images.
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large nanocrystals, the volume is properly described by the theoretical model, devia-

tions are getting larger in small nanocrystals, again because of the truncated top.

n  Height [nm] Area [nm?] Vol [nm?]

I |31 9.9 807 324
IT | 29 5 627 278
I1I | 22 3.8 275 172
IV |14 2.5 160 120
V|4 0.7 10 15
VI| 2 0.4 1.5 )

Table II.1 Nanocrystals parameters (volume, height, area) are extracted from the
STM images. The effective number of atomic row is calculated from neg = h/d<011>.
For nanocrystals I-IV, the error bar on the volume is 10-20 %. For nanocrystals V and
V1, an error bar on the volume by a factor of 2 cannot be excluded, as this corresponds

to a change of 25 % for the linear size of nanocrystals.

Table I1.1 provides the experimental parameters (height, surface, volume) extracted
from topographical STM images for selected nanocrystals I to VI. This table also

provides the effective number of atomic rows calculated from neg = h/d11)-
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11.3 Tip Induced QDot on InAs(110)
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Fig. I1.8 a) 3D Laplacian A,,z(x,y) image of nanocrystal IV. b) Sketch of the band
bending induced by the tip leading to the formation of a quantum dot. ¢) Differential
conductance as function of sample bias and distance measured along the red arrow
shown in a. d) Zoom at low bias showing the conductance peaks due to the discrete

levels of the tip-induced quantum dot.

Figure I1.8c shows the differential conductance measured on the InAs surface at
several distances, from 0 to 10 nm, away from a Pb nanocrystals. This is essentially
the same InAs wafer shown in chapter 1. The data are measured at T'= 1.3 K, unless
indicated otherwise, using a standard lock-in procedure. On the differential curves, we
can clearly identify the edge of the conduction bands and valence bands. The data
indicates that the Fermi level is in the conduction band of InAs as expected for this n

doped sample. With a sulphur dopant concentration, Np ~ 6 x 106 cm™2, the Fermi
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level is 21 meV above the conduction-band minimum.

A zoom on these spectra, Fig. I1.8d, shows multiple peaks that result from the
discrete levels of the tip-induced QDot, as discussed in chapter 1 and sketched in Fig.
I1.8b. Interestingly, we see that the QDdot levels are not altered on short distances (<
10 nm) near the nanocrystal. Only a weak broadening of the QDot levels is observed
at the approach of the nanocrystal, likely a consequence of their weak tunnel coupling
with the Pb nanocrystals. This demonstrates that Pb deposition on InAs does not
produce any significant defects and doping. Indeed, the observation of the tip-induced
QDot levels indicates that the Fermi level is not pinned at the surface. This would be

the case in presence of interface states induced by the nanocrystal.

b

" dI/av (Arb. Units)’

-0.05 0.00

Sample Voltage (V)

Fig. 1.9 a) Large topographic image (lum x 1 pum) showing an atomic step edge
against which the nanocrystals agglomerate. The scale bar is 300 nm. b) Zoom on the
area near the red arrow in panel a showing aligned nanocrystals along the atomic step
edge. The scale bar is 30 nm. c¢) Differential conductance map as function of sample
voltage and distance measured along the red arrow shown in panel b. The scale bar
is 30 nm. The orange line is the conductance curve extracted from the map at the

location indicated by the horizontal dash line.

Figure I1.9 shows a differential conductance map on the energy range [-100 meV, 50
meV] as function of distance along a row of nanocrystals that have accumulated along
an atomic step edge of the substrate. In this map, one can see that the energy position
of the tip induced QDot shift in energy. This is likely a consequence of variations in
the electrostatic environment due to the random distribution of Pb nanocrystals and

sulphur dopants. These fluctuations are long range (> 30 nm). This length is of the
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order of the Fermi wavelength of the 2D electron gas.

11.4 Coulomb blockade and nature of the tunnel barrier
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Fig. 11.10 a) Differential conductance spectra for the six nanocrystals shown in
Fig. I1.5. The spectra are indicated in order of increasing volume, in units of An-
derson volume. For the largest nanocrystals, I to V, Coulomb peaks and a zero-bias
Coulomb gap are observed, as well as quantum well states indicated by stars. For
the smallest Pb nanocrystal (=~ 0.01 Vugerson = 1 nm3), the differential conductance
shows only broad atomic like levels separated by a large energy. No Coulomb blockade
peaks are observed. b) Substrate-nanocrystal capacitance Cy,, plotted as a function of
nanocrystal area in contact with the substrate. ¢) Normalized amplitude of the Cou-
lomb peaks as a function of the nanocrystal area. The peak amplitude goes to zero
for nanocrystal area approaching A% /4 where \p is the Fermi wavelength of the 2D

electron accumulation layer at the InAs surface.

On nanocrystals of six distinct sizes shown Fig. I1.5d, representative differential
conductance spectra are shown Fig. I1.10a. They display a Coulomb gap at zero bias
and sharp Coulomb peaks at higher voltage. Similar differential conductance spectra
with sharp Coulomb peaks have been observed previously[l13, , , , ]. The
Hanna and Tinkham model[l14] can be used to describe the data, as shown Fig. IT.11.



36  CHAPITRE II. STM SPECTROSCOPY OF PB NANOCRYSTALS ON INAs (110)

a b:
Ti .
P Ct|p Csub
'G‘ 5L e/Ctip
ﬂ [
3
Lead Nanocrystal
Substrate =
O 1 -1 e
- i II ‘ ~ 3
- vs-f - N+ " : 1 /( )
=l aaaal FNC H sub -7 e/(C G
I\ - e sub™-ti
HN) :: P
A Cop 23 -1 0 1 2
RN-T) e Cgp + Csu Vi

Sample bias [V

Fig. II.11 a) Schematic of the double junction Tip-Nanocrystal-Substrate displaying
the electrochemical potentials for the tip, the nanocrystal and the substrate. b) Si-
mulation of the conductance spectrum using Hanna and Tinkham model[l 1] for two
distinct values of the capacitance Cgy,, shown by the continuous and dash lines. The
voltage interval between the Coulomb peaks do not change with the capacitance Cyyy,,
only the amplitude of the Coulomb gap at zero bias changes, as indicated by the

double-headed arrow.

This weak coupling model describes four regimes, labelled 1 to IV, distinguished
by the ratio Ciip/Csun and the fractional residual charge @)y on the nanocrystal. For
our system Pb/InAs, the tip-nanocrystal capacitance is within the range Cy;, ~ 0.1 —
0.5 aF, while the substrate-nanocrystal capacitance is within the range Cyy, ~ 1 —
10 aF. While both values are increasing with the nanocrystal area A, we find that
the ratio Csu,/Chip ~ 10 is only weakly changing. This value of the capacitance ratio
implies that case IIT of Ref.[1 18] applies to our system, where the residual charge has
a negligible effect on the width of the Coulomb gap at zero bias.

The Coulomb gap at zero bias results from Coulomb blockade that prevents charge
fluctuations in the nanocrystal. As sketched in Fig. II.11a, Coulomb blockade is lifted
when the Fermi level of either one of the electrodes is aligned with one of the excited
levels of the nanocrystal. Thus the amplitude of the Coulomb gap at zero bias observed

in the differential conductance is given by :

e
5‘/su =——=2 I
b Cz; % (&
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with the Coulomb energy :

62

Bo=——
C7 20y

The Coulomb peaks observed at higher voltages result from the shift of the elec-
trochemical potential of the nanocrystal upon increasing the voltage bias across the
two junctions. This shift is given by :

Ap

- = nVBias
(&

Cvtip
C’tip +Csub ’
Charge states with increased number of electrons become accessible when the elec-

where the arm lever n =

trochemical potential changes by 2E-. Thus the voltage difference between two charge
states is given by :
1 2EC (&
AVigqgq=— X — = I1.4
add 77 € C(tip ( )
Reciprocally, the addition energy F.qq can be obtained from the addition voltage
AV,qq through the relation :

Eaqa = neAVaaq

In this Hannah and Tinkham model, the magnitude of the Coulomb peaks in-
creases with the ratio Ryunnel/ Recontact, as observed on the differential conductance
curves measured as function of tip height above the nanocrystals as shown Fig. 11.12.
For this nanocrystal, this model shows that the contact impedance is of the order of
Reontact ~ 10 M€, implying that the transmission coefficient T = Reonact€®/h = 0.0025
is weak as expected given that we are observing Coulomb blockade. Equation (I1.4)
shows that the addition voltage AV,qq4 depends only on the capacitance Ci, and not
on the capacitance Cy,,. Figure I1.11b shows a simulation of the conduction spectrum,
using the Hanna and Tinkham model [111] for two distinct values of the capacitance
Csup- This simulation shows that indeed the addition voltage does not depend on the
capacitance Cyyp,.

As we are now convinced that the Coulomb gap at zero bias is only set by Cgup,
Fig. I1.10b shows that Cy,;, extracted from the Coulomb gap at zero bias is a linear

function of nanocrystal area A as it should be expected. From this dependence Cyy, =
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Fig. I1.12 a) Normalized and shifted differential conductance curves, measured at
different setpoints from Ist=5 nA (bottom) to I = 30 pA (top). b) Corresponding
theoretical differential conductance curves obtained from the weak coupling model. c¢)
Normalized peak amplitude measured experimentally(symbols) compared to the weak

coupling model(line).
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Nanocrystals Volume [nm®] E¢ [meV] 6p; [meV] dpy [meV]  Erpouless [meV]

I 807 14 0.2 0.14 44
IT 627 15 0.3 0.18 48
I1I 275 35 0.6 0.4 63
1AY 160 52 1.1 0.7 75
\Y 10 200 17 11 191
VI 1.5 1040 123 7 364

Table 1.2 Nanocrystal volume, Coulomb energy E¢, level spacings dg; and gy cal-
culated for the two Fermi surfaces of Pb and Thouless energy Ernouess for the selected

nanocrystals I to VI.

Ae/d, using € = 12.3, the dielectric constant of InAs one extracts d = 4 nm for
the effective tunnel barrier thickness. Finally, from the addition voltage, one can also
extracts the capacitance Cl;,. Table I1.2 shows a summary of parameters extracted for
nanocrystals I to VI, i.e. the nanocrystal volume extracted from topographic images,
the Coulomb energy calculated from the measured C}i, and Cgyp, the calculated mean

level spacing for the two Fermi surfaces of Pb and the Thouless energy.

The observation of Coulomb blockade and quantum confinement on Pb nanocrys-
tals raises the question of the nature of the tunnel barrier. As no dielectric insulator
has been deposited on the surface and no Schottky barrier exists at metal-InAs in-
terfaces as discussed in chapter 1[119, |, the origin of the tunnel barrier appeared
clearly only after we plotted the amplitude of the Coulomb peak, normalized to its
base value, as function of nanocrystal area, shown Fig. I1.10c. This figure shows that
the amplitude of the Coulomb peaks decreases with the increase in nanocrystal area
and goes to zero for an area about 300 nm?. This decrease in the amplitude of the
Coulomb peaks can also be observed on the differential conductance curves shown
Fig. I1.13 for many nanocrystals, where it can be seen that the smallest nanocrystals
have Coulomb peaks of large amplitude while the Coulomb peaks are almost gone in

the largest ones.

So why are the Coulomb peaks disappearing for nanocrystals area reaching 300
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Fig. 11.13  For each dI/dV curve, the corresponding nanocrystals and the volume
ratio V/Vanderson are denoted on the right of the panel. The spectra are indicated in

order of increasing volume, in units of Anderson volume.
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nm? ? We could imagine that the disappearance is due to the Coulomb energy becoming
smaller than thermal broadening. However, we can estimate that, even for the largest
nanocrystal, the Coulomb energy is 14 meV, about 10 times larger than thermal energy
at T'=1.3 K.

If this is not the temperature, then it should be the transparency of the tunnel
barrier that is increasing with the nanocrystal area. Knowing that at the interface
between the Pb nanocrystal and InAs, the Fermi energy in InAs is at the charge
neutrality level, Er = 150 meV, Ref. [119, |, we can calculate the Fermi wavelength
Ar = 20 nm of the 2D electron gas that has accumulated below the Pb nanocrystal,
as sketched in Fig. I1.14a. Thus, we are lead to conclude that despite the absence of a
Schottky barrier between the Pb nanocrystal and the 2D electron gas, for nanocrystal
of area smaller than the Fermi wavelength of the 2D electron gas, the transmission of

the interface is no more ballistic but fall into the tunneling regime.

Thus, in our experiment, the dielectric thickness d = 4 nm extracted from Cyy,
above is actually set by the Debye length of the 2D gas and Cy,, actually corres-
ponds to the quantum capacitance of InAs. Finally, a survey of the literature shows
that Coulomb blockade has already been observed in metallic clusters deposited on
InAs[121, , 112]. The nature of the tunnel barrier was not identified in those works,
though.

The crossover from ballistic transport to tunneling transport upon reducing a
constriction below the Fermi wavelength is well known from numerous works with
quantum point-contacts formed in 2D electron gas[122, |, where the transmission
coefficient T" decreases for constrictions smaller than the Fermi wavelength. Thus, in
our experiment, because the area of nanocrystal is smaller than ~ A%, their transmis-
sion coefficient with the 2D gas is significantly smaller than one, which corresponds
to a tunneling regime and explains the observation of the Coulomb blockade. As the
area of the nanocrystal increases, the transmission of the tunnel barrier also increases
leading to a reduction of the amplitude of the Coulomb peaks. When the area reaches
~ )\%/4, ballistic transport occurs between the nanocrystal and the 2D electron gas

leading to the disappearance of the Coulomb blockade.
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Fig. I1.14 a) Schematic diagram of the double junction Tip-Nanocrystal-InAs Sub-
strate. An accumulation of electron should exist below the Pb nanocrystal with a

Fermi wavelength about \p = 20 nm.

