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Phase diagram for hole doped superconducting cuprate.
For > 0.6 the compound shows an antiferromagnetic
phase. If § < 0.6 the superconducting behaviour of the
material is shown; when § ~ 0.16 the optimal doped point
is reached and T, ~ 94K is shown. Above 7T, and to
the left