1.5 From the Superconducting Parity Effect to the An-

derson limit

Thanks to this highly clean type of tunnel junction, free from quasi-particle poi-
soning, the superconducting parity effect in the nanocrystals can be observed through
the even-odd modulation of the addition voltage, as shown Fig. I1.15d. The addition
voltages can be precisely extracted owing to the sharpness of the Coulomb peaks,
which voltage positions are obtained through a fit with a Lorentz function, see Fig.
I1.15e. As sketched in Fig. I1.15¢, the addition voltage §Veyen for injecting an electron

in an even parity nanocrystal is higher than 0V,4q for injecting an electron in an odd
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Fig. I1.15 a,b) 30 nm x 30 nm Laplacian A,,z(z,y) topographic images (30 pA,
1V) of nanocrystals of decreasing size, labeled I and II, where the hexagonal shape
of the (111) facets is visible, as shown by the dash line on panel b. Scale bars is
10 nm. The insets show the corresponding topographic STM images. c¢) Sketch of
electron occupation of nanocrystal I1. d) Differential conductance measured at centre
of nanocrystals I and II. e) Lorentz fit of a single Coulomb peak.

parity nanocrystal, where the energy difference is given by the binding energy of the
Cooper pair. This is the so-called superconducting parity effect.

We detail now the calculation of the addition energy for a superconducting nano-
crystal, based on Ref. [124, 85].

The total energy of a nanocrystal with N electrons is given by :

(Ne)?
E(N) = + Eo(N
(V) = S5 + Eo()
A for odd N,
Eo(N) =

0 for even N,
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The electrochemical potential of a nanocrystal with an even (odd) N (N + 1)

number of electrons is given by :

M(N):E(N+1)—E(N):(N+;)éi+A
M(N+1)—E(N+2)—E(N+1)—(N+2)éi—A

From these last equations, one obtains the addition energies for a nanocrystal with
an even (odd) N (N + 1) number of electrons :

62

Eeven:M(N)_u(N_l):?z+2A
62
Eodd:M(N+1)_M(N>:@_2A

Thus, the difference of addition energies between two successive charge states is

given by :

OE = Eeven — Eodd = 4A
Finally, the full addition energy for a superconducting nanocrystal is given by :

62

Eeven(odd) = 072 =+ (_)QA +0

where the first term is the Coulomb energy, the second term arises from Cooper
pairing and the last term is due to quantum confinement.

Figure I1.16a shows the differential conductance for a large nanocrystal, V//Vapnderson
= 1.6, as function of temperature. The corresponding addition voltages, shown Fig.
I1.16b, are almost equal above T, = 7.2 K, the superconducting transition temperature
of bulk Pb. However, an even-odd modulation is observed at low temperature T = 1.3
K. The difference in the addition energies between two successive charge configurations

is obtained from :

OF = 67](5‘/6”6” - 5‘/0dd>
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Fig. I1.16  Nanocrystal volume V/Vapgerson=1.6 a) Differential conductance curves as
function of temperature. The voltage separation between the Coulomb peaks, i.e. the
addition voltage, is indicated by the horizontal bars of different colors. In the same
panel, zoom on the Coulomb peaks are shown where the maxima are indicated by
orange dots. b) Corresponding addition voltages plotted as function of temperature
¢) Addition energy difference between two charge configuration given by Eq. (IL.5),
where the head (tail) refers to the arrows shown in the corresponding panels. The
value Ty is indicated as a black dash line. A double-headed arrow provides the

scale for the energy gap 4Apu of bulk Pb.
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For this large nanocrystal, four Coulomb peaks are observed which provide three
distinct addition voltages indicated by the horizontal bars. From these addition vol-
tages, two distinct values of the addition energy difference § ' between two charge

configurations are obtained and given by :

E = GU(CSVHead - (SVTM]) (115)

where the Head (Tail) refers to the colored arrows in the panel. These two values
of 0 F are shown Fig. I1.16¢ as function of temperature.

This value is near zero at high temperature, 0 Egr ~ 0, and increases below
T.=7.2 K to reach, at low temperature, the theoretically expected value |§Eyr| ~
4Apax, Ref. [85], where Apy = 1.29 meV is the superconducting gap of bulk Pb. The
value 0 £ v changes sign as one goes from the difference between two addition energies
OE = en(0Veyen — 0Voaa) to the next difference 0E = en(dVoaqa — 6 Voyen)-

For the nanocrystal of volume V/Vauderson = 0.89, shown in Fig. I1.17a , while the
level spacing 0 Fyr is large, the shift of the Coulomb peaks due to the parity effect
is still dominating the temperature dependence and can be observed directly on the
raw data and the addition energy difference  E' plotted as function of temperature on
Fig. II1.17c. A line §Eyr,,, is extrapolated from high temperature and the difference
OE(T) — dEpt,,, (T) gives the temperature dependence of the superconducting gap,
Fig. I1.17c, which shows that the critical temperature 7. ~ 6K is smaller than the

bulk value. The amplitude of the superconducting gap is obtained from :

A = (§E(T = 1.2K) — 6Egy,,,(T = 1.2K)) /4

For this nanocrystal, the superconducting energy gap is about two times smaller
than the bulk value, A = Apup/2.

For the smaller nanocrystal of volume V/Vapderson = 0.55, Fig. 11.18, the level
spacing 0 Byt is larger and has a temperature dependence that dominates the shift of
the Coulomb peaks with temperature. This shift could be the consequence of thermally
induced electro-chemical shifts or temperature dependent strain or electric field effects.
While the parity effect is barely visible on the raw data, using the procedure employed
for the previous nanocrystal, the temperature T, ~ 5 K value and the energy gap can
be extracted to :

A ~ Abulk/4
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Fig. I1.17 Nanocrystal volume V/Vugerson = 0.89. a) Differential conductance curves
as function of temperature. The voltage separation between the Coulomb peaks, i.e.
the addition voltage, is indicated by the horizontal bars of different colors. In the
same panel, zoom on the Coulomb peaks are shown where the maxima are indicated
by orange dots. b) Addition energy difference between two charge configuration given
by 6E = en(0Vieaa — 0Vann), where the head (tail) refers to the arrows shown in the
corresponding panel a. ¢) Addition energy difference  E—0 Eyr,,, where the dash green
line ) Eyr,,, is obtained from the extrapolation of 0E at high temperature shown in
panel b. The value T,(bulk) is indicated as a black dash line. The extracted T, are
shown as orange dash lines. A double-headed arrow provides the scale for the energy
gap 4Apux of bulk Pb.



48  CHAPITRE II. STM SPECTROSCOPY OF PB NANOCRYSTALS ON INAsS (110)

V/VAnderson = 0.55 b C

/@\ _|
—O— & FO~] 0 hafPemmmmas Bk (BD
— ﬁ : 1
n /Q\:ﬁ_@_ N ! °
P N - ; 0
3 N : c
© d /@\/\ 1 C
= /}\ 1 )
© /D\ﬁ ! ()
PN ' ]
' i ) <>, .
SEHT oy 4Abulk 14D bk /4
_‘1 6 i T151 149045 —046043045 157 139 ~10 0 -05 0.0 015 110 ]__5(;)
Sample bias [V] Bias [V] Bias [V] Bias [V] Bias [V] (SE [mev] (5E _ 6EHTN" [ mev]

Fig. I1.18 Nanocrystal volume V/Vugerson = 0.55. a) Differential conductance curves
as function of temperature. The voltage separation between the Coulomb peaks, i.e.
the addition voltage, is indicated by the horizontal bars of different colors. In the
same panel, zoom on the Coulomb peaks are shown where the maxima are indicated
by orange dots. b) Addition energy difference between two charge configuration given
by 0E = en(0Vieaa — 0Vann), where the head (tail) refers to the arrows shown in the
corresponding panel a. ¢) Addition energy difference  E— Eyr,,, where the dash green
line  Eyr,,, is obtained from the extrapolation of §FE at high temperature shown in
panel b. The value T.(bulk) is indicated as a black dash line. The extracted T, are
shown as orange dash lines. A double-headed arrow provides the scale for the energy
gap 4 Apux of bulk Pb.
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Fig. II.19 Nanocrystal volume V/Vugerson = 0.43. a) Differential conductance curves
as function of temperature. The voltage separation between the Coulomb peaks, i.e.
the addition voltage, is indicated by the horizontal bars of different colors. In the
same panel, zoom on the Coulomb peaks are shown where the maxima are indicated
by orange dots. b) Addition energy difference between two charge configuration given
by 6E = en(0Vizeaa — 0Vann), where the head (tail) refers to the arrows shown in the
corresponding panel a. ¢) Addition energy difference  E—§ Eyr,,, where the dash green
line 0 Byr,,,, is obtained from the extrapolation of 0E at high temperature shown in

panel b. The value Ty, is indicated as a black dash Iine.

For the smallest nanocrystals V/Vanderson = 0.43, shown in Fig. 11.19. It has the
largest level spacing d Fyr and, even though the addition energies are measured with
much higher resolution than the superconducting gap energy, no parity effect can be

observed on Fig. I1.19c.

Finally, for all the nanocrystals where the differential conductance curves have
been acquired as function of temperature, the level spacing, the superconducting gap
energy and the transition temperature are extracted and plotted Fig. 11.20a, b and c,
respectively. Upon reducing the nanocrystal volume, both quantities display a sharp
decrease to zero when the level spacing becomes of the order of the superconducting
gap energy, ~ 1 meV. On the top of the figure, all the length scales associated with

superconductivity have been indicated. It appears clearly that the disappeareance of
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Fig. I1.20 a) Level spacing extracted from the addition energies measured above T...
The experimental data (symbols) are highly scattered as a consequence of the ran-
dom electronic level distribution. However, the average level spacing, shown by the
smoothed black line, is of the order of magnitude of the calculated theoretical values
shown as colored lines. The horizontal dash line indicates the bulk superconducting
energy gap. b) Superconducting gap A extracted from the difference in addition ener-
gies between high and low temperature. The horizontal dash line indicates the bulk
superconducting energy gap. ¢) Transition temperature as function of nanocrystal vo-
lume. The horizontal dash line indicates the bulk transition temperature T, = 7.2 K.
For all panels, the two vertical dash lines indicate the volumes where the level spacing
reaches the superconducting energy gap at the wave vectors shown by red arrows on
the two Fermi surfaces on the right. The colored symbols identify the corresponding
differential conductance curves in the other figures. For the black circles, the differen-

tial conductance curves are not shown. d) Fermi surface (FS1) of the hole-type band
of Pb. e) Fermi surface (FS2) of the electron-type band of Pb.
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superconductivity is related to the Anderson radius and not to any other scale such as
the superconducting correlation length. Figure 11.20 suggests that superconductivity
disappears when the mean level spacing at the Fermi surface of the electron-type
band (FS1) increases up to the superconducting gap energy. This is consistent with
recent theoretical calculations [125] and STM measurements|[!26] which have shown
that electron-phonon coupling is stronger for this electron-type band owing to its p-d
character. Regarding the BCS ratio, within the experimental resolution, no significant

deviation from the bulk value has been observed.
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11.6 Quantum confinement in Pb nanocrystals

In addition to the Coulomb peaks, the differential conductance curves also display
additional peaks resulting from discrete levels induced by the quantum confinement.
On the largest nanocrystals I to V, the peaks are of small amplitude, they are indicated
by stars in Fig. II.10. On the smallest nanocrystal, labeled VI, no Coulomb peaks are
observed but only large atomic-like levels resulting from strong quantum confinement
in this atomic cluster. These three distinct regimes of quantum confinement are now
discussed in more details.

To identify the origin of conductance peaks indicated by stars in Fig. I1.10. Figure
I1.21a shows a differential conductance map as a function of distance X and voltage
on nanocrystal IV, along the arrow shown on the nanocrystal topographic image Fig.
[1.21d. One can see : first, that the voltage position of Coulomb peaks changes slightly
with the tip position above the nanocrystal, as a consequence of the variation in the
tip-nanocrystal capacitance Cy;, ; second, faint local conductance maxima indicated by
red dots. Figure I1.21b shows differential conductance maps as a function of lateral XY
position measured on the square area indicated by thin lines in Fig. I11.21d. These maps
are plotted only at selected bias indicated by red arrows in Fig. I[.21c. These maps
show maxima running along the Y direction of the nanocrystal, which is the direction
of constant nanocrystal height as sketched Fig. I1.21d. This observation indicates that
the observed maxima are the consequence of quantum confinement along the vertical
direction Z of the nanocrystal. Averaging these maps along the Y direction leads to a
differential conductance map as a function of X-voltage, shown in Fig. I1.21c, where
one sees appearing clear local maxima as in Fig. I1.21a. These local maxima correspond
to quantum well states whose energy is essentially controlled by the thickness of the
nanocrystal. Similar quantum confinement has also been observed for (111) oriented
2D Pb thin films grown on silicon, where the quantum well states have been observed
by photoemission[127] and STM[128, 129].

These quantum well states are also visible in the panel a, indicated by small red
dots. The X-voltage coordinates of these states on the differential conductance map
Fig. I1.21c, labeled by the index (P,n), can be reproduced properly by the simple phase
accumulation model[130), |. In this model, the condition for a standing wave and

the formation of quantum well states is :

2]{I<€)Nd111 + (5¢ = 2mn
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Fig. I1.21 a) Differential conductance map as a function of sample bias and direction
X measured along the arrow indicated in panel d. The map shows that the energy of
the Coulomb peaks change with the tip position as a consequence of the changing tip-
nanocrystal capacitance. They also show faint maxima indicated by small red dots.
These maxima are seen more clearly on panel c. b) Differential conductance maps
measured at different sample voltages on the X-Y area indicated by a red square(3
nm X 3 nm) on panel d. At these selected voltages, the quantum well states appear
as maxima of the differential conductance along the direction X. The voltage position
of these maxima does not change along the Y direction. Averaging the differential
conductance maps along the Y direction leads to an X-voltage map shown panel c.

The vertical red arrows are located at the voltages of the maps shown in panel b.
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where N is the number of atomic layers traveled by the electrons in the (111)
direction, n is an integer, and d¢ is an additional phase shift experienced by the
electron at the boundaries of the nanocrystal. The different families of quantum well
states are labeled by the index P = 2n — 3N. The energy of the quantum well states
changes in the X direction following the change in the length d.i1~.

Thus, this Fabry-Perot regime of quantum confinement produces states regularly
organized in space and energy and constitutes the regime of quantum confinement
observed in large Pb nanocrystals.

For very small nanocrystals, i.e. atomic clusters, such as nanocrystal VI, of volume
about 1.5 nm?, the differential conductance presents large conductance peaks that
result from quantum confinement in all directions of the nanocrystal. This spectrum
has an atomic-like look with large energy level separation about almost 1 eV as visible
in Fig. I1.10a. This atomic-like regime constitutes the regime of quantum confinement
observed in atomic clusters.

For intermediate nanocrystal volume about 10 nm?® between the Fabry-Perot re-
gime and the cluster regime, such as nanocrystal V, the level spacing becomes large
enough for the discrete electronic levels to be seen as small peaks in the differential
conductance, as indicated by dashed lines on Fig. [1.22a. For this nanocrystal, the
Coulomb gap at zero bias is about 200 mV. The 6 differential conductance spectra
shown in this figure are extracted from a grid of 128 x 128 = 16384 spectra taken on
the square indicated by dotted lines on the topographic image Fig. I1.22b. The location
where these 6 spectra have been taken are indicated by symbols on the topographic
map Fig. I1.22b and differential conductance maps Fig. 11.22c. From this spectra grid,
one can extract maps of the differential conductance at 8 different voltage values, they
are shown Fig. I1.22c. The first 6 differential conductance maps are taken at voltage
values corresponding to the discrete electronic levels, they show that the amplitude of
these small peaks changes with the lateral position on the nanocrystal. The last two
differential conductance maps are taken at voltages values close to the Coulomb peak
value, they show Coulomb rings that correspond to contours of constant electrostatic
energy.

To quantify the number of discrete levels in the nanocrystal, we run an algorithm
on all the 16384 spectra to find all local maxima on the voltage range [-0.275 V -0.025
V], as shown Fig. 11.23a where the local maxima are indicated by red dots. Then,
a histogram of the voltage positions of the local maxima is plotted, Fig. 11.23b, and
shows that there are only 6 well-defined peaks on this voltage range.

This observation of 6 peaks only into the histogram allow concluding that the
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Fig. I1.22 a) Differential conductance spectra as a function of sample bias measured

at different positions indicated by symbols on the nanocrystal shown panel b). The

spectra display a single Coulomb peak, a Coulomb gap and 6 discrete electronic levels.

c¢) Differential conductance maps taken at the different voltages indicated by dash

lines on panel a) on the XY area indicated by a dash red square on panel b). The

Coulomb peak appears as a Coulomb ring on the differential conductance maps taken
at VBias =0.222 V and VBias =0.235 V.
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Fig. I1.23 a) Differential conductance spectra identical to those shown Fig. I1.22a.
The local maxima in the differential conductance curve due to the discrete levels are
identified by red dots. In the voltage range [-0.275 V,-0.025 V], the spectra can be
fitted by the sum of six Lorentzian centered on the voltage values extracted from the
histogram panel b. The fit are shown as thin red curves. The green symbols on the
left indicate on the maps shown panel ¢ the XY position where the spectra have been
taken. b) Histogram of the voltage positions of the local maxima identified in the
128% 128 acquired differential conductance spectra. The histogram shows only 6 well
defined peaks indicating that only 6 discrete levels exist on this energy range. These
6 voltage values are used as the voltage positions of the Lorentz functions used to fit
the differential conductance spectra, as shown in panel a. ¢) Maps of the amplitude of
the 6 Lorentzian as a function of position XY. These maps can be interpreted as maps

of the amplitude of the wave-functions associated with the discrete levels.
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electronic spectrum of the nanocrystal can be described, on this voltage range, by
only 6 distinct electronic levels. From the voltage difference between the peaks, we find
an average level spacing about 35 meV. This value is about 2 times larger than the
theoretical value calculated for the Fermi surface FS1 and about 3 times larger than the
value calculated for the Fermi surface FS2, see Table II.1. For this small nanocrystal,
an error on the volume by a factor of 2 cannot be excluded, as this corresponds to a
change for the linear size of the nanocrystal. Furthermore, shell effects or random level
distribution effects could possibly explain this discrepancy between the measured level
spacing and the expected theoretical mean value. Despite this discrepancy, the small
peaks can be safely assigned to single electronic levels within the Pb nanocrystal. To
extract the amplitude of the wave-function for each state, we fit the spectrum on the
voltage range [-0.275V,-0.025V] with the function (I1.7), i.e. the sum of 6 Lorentzian
describing the 6 levels centered at the energies ¢; identified in the histogram and
linewidth I' = 13meV :

5 A,
p(V) = ;0 [EES (IL.7)

Following the fit of all spectra, we can plot maps of the amplitude A; of the Lo-
rentzian as a function of the XY position, shown Fig. I1.23c. These maps represent the
amplitude of the wave-functions associated with the discrete electronic levels.

While mapping wave-functions has already been done previously on InAs QDots
[61], where wave-functions of simple spherical or toroidal symmetry were observed, it is
the first time that a map of the wave-functions of discrete levels in metallic nanocrystal
is presented. In contrast to the QDot InAs, we find that the wave-functions in our
metallic nanocrystals have a random structure. This is actually not surprising. As
shown in Table II.1, the Thouless energy for this nanocrystal is about 190 meV which
is above the energy of these discrete levels, except for the first one. This implies that
the states are in the chaotic regime and the wave-functions should have a random

structure[77, 78].

11.7 Superconducting proximity effect from the nano-

crytals into InAs

When a superconductor is in contact with a conducting but non-superconducting

material, such as a metal or doped semiconductor, we can expect that superconducting
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correlations from the superconductor will leak into the normal conducting region, this
is the so-called superconducting proximity effect[131]. One remarkable consequence of
the proximity effect is the generation of a pseudo-gap into the normal region whose
amplitude is related to the BCS gap in the superconducting material. As it was already
visible in previous Figures such as Fig. I11.9, a superconducting gap induced into the
2D electron gas at the surface of InAs is clearly visible in the tunneling spectrum.
Obviously, this gap must have been generated by the Pb nanocrystals grown on the

electron accumulation at the surface of InAs.

A

a b ., ¢
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di/dV (Arb. Units)

0
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Fig. 11.24 a) STM topographic image(1V,15pA). Scale bar is 10 nm b) dI/dV map
as function of bias voltage and distance along the red arrow in a. The horizontal dash
lines indicate the positions where the two differential conductance curves shown have

been taken. c) Zoom of the panel b on the voltage range [-10 mV,10 mV].

We tried to establish a correlation between individual Pb nanocrystals and the
superconducting gap observed in the electron accumulation layer. Figure 11.24 shows
differential conductance maps as function of energy and distance for a trajectory going
between two closely spaced Pb nanocrystals. On the map shown on the energy range
[-100 meV, 50 meV], Fig. 11.24b, we find that the tip-induced QDots are slightely
altered by the presence of the nanocrystals. However, on the map shown on the energy
range [-10 meV, 10 meV], one cannot establish an obvious correlation between the
superconducting gap and the position of the Pb nanocrystals.

The topographic image in Fig. I1.25 shows multiple nanocrystals of different size
on the InAs substrate. We measured the spectrum near all these nanocrystals and
compared it with the spectrum measured on a point of the surface far from any nano-
crystals, labeled '0’. On the spectra shown in this figure, we find no obvious correlations
between the amplitude of the observed superconducting gap and the presence of the

nanoparticle.
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Fig. I11.25  Differential conductance curves at distinct locations on InAs(110) surface
near nanocrystals. The red differential conductance curve is measured at the center
point labeled with 0.

As we were worrying that the tip may have been polluted by Pb, we repeated the
experiment several times with two different tips but repeatedly observed the same
superconducting gap induced in the accumulation layer at the surface of InAs.

To finally convince ourselves that this superconducting gap is really induced into
the electron accumulation layer, we measured the spectrum as function of tip height,
i.e. current setpoint, the result of which is shown in Fig. I1.26. This figure shows that
the superconducting gap gets deeper as the tip approaches the surface. This seems
consistent with the fact that approaching the tip leads to a higher density of states
and so a stronger proximity in the surface.

The ubiquitous observation of a superconducting gap everywhere on the InAs sur-

face and the absence of a correlation between the measured gap and the position of the
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Fig. I1.26  a) Differential conductance curves are measured with different current set-
point in the range [15 pA, 1.3 nA]. b) Normalized differential conductance. ¢) dI /dV
values at Vi = 0 are extracted from the normalized curves shown in b and plotted
as function of current setpoint. One can see that the depth of the superconducting
gap depends on the current setpoint, i.e. the tip position, suggesting that the super-
conducting gap originates from the 2D electron gas. d) Comparison of the spectrum
measured on InAs (black curve) with the theoretical spectrum calculated with the

Usadel equations (orange curve) where x=1.7 {y.



I1.7 SUPERCONDUCTING PROXIMITY EFFECT FROM THE NANOCRYTALS INTO INAS61

nanocrystals suggest that the correlation length in the electron accumulation layer is
very large, larger than the average distance between the nanocrystal which we estimate
to be about 200 nm.

The proximity effect can be analyzed theoretically with the Usadel equations|132].
Following the Refs. [133, , |, the density of states in the normal region can be

calculated from :
DOS(E, x) = N(0)Re(cos(0(E, x)))

where z is the distance from the superconductor/normal interface, N(0) is the

density of states at the Fermi level in the normal region and :
O(E,x) = 4arctan(6y/4) exp(—y/(2w/Dx))

where D is the diffusion constant in the electron accumulation layer.
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Fig. I1.27  a) Simulation of the proximity induced gap in the density of states in the
normal region at distinct distances with respect to the interface. The bottom is the
nearest to the interface(x=0), while the top is the most distant(x=6.4 {x). b) Zero-bias
density of states (green line) and superconducting gap (blue line) versus the distance
from the S-N interface.

From this model, one can see that the characteristic length for the decay of the

superconducting gap in the normal region is given by the Thouless length :
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Given that we don’t see any spatial variation of the superconducting gap at the
surface of InAs, this suggests that this correlation length £y is much larger than the

average distance between the nanocrystals.

11.8 Conclusion

While STM seems an ideal experimental method for the study of quantum confi-
nement effect in nanocrystals grown in UHV, its development was hampered by two
contradicting requirements : first, the substrate should be conducting enough to pro-
vide a current path to the ground, second, the nanocrystal should be separated from
this substrate by a tunnel barrier. Using an InAs substrate presenting an electron ac-
cumulation layer of large wavelength ~ 20 nm, we found that nanocrystals of lateral
size smaller than this length are in the regime of Coulomb blockade. This results from
the constriction of the electronic wave-function across this interface whose lateral size
is smaller than the Fermi wavelength, implying that the electronic transmission across
this interface drops below unity, even in the absence of any real insulating barrier
at the interface between the nanocrystal and the InAs substrate. This highly clean
tunnel barrier, free from quasiparticle poisoning, enabled the first STM observation
of the superconducting parity effect followed by an unambiguous test of the Anderson
criterion for the existence of superconductivity.

In addition, this system enabled the observation of discrete electronic levels due
to quantum confinement in the Pb nanocrystals. We identified three regimes of quan-
tum confinement. In the largest nanocrystals, we found a Fabry-Perot regime where
regular quantum well states are formed due to quantum interference along the (111)
direction of the Pb nanocrystal. In the smallest nanocrystal, i.e. atomic clusters, we
found atomic-like electronic levels. Finally, in the intermediate regime, we found the
signature of discrete electronic levels in the differential conductance spectra for which
we mapped the corresponding wave-functions. We found that these wave-functions had
a random spatial structure as expected for nanocrystals in the chaotic regime of RMT.
Future works in this direction with higher energy resolution at lower temperature may
enable extracting correlations effects from the wave-function amplitude, such as due

to Fermi statistics, superconducting correlations or more generally, electron-electron
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interactions. This observation of discrete electronic levels in metallic Pb nanocrys-
tals establishes today Pb/InAs as the most suitable system for the study of quantum
confinement effects in metallic/superconducting nanocrystals.

Finally, on the electron accumulation layer at the surface InAs, we identify the
superconducting gap induced by proximity effect.

This InAs/Pb system offers promising perspectives. A first interesting development
would be to keep exploring the quantum confinement in the Pb nanocrystals at lower
temperature (<1 K), using a STM microscope with longer autonomy (> week), to make
sharper and more detailed maps of the wavefunctions in the nanocrystals. Such studies
would enable the study of the complex structures expected for the wavefunctions in
those nanocrystals. A second interesting development could be the exploration of this
system under magnetic field, to study the evolution of the parity effect with magnetic

field as well as the quantum confined states.
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Il — STM spectroscopy of hinge
states in Bismuth nanocrystals

In this chapter, I will describe my work on the STM Spectroscopy of Bismuth
nanocrystals grown in UHV on the (110) surface of InAs. This work was motivated
by the numerous theoretical and experimental works on Bismuth trying to elucidate
the topological nature of bulk Bi. The deposition of a few atomic monolayer of Bi
on InAs leads to the formation of nanowires extending along the [110] direction of
InAs. At higher Bi thickness, Bi nanocrystals form with well defined crystallographic
orientations. Unlike Pb nanocrystals grown on InAs, the Bi nanocrystals are not in
the regime of Coulomb blockade as they are strongly coupled to the first atomic layers
of Bi covering the substrate. Thus, the differential conductance curves dI/dV can be
directly interpreted as measure of the density of states. In maps of the differential
conductance taken at different energies, we identified edge-states on the (111) surface
of the Bi nanocrystals. While the (111) surface has C6 symmetry, these edge states have
C3 symmetry, appearing only for 1 edge over 2. This observation has much similarity
with the observation of Drozdov et al.[l35], who identified edge states on atomic-size
cavity formed in UHV cleaved (111) surface of Bi. As in our experiment, the edge-
states have been found only on 1 edge over 2. In this last paper, it was concluded
that the observed edge states were the consequence of the topological nature of the
Bismuth bi-layer, as predicted by Murakami[ 136, 137]. While this theoretical prediction
implies that the topological states should exist on all edges, the disappearance of the
edge states for every 2 edges was interpreted as a consequence of the coupling of the
edge with the bulk Bi. Indeed, two types of edge termination are possible for a [111]
oriented Bismuth bilayer. For the type A, the last Bi atom is pointing up, for the type
B, the last atom is pointing down. In our experiment, because we can identify the
crystallographic orientations of all the facets forming the nanocrystal, we can identify
the atomic terminations at the edges of the (111) surface. We found that the edge states

65
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appear most clearly on the type B edge, in contradiction with the scenario proposed
by Drozdovet al.[135]. Tt has been suggested recently that bulk Bi could be a 2"¢ order
topological insulator[138, ] implying the existence of 1D hinge states. These hinge-
states have a C3 symmetry and provide a natural explanation for our observation of
edge-states with C3 symmetry. To describe this observation in more details, the first
section will provide a review on topological materials, the second section will provide
a review on the properties of Bismuth, the experimental data and their analysis will

be presented in the third section.

111.1 Introduction to topological materials

One major objective of solid state physics is the characterization and classification
of states of matter. Many electronic states can be classified through their broken
symmetry. For example, the breaking of time reversal symmetry characterizes the
apparition of magnetic states, the broken gauge symmetry characterizes the apparition

of the superconducting state, and so on.

The limitations of this classification based on broken symmetries started to become
apparent with the discovery by Thouless et al.[140] that the quantum Hall insulator
could be distinguished from the trivial 2D electron gas only by an integer topologi-
cal invariant. They have shown that this TKKN topological invariant is related to
the Hall conductivity o, = ne®/h and characterizes its Hamiltonian H(k), defined
as a function of k in the Brillouin zone. Later, Haldane discovered that 2D graphene
submitted to a periodic magnetic field could also display a topological phase even
for an average zero magnetic field[111]. Later, a major breakthrough was obtained
with the discovery by Kane and Mele that spin-orbit interaction in graphene leads to
the formation of a Quantum Spin Hall insulator, characterized by a Z2 topological
invariant[142, | and gapless chiral edge-states. The existence of these edge-states
is a fundamental consequence of the non-trivial topology, through the bulk-boundary
correspondence, which relates the topological class of the bulk system to the number
of gapless fermion edge-states on the sample boundary. This theoretical work was fol-
lowed by the prediction of 2D topological insulator behavior in HgTe/CdTe quantum
wells by Bernevig et al.[111], in single Bi bi-layer by Murakami[l36] and in InAs/GaSb
quantum wells by Liu et al.[1]. The first experimental observations of the Hall quanti-
fication signaling the presence of chiral edge-states has been obtained in HgTe/CdTe

quantum wells by Molenkamp’s group[l45]. This was followed by experiments on this
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same system demonstrating non-local transport due to conduction through the edge
states[116] and spin-polarization of the edge-states[!17]. Later, transport signatures of
edge-states were also obtained in InAs/GaSb quantum wells[2, 3, 1, 5].

The effective Hamiltonian describing these two-dimensional systems has the form :

Hepp(keyky) = (Hék) H*(O_k)> :

H(k) = (k) + di(k)o;

which is a block-diagonal 4 x 4 matrix where the two blocks correspond to the two

spin polarizations where o; are the Pauli matrices and :

dy +idy = A(k, + ik,) = Ak,
ds =M — B(k2+ k),
Ep = D(k’i + k‘;)

For an infinite two-dimensional system, k,.k, are good quantum numbers, they
represent momenta in the plane of the two-dimensional electron gaz and M, A, B, D
are material specific constants. Table I11.1 provides these values for HgTe[l 18] and the
Bi bilayer[119].

| A (eVA) B (eVA?) D (eVA?) M (eV)
HgTe/CdTe (7 nm) |  3.65 -68.6 512 -0.01
Bi (1 bilayer) 7.1 69.9 578 0.201

Table III.1  Materials parameters for HgTe/CdTe quantum wells and Bi bilayer ex-
tracted respectively from Ref. [115] and Ref. [119].

For each spin polarization, the 2 x 2 matrix H (k) describes the coupling between
states of the conduction band with states of the valence band. The gap between the
conduction and valence bands are given by 2M, the mass term of the conduction
(valence) band is given by B, = B+ D (B,, = B — D). This Hamiltonian can be
simply diagonalized to give the band structure of the 2D bulk, the result is shown
Fig. III.1a where one can see the conduction and the valence bands separated by the

semiconducting energy gap.
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Fig. III.1  a) Dispersion relations E(k) for the Hamiltonian given in Eq. I11.1 solved
numerically assuming an infinite system. In that case, only bulk states exist that
correspond to the valence and the conduction bands. b) Numerical solution of the
same Hamiltonian solved on a finite size system shown panel c). In addition to states
in the conduction and valence bands, we also identify Dirac states within the band
gap. A plot of the wavefunction for one of the Dirac states shows that the state is

indeed localized on the edges of the system.

To solve the Hamiltonian on a system of finite size such as the hexagon shape
displayed Fig. III.1c, one needs to use a numerical method such as the tight-binding
method.

Starting from a crystal described by a Hamiltonian H :
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Hy(r) = Ey(r)

One can solve this eigenvalue equation by expressing the wavefunction as a linear

combination of atomic orbitals ¢, (r) :

1 N
Ye(r) = ﬁ nzz:l Cn®n(r)

where n = 0..N is the index of the atomic orbital and ¢, are the components of
the wavefunction in this basis set {¢,(r)}. N is the size of the basis set, it is given by
the number of atomic sites times the number of orbitals per atomic site.

If this basis set is orthonormal, the Schrodinger equation can be written as :

N
Z HymCm = Eecp

n=1

with m= 1.N

where the coefficients H,,, = (¢,|H|p,) are the matrix elements on this basis.
Assuming that the only non-zero matrix elements are the onsite matrix elements,
H,.,, = ¢y, and nearest neighbors matrix elements H,,+1 = 7, the equation III.1 can

be written as :

e v 0 0 0 O c1 c
v o€ Y 0 0 Ca &
0 v e v 0 O | _ E C3
0 v € v 0 4 Cyq
0 0 0 v € v Cs Cs

One then need to diagonalize numerically this large (N x N) matrix. We perfor-
med these calculations with the software Kwant[150]. Fig. ITII.1b shows the calculated
spectrum for the hexagonal shape displayed Fig. I1I.1c. In addition to the electronic
states in the conduction and valence bands, this spectrum also displays gapless Dirac
states whose corresponding wavefunctions are localized on the edge of the nanocrystal,
as shown Fig. III.1c.

Soon after these theoretical works on 2D topological insulators, 3D topological in-
sulators have been predicted[152] where the topological properties are protected by

time-reversal symmetry. These 3D topological insulators are characterized not by one
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Fig. I11.2  ARPES spectrum, extracted from Ref. [151] of the 3D topological insulator

BiySes showing the Dirac states.

but four Z2 topological numbers labelled vp; (v112r3). When vy = 0 and ones of the in-
dex vq, 15, v3 is different from zero, the system is a weak 3D topological insulator. When
vy # 0, the system is a strong 3D topological insulator. Strong topological insulator
behavior has been predicted for a-Sn, Bi;_,Sh, and HgTe under strain[l153], as well
as in tetradymites such as BisSes, BisTes, SboTes[154], in Heusler alloys[155, 156] and
in Thallium-based ternary chalcogenides[157, 158, 159]. On these 3D topological insu-
lators, ARPES has been extensively employed to demonstrate the existence of these
surface states. They appear as linear dispersion (k) o k as expected for the Dirac
spectrum of these surface states, as shown Fig. I11.2. Finally, the family of topological
materials expanded again with the theoretical predictions of topological superconduc-
tors and topological semi-metals which come into two flavors, the Weyl semi-metals
and the Dirac semi-metals. Numerous review on topological insulators[160, 161, 118,
162, 163, 164], topological superconductors[163, 118, 165, 166, 167, 164, 168, 169]
and topological semi-metals have been published[170, 171, 172], as well as several
books[173, 174].

Despite the essential role of Bismuth in topological studies, the topological nature

of the pure Bismuth remains controversial.
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111.2 Electronic properties of Bismuth

Fig. I11.3  Sketch of the Bismuth hexagonal unit cell (dashed red lines) and rhombo-
hedral unit cell (green lines). [175]. In the hexagonal unit cell, three axes are denoted

as C1, Cy and C3, where the C3 is the axe of three-fold rotation symmetry.

Bismuth, a group V semimetal, crystallizes with rhombohedral symmetry, of space
group R3m, Fig. 111.3. It has two atoms in the unit cell, and from simple electron
counting it should be a semiconductor, having an energy gap between the valence band
and the conduction band. Due to the slight structure distortion along the trigonal axis,
i.e. thombohedral [111] direction, Bismuth becomes a semimetal with the valence and
conduction bands having an approximately 40 meV overlap. As a result the Fermi
surface of bulk Bi has small hole pockets at the I' points and small electron pockets at
the L points, as sketched Fig.ITI.4a. It exhibits a long Fermi wavelength (=~ 50 nm), a
long mean free path ~ 1 mm at 4.2 K, a small carrier density, anisotropic and small
carrier effective masses. Fach atom has three equidistant nearest-neighbour atoms and
three equidistant next-nearest neighbours slightly further away. This results in bilayers
of Bi atoms perpendicular to the rhombohedral [111] direction in which each atom is
covalently bonded to its three nearest neighbours[175].

A photoemission map of the Fermi surface taken on the (111) surface of Bismuth is
displayed in Fig. I11.4d and e, extracted from[!75]. The observed Fermi surface does not

result from the bulk band structure but from surface states. One can actually see two
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Fig. II1.4 a) Bulk Brillouin zone of Bi and projection on the (111) surface. The
elements of the bulk Fermi surface are indicated. The surface Brillouin zone has a
threefold rotational axis and three mirror lines, shown as pink dashed lines. b) Calcu-
lated band structure (solid lines) of Bi(111) surface using a model of 10 Bi bilayers. The
surface-state weightings are denoted by the relative size of the red dots. The shadow
background is the calculated projection of bulk band structure Ref.[170]. ¢) Magnified
band structure around the I' point of the dashed rectangle region in panel a. The da-
shed red lines correspondingly indicate the energy positions of Fi(i = I,11,...V'), and
the dashed black lines in panel c¢ indicate the depth ¢ of the additional tiny pockets
with respect to the Fyyy. d) Photoemission intensity at the Fermi level of Bi(111). k,
and k, are the parallel components of the electron momentum along the C-M and C-K
direction, respectively. (e) Band structure along the C-M direction. From Ref.[177]. f)
Calculated density of states (DOS, solid red curve) with a Gaussian broadening of 3.0
meV, in comparison with the experimental dI/dV spectrum (in black) measured by
STM on the (111) surface.

different surface-state-derived Fermi surfaces, a hexagonal electron pocket centered at
the I' point and an elongated hole pocket surrounding the hexagonal pocket. For the
hole pocket, the Fermi velocity is of the order of 1.3 eVA, while the electron pocket is
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much steeper with a velocity of about 3.2 éVA. These surface states are topologically
trivial, their existence is known for a long time and has been described extensively in
Ref. [175]. DFT calculations can reproduce these surface states as shown Fig. 111.4b
and c.

For a long time, pure bulk Bi was believed to be a topologically trivial system.
This belief was based on several calculations|!78, , , , , , 184], which
had been considered to agree with angle-resolved photoelectron spectroscopy (ARPES)
measurements|1 77, 185, 180].

However, as mentioned above, it was predicted by Murakami that a single bilayer
of Bi should constitute a 2D Quantum Spin Hall insulator[!30, , ]. To test
this theoretical proposal, several groups have prepared single Bi bi-layer on different
substrates, i.e. Bi on BisTe3[187, , ], BigTesSe[189], and identified the signature
of the topological edge states through STM spectroscopy.

Because bulk Bi can be seen as a stack of weakly coupled Bi bilayers, the theo-
retical prediction of topological edge-states on a single Bi bilayer raises the question
of the nature of the crossover from the topological Bismuth bilayer to the trivial bulk
Bismuth. It was suggested that multi-bilayer Bi (111) film should exhibit an odd-
even oscillation of the topological index with film thickness[136] or that bulk Bi could
constitute a weak 3D topological insulator [152].

This question was addressed theoretically through ab-initio calculations by nu-
merous groups. It has been predicted that below 5 bilayers (=~ 2 nm), Bismuth is a
two-dimensional (2D) semiconductor without surface states, while above 5 bilayers,
a surface state is present[190, ]. Furthermore, it was argued that Bismuth should
constitute a 2D topological insulator up to 4 bilayer thick[190], and up to 8 bilayer with
hydrogen passivation of dangling bonds despite the surface becoming metallic[190].
Above this thickness, Bi should recover a trivial topology[!92]. In addition, theoreti-
cal works suggested that if bulk Bismuth is topologically trivial for a relaxed lattice
structure, it becomes non-trivial when compressed|183].

This theoretical understanding has been shattered by recent experimental works.
First, working with bulk crystals of Bismuth, the Yazdani’s group identified the si-
gnature of edge-states on atomic-size cavity formed in UHV cleaved (111) surface of
Bi[135]. The edge states were only found at one edge type, as shown Fig. IT11.5. These
edge states were interpreted as the signature of the topological states resulting from the
2D topological insulator formed by the topmost Bismuth bilayer. The disappearance
of the edge states every two edges was interpreted as a consequence of the electronic

coupling between the edges and the bulk structure. For an hexagonal cavity on the
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Fig. II1.5 a) Edges type A and B in Bismuth bilayers are indicated by red and blue

lines respectively. b) False-coloured differential conductance map at energy 183 meV

[135].

(111) surface of Bismuth, it can be shown that the last atom can either point up (type
A) or down (type B), with these two edges alternating around the Bi cavity. Thus, to
explain their experimental observation, the Yazdani’s group suggested that the edge
states were appearing only on the type A edge, which is only weakly coupled to the bulk
Bismuth. Later, it was found in Bi nanocrystals grown on superconducting Nb[193]
that edge states appear on all edges but with different energies. In addition, recent
high-resolution ARPES result suggest the surface bands are actually different from
previously calculated ones and that Bi possesses a nontrivial topology[194, 195, 196].
Topologically protected edges states are also suggested from transport measurements
in Bismuth nanoribbons[197, 19%8] and superconducting interference effects in Bismuth
nanowires[199, 200].

Thus, while these last experimental work seem in contradiction with the earlier
theoretical work indicating that bulk Bismuth is topologically trivial, the recent theo-
retical development of higher-order topological insulator[201, 202, 203, 20, 138], seems
to provide a natural explanation for the observation of edge states in bulk Bismuth

crystals.



1I1.3 GROWTH OF BISMUTH NANOCRYSTALS 75

—

Fig. I11.6  Figure extracted from Ref. [205]. 3D topological insulators conduct via

gapless states on their 2D surfaces but are insulating in their bulk (left). Second-
order and third-order 3D topological insulators have gapless states on their 1D hinges

(middle) or 0D corners (right), respectively.

While usual topological insulators are electronic insulators in their d-dimensional
interior (bulk) but allow metallic conduction on their (d — 1)-dimensional bounda-
ries. The higher-order topological insulators[!138] have (d — 1)-dimensional boundaries
that, unlike those of conventional topological insulators, do not conduct via gapless
states but instead are themselves topological insulators. As sketched Fig. I11.6, an n'"
order topological insulator instead has gapless states that live on (d-n)-dimensional
subsystems. For instance, in three dimensions, a second-order topological insulator
has gapless states located on 1D hinges between distinct surfaces, whereas a third-
order topological insulator has gapless states on its 0D corners. So far, higher-order
topological insulator with hinge states have been predicted explicitly for the materials

SnTe[138] and bulk Bi[139].

111.3 Growth of Bismuth nanocrystals

Among all possible adsorbates on I1I-V (110) surface, the group-V semi-metals (Sb,
Bi) are particularly interesting. Room-temperature deposition of a monolayer of Sb
or Bi on III-V (110) surfaces leads to an epitaxial (1 x 1)structure with a one-to-one
correspondence between the substrate and overlayer atoms, with the semimetal conti-
nuing the ITI-V bulk structure to give a so-called epitaxial continued layer structure,
ECLS[206, 207].

Annealing of a Sb- or Bi-thick layer results in the desorption with the exception of
the first semimetal monolayer, giving rise to stable and highly ordered 2D systems[208,
209].

While Sb always provides (1 x 1) highly ordered structures, bismuth can present
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novel superstructures upon thermal treatment[210, 211]. Bi on GaAs (110) results in a
poorly commensurate adlayer, with regular dislocations with missing Bi chains every
six unit cells[210]. Considering the strain in the Bi/GaAs(110) system, a larger surface
unit cell could better lodge Bi to form a long-range-ordered structure. Appropriate
thermal annealing of a few monolayers of Bi deposited on InAs (110), GaSb (110),
and InSb (110) surfaces, leads to a partial desorption of the semimetal and to the
appearance of a distinct (1 x 2) low-energy electron diffraction (LEED) pattern[211,

].

Bismuth nanocrystals are grown on the (110) surface of InAs. The surface is ob-
tained by cleaving an (001) oriented substrate in situ, which is n doped with sulfur to
a carrier concentration of Np ~ 6 x 106 cm —3.

Bismuth nanowires and nanocrystals are obtained by thermal evaporation of 2.5
monolayers of Bismuth on the substrate heated at T=150 °C. Then, the sample is
annealed at 7'=150 ° and monitored with LEED until the Bi (1 x 2) reconstruction
pattern appears after about one hour of annealing. This leads to nicely crystallized Bi
nanocrystals deposited on a monolayer of Bi nanowires oriented in the [110] direction
of InAs, as shown in Fig. II1.7.

The nanocrystals fall in one out of four characteristic shapes that are shown
Fig.II1.8. The (111) plane is easily recognizable with its characteristic hexagonal shape.
The evolution from one shape to the other can be followed and we can recognize all the
crystallographic planes, the (111) but also the (100) and the (110) planes. As for the
(111) surface, the (100) face is also a pseudo-cubic (111) surface, i.e. giving hexagonal
facets. In contrast, the (110) face is a pseudo-cubic (100), i.e. providing tetragonal
facets. The identification of the (110) and (100) facets of the Bi nanocrystals is a ma-
jor result of this work as it allows the identification of the atomic terminations of the
edges of the (111) facet.

111.4 Scanning Tunneling Spectroscopy of Bismuth na-

nocrystals

We performed STM spectroscopy at low temperature 7' ~ 1.3 K. For this study, we
made spectroscopic maps of about 12 nanocrystals. Representative results are shown
Fig. I11.10 and Fig. ITI.11 for four nanocrystals, labelled I to IV.

As shown in Fig. III.10ab, the differential conductance spectra taken in the middle
of the (111) faced, indicated by a black dot, has similar characteristics to differen-
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Fig. II1.7 a) 800 nm x 800 nm STM topographic image (1.5V, 30pA) of Bi nanocrys-
tals grown on InAs(110) surface. The scale bar is 160 nm. b) 100 nm x 100 nm STM
topographic image (0.5V, 30pA) of Bi nanocrystals. In the background, Bi nanowires
extending along the [110] direction are visible. The scale bar is 20 nm. ¢) 3D image
of the Laplacian A,y z(x,y) applied to the topographic image shown panel a showing
that the nanocrystals are oriented along the same crystallographic axes. d) 40 nm X
40 nm 3D image of the Laplacian A,,z(x,y) zoomed on a single nanocrystal where
the crystallographic planes are clearly visible.
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Fig. I11.8  Different shapes observed for the Bi nanocrystals. (Left) Schematic of ex-
pected shapes for Bi nanocrystals with indications of the crystallographic surfaces. The
(111) surface is indicated on each shape, the (100) and (110) surfaces are indicated
only for the topmost shape. For the other shapes, the crystallographic orientations are
recognized by the color used : red for (100) and green for (110). (right) Topographic
STM images of Bi nanocrystals of different shapes.
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Fig. I11.9  Atomic representation of a Bismuth nanocrystal where the [111] direction
is in-out of the page. From this sketch, one can see analyze in details the intersection
between the (111) surface and the lateral surfaces (110) and (100). The edge at the
intersection between the (111) and the (100) planes is of type A, i.e. last atom pointing
up. The edge at the intersection between the (111) and the (110) planes is of type B,

i.e. last atom pointing down.

tial conductance spectra measured on the (111) surface of bulk Bismuth in previous
works[176], as shown Fig. II1.4. In particular, the differential conductance spectra
present two main peaks, indicated by thick red dash lines. These two peaks are obser-
ved at voltage positions corresponding to extrema in the band dispersion of surface
states where maxima in the density of states are expected. One maxima is observed
at 235 meV, close to the extrema in the relation dispersion of the surface state SSI at
Ey = 204 meV, indicated on the band diagram Fig. III.4bc, a second broad maxima is
observed between —50 meV and —95 meV, close to the extrema in the relation disper-
sion of the surface state SSII at Ey;p = —50 meV, Eyp = —75 meV and Eyp = —95 meV,
also indicated on the band diagram. For clarity, only a single thick red dash line indi-
cates the energy Fppr. In addition, the extrema in the relation dispersion of the surface

state SSII at Eyip = 23 meV is also visible as a sharp conductance edge, indicated
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Fig. III.10 a) 40 nm x 40 nm STM topographic image (1.1 V,30 pA) of Bismuth
nanocrystal I. Scale bar 8 nm. The six edges of the (111) facet are highlighted by
black dashed lines. The symbols on this topographic image indicate the positions for
which differential conductance curves are shown on panel b. b) Differential conduc-
tance curves taken at the positions indicated on panel a. c¢) Histogram of voltage peak
positions extracted from the differential conductance spectra measured on the (111)
facet. d) Differential conductance maps taken at the different voltages corresponding
to the red dash lines in panel b and c. e) Differential conductance map taken at
E = 110 meV projected on the 2D topographic image of the nanocrystal. f) 30 nm x
30 nm STM topographic image (1.5 V,30 pA) of Bismuth nanocrystal II. Scale bar 6
nm. g) Differential conductance curves taken at the positions indicated on panel f. h)
Differential conductance maps taken at the different voltages corresponding to the red
dash lines in panel g. i) Differential conductance map taken at E = 110 meV projected
on the 2D topographic image of nanocrystal II.
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Fig. III.11 a) 25 nm x 35 nm STM topographic image (1.5 V,30 pA) of Bismuth
nanocrystal III. Scale bar 5 nm. The six edges of the (111) facet are clearly outlined
by black dashed line. The symbols on this topographic image indicate the positions
for which differential conductance curves are shown on panel b. b) Differential conduc-
tance curves taken at the positions indicated on panel a. c¢) Differential conductance
maps taken at the different voltages corresponding to the red dash lines in panel b
and c. d) Differential conductance map taken at E = 110 meV projected on the 2D
topographic image of the nanocrystal. e) 50 nm x 50 nm STM topographic image
(1.5 V,30 pA) of Bismuth nanocrystal V. Scale bar 10 nm. f) Differential conductance
curves taken at the positions indicated on panel e. g) Differential conductance maps
taken at the different voltages corresponding to the red dash lines in panel f. h) Dif-
ferential conductance map taken at E = 110 meV projected on the 2D topographic

image of nanocrystal V.
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by a black arrow. The differential conductance spectra measured on the edges, green
symbol for type B, red symbols for type A, are significantly different from the spectra
measured in the middle of the facet. For type B edges, a well defined single peak of
large amplitude is observed at Fg=110 meV for all three edges. For type A edge, no
prominent features are observed. Only a peak of weak amplitude at Ey = 140 meV is

sometimes observed.

To check that the peaks observed in the spectrum shown are representative of the
electronic properties of the nanocrystals and that we are not missing other peaks,
we run an algorithm to find all conductance peaks in the differential conductance
curves (about 2000 differential conductance curves) measured on the (111) facet of the
nanocrystal. Then, we plot a histogram of the voltage positions of these conductance
peaks. We show the histogram only for nanocrystal I, Fig. I11.10c. This histogram
displays maxima at the energy Ep vy corresponding to extrema in the relation dispersion
of the two surface states SSI and SSII. In addition, the histogram displays an additional
peak located an energy about Fg=110 meV, corresponding to the edge-state on the
edge of type B. No other peaks is observed in this voltage range, demonstrating that
the edge-state is a significant characteristic of the tunneling spectrum. To check for the
spatial location of the edge states, we plot four differential conductance maps taken at
the different voltages corresponding to the four majors peaks observed in the spectrum.
For E=-75 meV and E = 235 meV, the maps show that the electronic density of states
arise from the surface states in the middle of the facets. For =110 meV, the map
shows clearly that the electronic density of states arise from the edge-states located on
the type B edge of the (111) facet. The 3D figures where the differential conductance
at £=110 meV are projected on the 2D topographic image of the nanocrystal shows
clearly that at this energy, the electronic states are mostly localized on the type B
edge of the nanocrystal. For £ = 140 meV, the spatial location of the corresponding

states does no appear so clearly.

In a recent previous work on Bismuth nanocrystals deposited on Nb[193], conduc-
tance peaks in the DC spectra were also found on both edges, at voltage positions
similar to what found here. They suggested that both conductance peaks were signa-
tures of topological edge states. While the conductance peak at Eg=110 meV for type
B edge is found on all nanocrystals, the conductance peak at Ex=140 meV is not
always present and seems to depend on details of the nanocrystals that we do not
clearly understand. As shown by the differential conductance maps, only for type B

edges, states extending along the edge can be clearly observed.
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Fig. II1.12 a) Schematic of the hinge states of a hexagonally-shaped Bismuth crystal.
Red lines represent a single one-dimensional Kramers pair of gapless protected modes.
b) Localized hinge modes of the minimal tight-binding model for Bismuth solved on a
hexagon geometry. Plotted is the sum of the absolute squares of the eigenstates that

lie in the bulk and surface gap.

To summarize, in our study of the tunneling spectrum of Bismuth nanocrystals, we
identified edge states at the energy £=110 meV running along the edge of type B of
the nanocrystal. Edge states were also identified previously in small cavity on the (111)
surface of bulk Bi by Drozdov et al.[135]. In this last work, the edge states were also
found only on one edge over two, at an energy slightly higher than us of E=180 meV.
These authors suggested that the edge states were the signature of topological edge
states as predicted by Murakami for a single bilayer of Bismuth. Because type B edges
(last atom down) are more strongly coupled to the bulk Bismuth than the type A
edges (last atom up), they suggested that the disappearance of one edge-state over
two was the consequence of the strong coupling of the type-B edge with the bulk,
inducing the disappearance of the topological state on this edge. In contrast to this
last work, the major interest of our work on nanocrystals is that we can identify the
type of the edge from looking at the shape of the nanocrystal. Thus, while we also
found the edge-states only on one edge over two, we find that the edge-states appear
only on the type B edge, a conclusion opposite to the last work. Thus, our observation
cannot be reconciled with the Murakami’s prediction of edge states on one bilayer of
bismuth. In other words, the topmost Bismuth bilayer cannot be approximated by a
single bilayer with topological edge states as predicted by Murakami. Following this

conclusion, the recent theoretical work indicating that bulk Bismuth is a second order
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topological insulator becomes particularly relevant. Unlike the Murakami’s model that
applies only to a single Bismuth bilayer, the Schindler’s model applies to bulk Bismuth.
This model predicts the existence of hinge-states at interface between the different
crystallographic planes of Bismuth. Most remarkably, this model predicts that for
(111) facets, a given hinge state should circulate only on edge over two, as sketched in
Fig. I11.12 extracted from Ref. [139]. Thus, this model provides a natural explanation
for the spectrum observed on the Bismuth nanocrystals.

An obvious direction for future research is to study the evolution of the spectrum
for the Bismuth crystal as its thickness increases, going from a two-dimensional crys-
tal where the Murakami’s model applies to the three-dimensional crystal where the

Schindler’s model applies.



IV — Hybrid
semiconductor-superconductor
Josephson junctions

In this chapter, I will present my work on Josephson junctions fabricated on bulk
InAs and on InAs/GaSb heterostructures. This project has been motivated by the
recent works demonstrating that the quantum well InAs/GaSb is a 2D topological
insulator which becomes a topological superconductor in proximity of superconduc-
ting electrodes[3]. For this project, the system InAs/GaSb has been provided by A.
Lemaitre from C2N. While standard Josephson junctions have been already fabrica-
ted on this system[3], several phenomena of interest remain to be explored. In par-
ticular, it is expected theoretically that the edge-states should have a characteristic
non-sinusoidal current-phase relationship. Furthermore, as shown recently in our group
on BisSes, the combination of strong spin-orbit coupling and in-plane magnetic field
leads to an anomalous phase that can be detected through a measurement of the
current-phase relationship[213]. Because this anomalous phase is strongly dependent
on the Rashba coupling, measurements of the anomalous phase as function of gates
voltages may provide a remarkable signature of the topological edge-states in this
system InAs/GaSh, which can be gate-tuned from the trivial state to the topological
state. To measure current-phase relationship requires the fabrication of asymmetric
Superconducting Quantum Interference Devices (SQUIDs). In this work, we decided
to develop SQUIDs based on the parallel combination of a SNS junction and a SIS
junction. The "Normal" part of the SNS junction is made from InAs based semicon-
ductor while the SIS junction is made from a standard Al/Al,O3/Al junction. For this
project, I started in the group the development of the micro-fabrication of Josephson
junctions on InAs. In the first section, I will provide a quick description of the state of

art on this system. In the second section, I will describe the microfabrication method
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that I developed for this project. In the third section, I will describe the preliminary
results that I obtained.

IV.1 Introduction to hybrid Josephson junctions on InAs-

based semiconductors

Conductance
channel with
up-spin charge -
carriers -~

ol |
Conductance
channel with

Quantum down-spin

well charge carriers

Fig. IV.1 Schematic of Quantum Spin Hall effect[21].

While field-effect transistors, where the drain-source current is modulated by a
gate voltage, can be fabricated with a variety of semiconductors such as those from
group IV (Si, Ge, Diamond), ITI-V (InAs,GaAs) or II-VI (CdSe,ZnSe), superconducting
field-effect transistors, where the supercurrent is modulated by a gate voltage, can be
fabricated only with a few semiconductors. One major difficulty in the fabrication of
hybrid superconducting-semiconducting Josephson junctions is the need of a highly
transparent interface between the superconducting electrodes and the semiconducting
material. As discussed extensively in the first chapter, one remarkable characteristic
of InAs is that the charge neutrality level is above the conduction band. This implies
that the deposition of a metallic/superconducting electrode on the surface leads to the
formation of an electron accumulation layer at the surface of InAs. For this reason,

no Schottky barrier exists at the interface between InAs and the metallic electrode
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and explains why InAs is one among few semiconductors from which the fabrication of
Josephson junctions is possible. The fabrication of superconducting transistors started
already in 1980 with the paper by T. Clarck[215]. Later, Josephson junctions have
been fabricated on InAs/AlSb quantum wells[210], and in 2005, the first Josephson
junction on a InAs nanowire has been fabricated[217].

Following the development of topological band theory as described in the previous
chapter on Bismuth, the system InAs/GaSb attracted intense interest after the predic-
tion of topological insulating behavior in InAs/GaSb quantum wells by Liu et al.[215].
As illustrated Fig. IV.1, the major characteristic of quantum spin Hall insulator is
the existence of topological edge-states where the 1T and spin | propagate in opposite

directions.
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Fig. IV.2 a) Inverted Quantum well formed by InAs/GaSb heterostructure which
is sandwiched by two AISb layers. One can see that the valence band of the AISb
layer is higher than the conduction band of the InAs layer. b) Band dispersion of

InAs/GaSb[218].

It is interesting to note the difference with the HgTe/CdTe topological insulator
predicted by Bernevig et al.[219]. The topological nature of HgTe/CdTe arises from
the band inversion between the s-like band I'g and the p-like band I's within the Hg'Te
layer. Actually, this band inversion also occurs in bulk HgTe, however, because of the
doubly degenerate valence band I's, no gap exists within the bulk of HgTe and for
this reason, bulk Hg'Te cannot qualify as a topological insulator. However, bulk HgTe
can be made a bulk 3D topological insulator by applying strain to lift the degeneracy
between the two valence bands[220]. In the case of HgTe/CdTe quantum wells[219], this
is the quantum confinement that opens a gap and leads to the 2D topological insulator.

In contrast, in InAs/GaSb quantum wells, neither InAs or GaSb have inverted band
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structures. The band inversion arises from the fact that the valence band of GaSb is
above the conduction band of InAs, as sketched Fig. IV.2a. Thus, in the heterostructure
InAs/GaSb, this is the hybridization between the bands of InAs and GaSb that lead
to band inversion and two-dimensional topological insulating behavior.

Despite this fundamental difference, the effective tight-binding Hamiltonian used
to describe the band structure of InAs/GaSb[218] is very similar to the Bernevig-
Hughes-Zhang Hamiltonian introduced in the previous chapter and used to describe
the band structure of HgTe/CdTe quantum wells. In this previous chapter, we have
also seen that this Hamiltonian is similar to the one used by Murakami to describe
the topological properties of one Bismuth bi-layer.

One major advantage of InAs/GaSb heterostructures with respect to HgTe/CdTe
is that the hybridization gap can be tuned with the gate voltage. In HgTe/CdTe, the
band structure is set only by the thickness of the layers. In addition, InAs, GaSb
and AlSb have similar lattice constant around 6.1A [221, |, thus, high quality
heterostructures can be grown more easily than for HgTe/CdTe.

Following the theoretical prediction of topological quantum Hall insulating pro-
perties in InAs/GaSb[218], signatures of edge-states in transport properties have been
reported[223, , 225]. Then, following the prediction that superconducting electrodes
deposited on topological insulators could lead to topological superconductivity with
Majorana edge-states[220, , , , , , , |, the Delft group reported
the fabrication of Josephson junctions on InAs/GaSb[3]. As shown on Fig. IV.3 extrac-
ted from this last paper, they found that the Fraunhoffer parttern in the topological
regime had a SQUID-like pattern, suggesting the possibility of edge-transport.

Despite these results, recent works have shown that even in the topologically-
trivial regime, transport properties can be dominated by the edges[231] of the sample.
It is a well established fact that etching of InAs heterostructures leads to electron
accumulation on the edges as shown by numerous works aimed at the fabrication
of infra-red detectors[232, |. For this major reason, robust way of identifying the

topological properties of edges transport are searched for.

IV.2 Josephson effect

The transmission of Cooper pairs between two weakly coupled superconductors

produces a superfluid current, the celebrated Josephson effect[231].

The weak link can be an insulating tunnel barrier such as in so-called Superconductor-
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Fig. IV.3 Expected Fraunhofer interference pattern on a) non-topological and b)
QSH topological insulator, respectively. ¢g = 2% is the magnetic flux quantum. c)
Fraunhofer pattern measured in c¢) the trivial regime and d) the topological regime

of an InAs/GaSb heterostructure. They are extracted from the paper by the Delft
group|S].
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Insulator-Superconductor (SIS) Josephson junctions or a non-superconducting layer of
metal or semiconductor, which leads to so-called Superconductor-Normal-Superconductor
(SNS) Josephson junctions.

As we have seen in the chapter 2, the order parameter of a superconductor is given
by a complex wave-function that describes most thermodynamic and dynamic proper-
ties of the superconductor. Given two superconducting electrodes 1 & 2 described by
the order parameters ¢; = \/n_lei‘zsl and ¢y = \/n_gei‘i’2 with, respectively, superfluid

density ny, ny and phase ¢, ¢o, one can demonstrate the Josephson equations[31] :

d 2e
P
I. = Isin(9)

where ¢ = ¢o — ¢ is the phase difference between the two electrodes.

In SIS Josephson junctions, the tunneling probability of Cooper pairs across the
insulating barrier decays exponentially. For this reason, in SIS junctions, the insulating
barrier is only of the order of a few nanometer thick. In contrast, in SNS junctions,
the Josephson coupling results from the proximity effect from the superconductor into
the normal region. Because this proximity effect extend on the distance &y = \/éjT,
which can be very long in high mobility gas such as InAs, SNS Josephson junctions
can be made with a normal layer up to few hundreds of nanometers separating the
superconducting electrodes.

To properly describe SNS Josephson junctions, one should introduce the concept
of Andreev reflections and Andreev Bound States. So far, we only used the thermo-
dynamic concept of order parameter to describe the superconducting proximity effect.
The Andreev reflections provide the microscopic description for the superconducting
proximity effect.

The BCS theory of superconductivity has shown that Cooper pairs result from the
coupling of electron of momentum k and spin up 1 with an electron of momentum
—k and spin down |. In a quasi-particle description where one considers electron and
hole excitations, Cooper pairing corresponds to the coupling between a quasi-electron
Yy and a quasi-hole ;. On this basis, the effective BCS Hamiltonian, also called

Bogolioubov-deGennes Hamiltonian, is given by :

Ek A
H =
n (2 2)
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Fig. IV.4 A Josephson junction made from two superconducting electrodes S1 & S2
deposited on a normal conducting layer. Andreev Bound States in the normal region

transport the superfluid current.

In a bulk superconductor, the diagonalization of this Hamiltonian provides the
elementary excitation of the superconductor, the so-called Bogolioubons.

In an SN junction as sketched, Fig. IV.4, the off-diagonal pairing A between elec-
trons and holes leads to Andreev reflections where an electron incoming from the
normal region is retro-reflected into a hole.

Finally, in a SNS junction, Andreev Bound States are from the Bogolioubon exci-
tations confined within the normal region between the superconducting electrodes. We
can draw an analogy between normal QDots and SNS junctions. In normal QDots, the
quantum confinement applied on the electron wave-function leads to the formation of
discrete electronic levels. In SNS junctions, the confinement of Bogolioubon excitations

within the normal region leads to the formation of Andreev Bound states.
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From the knowledge of the energy spectrum F;(¢) of the Andreev Bound States,
which also depends on the phase difference between the two superconducting elec-

trodes, the Josephson supercurrent can be calculated from the relation :

1=y

IV.3 Microfabrication of Josephson junctions with 111-V

semiconductors

Spin- coating E-beam exposure Deposition Lift off

Metal
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Fig. IV.5 The different steps of a lift-off with a MMA/PMMA bilayer. After spin-
coating, the MMA/PMMA layer is exposed to an e-beam. Following exposure, the
resist is developed, leading to a large undercut. After metal evaporation, the sample

is lifted-off into acetone.

A significant time of my PhD was employed at developing the microfabrication
procedure of Josephson junctions on InAs-based semiconductors.

All lithographic steps are based on e-beam exposure of MMA(8.5 EL10) and
PMMA (AG) resists. To make a mask for etching purpose, a single layer of PMMA
120 nm thick, is used and developed in MIBK/IPA 1 :3 for 75 s followed by rinsing in
IPA for 30 s.

To make a mask for lift-off, a bilayer MMA/PMMA resist is employed, as sket-
ched Fig. IV.5. Because of the large undercut in the MMA layer, the double layer
resist makes the lift-off procedure much easier. The evaporation of superconducting
Aluminum electrodes and gold contact and gate electrodes are done in a e-beam eva-
porator from Plassys. For patterning the Aluminum electrodes used for the fabrication
of Josephson equations, we used a bilayer MMA (210 nm)/PMMA(70 nm), where the
e-beam insulation dose is optimized by taking into account proximity effect to have
the sharpest features. With this method, Josephson junctions with high aspect ratio,
5500 nm x 400 nm, can be obtained as shown Fig. IV.6c¢.

The semiconducting layers have been etched with wet-etching. It has been shown

in past works that wet-etching produces less damage than Reactive-Ion Etching (RIE).
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Fig. IV.6 a) Sketch of an InAs/GaSb heterostructure grown on a GaAs substrate. b)
SEM image of an asymmetric SQUID made from a tunnel Josephson junction and a
SNS Josephson. ¢) SEM image of a single Josephson junction. d) Zoom on the SNS
junction of the SQUID shown panel b. On the images, the semiconducting layers and
aluminum electrodes are identified by the corresponding colors used in the sketch
shown panel a.
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Furthermore, wet etching can be highly selective between the different layers InAs and
AlISb. The wet etching is based on the following principles. Basic solutions, pH < 7,
such as diluted TMAOH (2%) are used to etch the AISb and GaSb layers selectively
against the InAs layer. To etch the InAs layer, a solution containing hydrogen peroxide
H,0, and citric acid (C¢HgO7) is employed. HoO5 oxidize InAs, substituting As with
O, and the citric acid removes the oxide. Because the AlISb layer oxidizes easily into
Al,O3, when this oxide needs to be removed, a diluted solution of phosphoric acid
(H3PO,) is employed.

For gating III-V structures, a well-known procedure is to depose a dielectric layer
of SizNy by PVD. In areas where the dielectric needs to be removed, fluorine based
Reactive-Ion Etching (RIE) is employed as such etchants are not etching the III-V
semiconductor but only the SizNy, dielectric layer.

The semiconducting layers constituting an InAs/GaSb quantum well are sketched
Fig. IV.6a. For this quantum well grown by A. Lemaitre of C2N, a n-doped GaAs
substrate is used, which will be employed as a backgate. On this substrate, a buffer
layer is grown finishing with a 50 nm thick AISb layer. On this AISb layer, a 15 nm
thick InAs layer is grown, followed by the growth of a 8 nm thick GaSb layer that will
leads to band inversion. This InAs/GaSb is protected by another 50 nm thick AlSb
layer.

One of the major difficulty with the fabrication of back-gated InAs/GaSbh hetero-
structures is to reduce the current leakage between the active InAs/GaSh layer and
the doped substrate. Indeed, the AISb layer below InAs and the buffer layer is not a
good insulator. At room temperature, this buffer layer is actually highly conducting
and do not allow the application of a gate voltage. Only at low temperature, below 50
K, does the AISb layer and the buffer layer become insulating, and a gate voltage can
be applied. However, this is not a really good insulating dielectric and only a few volts
can be applied on the backgate. To reduce the current leakage between this backgate
and the active layer, one needs to etch the top layers of AISb/GaSb/InAs on the blue

area indicated in Fig. IV.6b to isolate small mesa structures.

Step 1 : Isolation of the Mesa structure

— Spin coating of a PMMA (120 nm) layer + lithography + development

— Etching of top oxide layer with diluted phosphoric acid

— Etching of top AlISb layer with 2% TMAOH(30s) until a white mirror finish is
obtained when the etching stops on the InAs layer
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— Etching of the InAs layer with a solution of C¢HgO7/Hy02/HoO(1 :2 :4) until
a light green finish is observed, indicating the appearance of the AISb layer.

After the fabrication of the mesa structure, one needs to open a window in the top

AlSb layer of the mesa structure, indicated by the green area in Fig. IV.6b.

Step 2 : Window opening

— Spin coating of a PMMA (120 nm) layer + lithography + development

— Etching of top oxide layer with diluted phosphoric acid

— Etching of top AISb layer with 2% TMAOH(30s) until a white mirror finish is
obtained when the etching stops on the InAs layer

After the opening of this window, a new lithographic step is employed to depose
the superconducting aluminum electrodes. After patterning and development of the
resist, the sample must be pumped in a high vacuum chamber overnight to remove
the residual solvent into the MMA /PMMA bi-layer. We noticed that the solvent in
the resist can co-depose during evaporation of the Aluminum electrodes and reduce
the quality of the contacts. The quality of the interface is of the utmost importance to
obtain good and reliable Josephson junctions. To that end, before inserting the sample
into the evaporator, we dip the sample into a NayS solution, which removes the oxide
layer at the surface of InAs and passivates the InAs with Sulphur. The passivation
of the surface of III-V semiconductors with ammonium or sodium sulfide solutions
is a common procedure. After this passivation step, the sample is inserted into the
e-beam evaporator. Before evaporation, the sample is slightly etched with the argon
ion-beam installed in the Plassys evaporator, immediately followed by the evaporation
of the electrodes. The aluminum is finally protected by a 5 nm thick gold layer to
protect the electrodes from the following RIE steps. For the fabrication of the SQUID
which includes a SNS and a SIS junction, we use angle evaporation to fabricate the
SIS junction, which involves two evaporation steps of Aluminum separated by a step

of oxidation to fabricate the tunnel barrier.

Step 3 : Superconducting Aluminum electrodes

— For single junctions such as shown Fig. IV.6¢, spin coating of MMA (210 nm)/PMMA(70
nm) layer + lithography + development
— For SQUIDS such as shown Fig. IV.6b, Spin coating of a MMA (380 nm)/MMA (380
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nm)/PMMA (300 nm) layer + lithography + development

— Pumping overnight on the e-beam resist to remove the solvent

— NayS passivation

— Mild Ion beam etching with argon in the ebeam evaporator

— For normal junctions, evaporation of the Ti(5 nm)/Al(45 nm)/Au(5 nm) elec-
trodes

— For SQUIDS, evaporation of the first layer of Ti(5 nm)/Al(35 nm)

— For SQUIDS, oxidation, Oy pressure 19 mbar for 240 s.

— For SQUIDS, evaporation of the second layer of Al(55 nm)+ Au(5 nm) with
angle 57 °

After deposition of the aluminum electrodes, a dielectric layer of SigNy, 100 nm
thick, is deposited by PVD. Then opening in the dielectric layer are etched with
fluorine-based RIE, so that electrical contact on the previously deposited aluminum
electrodes is possible. After fluorine RIE of the Si3gN,, an oxygen RIE has to be used

to remove the polymerized resist layer on the top.

Step 4 : Dielectric deposition and RIE etching

— Spin coating of a PMMA (120 nm) layer + lithography + development
— RIE etching : SFg 25 scem, power 50 watt, pressure 70 mTorr
— Oxygen RIE to remove polymerized top layer of PMMA

Finally, after etching, a final lithographic step is used to depose the gold electrodes
required to get the contacts on the superconducting aluminum electrodes and to depose

the gate electrode.

Step 5 : Contacts and gate electrodes

— Spin coating of a MMA (450 nm)/PMMA (550 nm) layer + lithography + deve-
lopment

— Mild Ion beam etching with argon in the e-beam evaporator

— Evaporation of the Ti(5 nm)/Au(170 nm) electrodes
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IV.4 Measurements

All measurements presented are performed at a temperature about 300 mK in He-
lium 3 dilution refrigerator equipped with magnetic field. Four-terminals measurement
is employed. To measure the IV curves, a standard method is used ; employing a Yoko-
gawa, voltage source, polarization resistance and low noise instrumentation amplifier.

To measure directly the differential conductance, a lock-in method is employed,
similar to the one used in STS spectroscopy. A small AC current (10 nA) is supplied
by a lock-in amplifier in addition to the direct DC current. The voltage measured
across the junction is fed into the lock-in, giving the differential conductance dI/dV .

To test the quality of our evaporator and the preparation methods of the InAs, we
first fabricated Josephson junctions on bulk InAs wafer where the number of microfa-
brication steps is reduced and so the fabrication faster.

Figure IV.7 shows a sketch and an image of the finished device. A single Josephson
junction is fabricated on a bulk InAs substrate covered by dielectric layer of SisN4 and
a gate electrode. The dimensions of the junctions are for the length L = 1000 nm an
for the width W = 200 nm.

Fig. IV.7c shows the resistance of the junction, in the normal state, its value is
about Ry = 60 . As we cool the cryostat down to 300 mK, a sharp resistance drop
is observed at the critical superconducting transition temperature 7, = 0.8 K. The
critical temperature is smaller than the bulk 7. = 1.2 K of Aluminum. This is due to
the inverse proximity effect from the sticking layer of Ti.

In Fig. IV.8 (left), current-voltage characteristics measured at 7" = 300 mK is
displayed as function of in-plane magnetic field. The curve displays a clear Josephson
current at zero bias, with a critical current about 1 pA at zero magnetic field. The
IV curve has the characteristic shape observed in SNS junctions. In Fig. IV.8 (right),
the critical current I. is extracted and plot as function of magnetic field. In a short
junction model[31], where the junction is smaller than &y, the Ambegaokar-Baratoff
relation[235] provides a relation between the amplitude of the critical current, the

normal state resistance and the superconducting gap energy :

A
IRy = % tanh(A/2kgT)
(&

From the measured critical current, normal resistance and sample temperature,
we can extract the effective superconducting gap energy A = 51 peV. From the BCS

formula, Eq. I1.3, one can also calculate the superconducting gap energy from the mea-
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Fig. IV.7  a) Sketch of a junction fabricated on bulk InAs. b) SEM image of device.
¢) Resistance dependence on temperature.
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Fig. IV.8  Left : I — V characteristics of a single Josephson junction on InAs as
function of in-plane magnetic field. Right : The critical current extracted from IV

characteristics is plotted as function of the amplitude of in-plane magnetic field.

sured critical temperature T, = 0.8 K. From bulk aluminum, we know the BCS ratio
2A/kpT, = (340ueV) /(1.2 K) = 3.3. Using this BCS ratio, and using the measured
T. = 0.8 K, we get the superconducting gap A = 110 pueV. This is about two times
larger than extracted from the value of the critical current. This implies that the criti-
cal current is two times smaller than expected theoretically. This kind of discrepancy
is not unusual with SNS junctions. We are satisfied through that the measured critical

current has the correct order of magnitude.

We see now that the critical current /. can be tuned by the gate voltage as shown in
Fig. IV.9. Gate voltages from 0 to -26 V are applied to the junction. At 0 gate voltage,
the critical current I. ~ 1uA. At the maximum negative voltage -26 V, limited by the
breakdown of the dielectric layer SigNy, I. decreases down to 0.3 pA. This is due to
the depletion of electron density in the n doped InAs.

To test the quality of the junction, we applied microwave radiations. As shown in
Fig. IV.10, current steps appear in the I —V characteristic as an expected consequence
of the AC Josephson effect. Indeed, when irradiating a Josephson junction with a mi-
crowave signal, its phase oscillates with the frequency f of the applied signal. Standard
junctions with a conventional 27 periodic current-phase relationship, I3 = I.sin(y),

will display superfluid current steps, i.e. the Shapiro steps, at the voltage values[230]. :
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Fig. IV.9 I —V characteristics as function of top-gate voltage.

where n =0,1,2, ....

From this last formula, the expected voltage difference between two Shapiro steps
is about 11 pV for an irradiation frequency f = 5 GHz, as observed experimentally in
Fig. IV.10. The observation of the Shapiro steps testify the quality of the junction.

Finally, we measured the difference resistance dI/dV" of this junction. We find local
maxima that certainly result from multiple Andreev reflections in the junction.

When a voltage bias exists between the two superconducting electrodes, quasi-
particle transfer from one electrode is generally not possible because no quasi-particle
states exists within the superconducting gap. Only for a voltage bias of V' > 2A/e,
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1
Current [uA]

Fig. IV.10 [ — V characteristic of a junction submitted to a microwave signal of

f =5 GHz. Shapiro steps can be observed.
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Fig. IV.11 IV (green line) and dI/dV (red line) characteristic as function of bias
voltage for a single SNS junction. The vertical arrows indicate the position of the

peaks expected for the Andreev reflections of order n = 2 and n = 3.

direct transfer of quasi-particles from one electrode to the other is possible. Howe-
ver, quasi-particle transfer for lower voltage V' < 2A/e is possible thanks to multiple
Andreev reflections. Indeed, let’s consider a quasi-electron injected from one super-
conducting electrode into the normal region, if the voltage bias V' < 2A/e, this quasi-
electron will be reflected back into quasi-hole with an addition energy given by eV. If
the quasi-hole has an energy higher than the gap energy, it will get into the electrode.
However, if its energy is lower than the gap energy, it will be reflected back into a
quasi-electron, acquiring again an energy eV. Multiple Andreev reflections occur until
the energy of the quasi-particle is high enough above the superconducting gap to get
into the electrode. Thus, because of the peak in density of states at the gap edge,

maxima in the conductance are observed when :
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where n is the order of the reflection. An Andreev reflection of order n corresponds
to n traversals of the normal region in the SNS junction. From the superconducting
gap energy A = 110 peV in our junction, we expect maxima in the conductance at the
values [220, 110, 73, 55] peV for n=[1,2,3,4] respectively. On the differential conductance
curve shown Fig. IV.11, we can identify the two peaks resulting from multiple Andreev
reflection of order n = 2 and n = 3. Note that the the position of the peak n = 3 does

not match exactely the position of the peak observed experimentally.

IV.5 Conclusion

The ultimate goal of this project that I have started in the group is the fabri-
cation of asymmetric SQUIDs composed of one standard SIS, Aluminum/Aluminum
oxide/Aluminum junction, and one SNS junction fabricated on the edge of an InAs/GaSh
mesa. This asymmetric SQUID will first be employed to measure the current-phase
relationship of the edge states. Furthermore, with an in-plane magnetic field, we will
test for the generation of an anomalous phase shift. I completed the development of the
microfabrication methods and I have been able to finish chip-circuits with standard
Josephson junctions and asymmetric SQUIDS.

The observation of good Josephson characteristics, including the Shapiro steps and
multiple Andreev reflections, on the single Josephson junctions testified that our pre-
paration method of the InAs surface is reliable and enable the fabrication of Josephson
junctions.

First measurements of the asymmetric SQUIDs in a dilution fridge are planed in

a near future.
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V — Conclusion and Perspectives

In the first experiment, we have seen that it is possible to grow high quality Pb
nanocrystals on the (110) surface of InAs. We found that, because of the large Fermi
wavelength, larger than the lateral with of the nanocrystal, the nanocrystal is only
weakly coupled to the substrate, which leads to the emergence of Coulomb blockade
in this nanocrystal. Thanks to this phenomena, we have been able to study, for the
first time by STM, the superconducting parity effect, which we employed to test the
validity of the Anderson limit. Furthermore, on this same system, we have been able
to observe discrete electronic levels and attempted the mapping of the corresponding

wavefunctions.

In the second experiment, we have seen that Bi nanocrystals can also be grown
on the top of InAs. However, because of the presence of wetting layer of Bi at the
interface between InAs and the nanocrystal, the electronic coupling between the Bi
nanocrystals and the substrate is strong, which suppress Coulomb blockade. In this
experiment, we obtained spectroscopic maps on the (111) face of the nanocrystals on
which we identify edge-states. These edge-states can be naturally interpreted as the
hinge-states expected for second-order 3D topological insulators where the edge-states

are uni-dimensional.

Finally, during this PhD, I developed, in the group, the microfabrication methods
for fabricating Josephson junctions and asymmetric SQUIDs with InAs substrates and
InAs/GaSb heterostructures. Preliminary results indicate that our method for surface

preparation of InAs is reliable and leads to good Josephson characteristics.

In the introduction of this manuscript, I started with a discussion of the recent
development on the design of topological materials with trivial III-V semiconductors
and superconductors. We have seen that a topological insulator can be fabricated from
the heterostructure InAs/GaSb and that topological superconductors can be fabricated
from the superconducting proximity effect induced in a nanowire[6] with an in-axial

magnetic field or from the proximity effect into the topological insulator InAs/GaSbl[3].
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Fig. V.1 A row of Pb nanocrystals aligned against an atomic step edge of the sub-
strate. In a STM equipped with a vectorial magnetic field, it could be possible to test
the emergence of Majorana states for a magnetic field aligned along the row of Pb

nanocrystals.

While my STM results on superconducting Pb nanocrystals do not seem to have a
direct relationship with those results, further work under magnetic field may be of in-
terest for topological superconductivity. Indeed, as shown in Fig. V.1, Pb nanocrystals
tend to accumulate on the step edges of the InAs nanowire. By improving the growth
procedure, it seems quite possible to grow a nanowire along this step edge through
the fusion of the Pb nanocrytals. Using an STM equipped with a vectorial magnetic
field, it should be possible to apply the magnetic along the axial direction of the nano-
wire, or equivalently step-edge, and study the tunneling spectrum near the end of the
nanowire. This system seems to provide a possible realization of a topological super-
conductor through the superconducting proximity effect induced in a semiconducting
nanowire, as suggested theoretically by Lutchyn et al.[6] and observed experimentally
in InAs[237, 238, 239, 210] and InSb nanowires|6, 241, 242].

On the Bi nanocrystals, we identified topological edge-states. It would be interes-
ting to observe extended step-edges. To do so, it could also be interesting to attempt
the growth of Bi nanowires along step edges of III-V semiconductors.

Finally, for the InAs/GaSb heterostructure, one of the motivations for developing
the microfabrication methods on this system in the group is to study the topological
edge-states on the side of this heterostructure through STM spectroscopy. Indeed,
several works, in particular by our collaborators of C2N, have shown that it was
possible to perform tunneling spectroscopy on the edges of cleaved heterostructures[13,
10].
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Limite d’Anderson et états de bords topologiques
Tianzhen Zhang

Ces dix dernieres années ont vu I'émergence des théories des
bandes topologiques. La recherche de structures de bandes
topologiqguement non triviales ont conduit a la prédiction
théorique d'une pléthore de nouveaux matériaux: isolants
topologiques, semi-métaux topologiques, supraconducteurs
topologiques.

Dans ce contexte, la famille de semiconducteurs IlI-V est
particulierement intéressante. Il a été montré théoriquement et
expérimentalement que I'hétérostructure InA /GaSb constitue
un isolant topologique bidimensionnel. En outre, il a également
été montré, théoriquement et expérimentalement, que le
dépot d'une électrode supraconductrice sur un nanofil de InAs
conduit a un supraconducteur topologique, lorsque soumis a un
champ magnétique axial. De méme, le dépdt d'une électrode
supraconductrice sur un lisolant topologique bidimensionnel
InAs/GaSb devrait donner naissance a un supraconducteur
topologique. Ce contexte a conduit a un regain d'intérét pour
I'étude fondamentale de l'interface entre les métaux et les
semi-conducteurs IlI-V.



Pour cette these, j'ai travaillé sur la croissance de nanocristaux
supraconducteurs (Pb) et semi-métalliques (Bi) sur la surface
(110) des InAs et la spectroscopie STM de ces systemes. En
outre, j'ai également travaillé sur la microfabrication de
jonctions Josephson et de dispositifs SQUID avec des
hétérostructures InAs/GaSb, qui pourraient, a l'avenir, étre
utilisées dans la spectroscopie STM en coupe transversale.

Dans ce manuscrit, je présenterai, dans le premier chapitre, les
bases théoriques de l'effet tunnel quantique et passerai en
revue notre compréhension actuelle de l'interface entre les
semi-conducteurs IlI-V et les couches métalliques.

Dans le deuxieme chapitre, je vais décrire une premiere
expérience dans lagquelle je montre que des nanocristaux de
plomb (Pb) supraconducteurs de haute qualité peuvent étre
réalisés sur la surface (110) d'InAs. Nous avons découvert que
lorsque la dimension latérale des nanocristaux de Pb est
inférieure a la longueur d'onde de Fermi du gaz d'électrons
bidimensionnel accumulé a la surface de InAs, les nanocristaux
sont faiblement couplés a ce gaz électronique et, par
conséquent, se trouvent dans le régime du blocage de Coulomb.
Ce phénomene a permis la premiere étude de |'effet de parité
supraconducteur par spectroscopie STM, que nous avons
utilisée pour vérifier la validité de la limite d'Anderson. De plus,
nous avons identifié, dans ces nanocristaux de Pb, la signature



de niveaux électroniques discrets et tenté une cartographie des
fonctions d'onde électroniques correspondantes.

Dans le troisieme chapitre, je vais décrire une deuxieme
expérience STM ou je montre que des nanocristaux de Bismuth
(Bi) de haute qualité peuvent également étre réalisés sur la
surface (110) d'InAs. Contrairement aux nanocristaux de Pb,
une couche de mouillage de Bi sépare les nanocristaux de la
surface InAs, conduisant a un fort couplage entre les
nanocristaux de Bi et le substrat. A partir de la spectroscopie
STM, nous avons identifié des états de bord sur le plan (111)
des nanocristaux de bismuth. Ces états de bord ont une
symétrie C3, qui est inférieure a la symétrie C6 de la face (111).
En supposant que le bismuth est un isolant topologique de
second ordre comme suggéré théoriguement, les états de bords
observés peuvent étre interprétés naturellement comme les
états de charniere prédits dans cette derniere théorie de la
bande topologique.

Enfin, dans le dernier chapitre, je présenterai les méthodes que
j'ai développées pour la fabrication de jonctions Josephson
hybrides sur des hétérostructures InAs et InAs/GaSb, ainsi que
des mesures préliminaires des caractéristiques Josephson.

Dans la premiere expérience, nous avons vu gu'il est possible de
cultiver du Pb de haute qualité nanocristaux a la surface (110)
des InAs. En raison de la grande longueur d'onde de Fermi, plus



grande que la dimension latérale du nanocristal, le nanocristal
n'est que faiblement couplé au substrat, ce qui conduit a
I'apparition d'un blocage de Coulomb. Grace a ce phénomene,
nous avons pu étudier, pour la premiere fois par STM, |'effet de
parité supraconducteur que nous avons utilisé pour tester la
validité de la limite d’Anderson. Observez les niveaux
électroniques discrets et tentez la cartographie des fonctions
d'onde correspondantes.

Dans la deuxieme expérience, nous avons vu que les
nanocristaux de Bi peuvent également étre développés Sur le
dessus des InAs. Cependant, en raison de la présence de couche
de mouillage de Bi a l'interface entre InAs et le nanocristal, le
couplage électronique entre les nanocristaux de Bi et le substrat
est fort, ce qui supprime le blocage de Coulomb. Cartes
spectroscopiques sur la face (111) des nanocristaux sur lesquels
on identifie les états de bord Ces états de bord peuvent étre
naturellement interprétés comme les états de charniere
attendus pour les isolants topologiques 3D de second ordre ou
les états de bord sont unidimensionnels

Enfin, au cours de cette these, j'ai développé, dans le groupe,
les méthodes de microfabrication pour la fabrication de
jonctions Josephson et de SQUID asymétriqgues avec des
substrats InAs et des hétérostructures InAs/GaSb. Les résultats
préliminaires indiquent que notre méthode de préparation de



surface des InAs est fiable et conduit a de bonnes
caractéristiques de Josephson.

Alors que mes résultats de STM sur nanocristaux
supraconducteurs Pb ne semblent pas avoir un relation directe
avec ces résultats, d'autres travaux sous champ magnétigue
peut étre intéressant pour la supraconductivité topologique. En
effet, Pb nanocristauxont tendance a accumuler sur les bords
de [|'étape du nanofil InAs. En améliorant la croissance
procédure, il semble tout a fait possible de cultiver un nanofil le
long de ce bord par étape la fusion des nanocrytals Pb.
Utilisation d'un STM équipé d'un champ magnétique vectoriel
domaine, il devrait étre possible d'appliguer le champ
magnétique le long de la direction axiale du nanofil, ou I'étape
de pointe de maniere équivalente, et I'étude du spectre a effet
tunnel vers la fin de la nanofil. Ce systeme semble offrir une
réalisation possible d'un supraconducteur topologique grace a
I'effet de proximité supraconducteur induit dans un semi-
conducteur nanofil, comme suggéré par Lutchyn théoriquement
et al. et observé expérimentalement en InAs et nanofils InSb Sur
les Bi nanocristaux, nous avons identifié topologiques bord
états. Il serait intéressant d'observer les beaux-bords étendus.
Pour ce faire, il pourrait aussi étre intéressant de tenter la
croissance de nanofils le long de bords Bis étape de semi-
conducteurs IlI-V.



Enfin, pour la hétérostructure InAs/GaSb, I'une des motivations
pour le développement les méthodes de microfabrication sur ce
systeme dans le groupe est d'étudier la topologie bord états sur
le c6té de cette hétérostructure par spectroscopie STM. En effet,
plusieurs ouvrages, notamment par nos collaborateurs de C2N,
ont montré qu'il était possible d'effectuer la spectroscopie a
effet tunnel sur les bords des hétérostructures clivés.
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sure de jonctions Josephson. Dans une premiére
expérience, je montre que des nanocristaux (NC)
de plomb (Pb) supraconducteurs de haute qualité
peuvent étre cristallisés sur la surface (110) de InAs.
Lorsque la taille latérale des NCs est inférieure a la
longueur d’onde de Fermi du gaz d’électrons bidimen-
sionnel accumulé a la surface de InAs, les NCs ne
sont que faiblement couplés a ce gaz électronique
et se retrouvent donc dans le régime de blocage de
Coulomb. Ce phénomene a permis la premiere étude
de l'effet de parité supraconducteur par spectroscopie
STM, que nous avons utilisée pour vérifier la validité
de la limite d’Anderson.

Dans une seconde expérience, je montre que des
NCs de Bismuth (Bi) de haute qualité peuvent

également étre cristallisés sur la surface (110) de
InAs. Contrairement aux NCs de Pb, une couche de
mouillage de Bi sépare les NCs de la surface, condui-
sant a un fort couplage entre les NCs de Bi et le sub-
strat. A partir de la spectroscopie STM, nous avons
identifié des états de bord sur le plan (111) des NCs
avec une symétrie C3. En supposant que le bismuth
est un isolant topologique de second ordre comme
suggéré théoriguement, les états de bords observés
peuvent étre interprétés naturellement comme les
états de charniere prédits dans cette derniere théorie
de bande topologique.

Enfin, je présenterai les méthodes que jai
développées pour la fabrication de jonctions Joseph-
son hybrides sur des hétérostructures InAs et InAs /
GasSb, ainsi que des mesures préliminaires des ca-
ractéristiques Josephson.
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Abstract : This thesis describes the fabrication of hy-
brid systems based on the narrow-gap semiconduc-
tor InAs and their study through STM spectroscopy
and measure of Josephson characteristics. In the first
experiment, | show that high quality superconducting
Lead (Pb) nanocrystals can be grown on the (110)
surface of InAs. When the lateral size of the Pb nano-
crystals is smaller than the Fermi wavelength of the
two-dimensional electron gas accumulated at the sur-
face of InAs, the nanocrystals are only weakly coupled
to this electron gas and, consequently, are found in
the regime of Coulomb blockade. This phenomenon
enabled the first study of the superconducting parity
effect through STM spectroscopy, which we employed
to check the validity of the Anderson limit.

In the second experiment, | show that high quality Bis-

muth (Bi) nanocrystals can also be grown on the (110)
surface of InAs. In contrast to Pb nanocrystals, a wet-
ting layer of Bi separates the nanocrystals from the
InAs surface, leading to a strong coupling between the
Bi nanocrystals and the substrate. From STM spec-
troscopy, we have identified edge-states on the (111)
plane of the nanocrystals with C3 symmetry. Assu-
ming that Bismuth is a 2nd order topological insulator
as suggested theoretically, the observed edge-states
can be interpreted naturally as the hinge-states pre-
dicted in this last topological band theory.

Finally, I will present the methods that | developed for
the fabrication of hybrid Josephson junctions on bulk
InAs and InAs/GaSb heterostructures, together with
preliminary measurements of Josephson characteris-
tics.
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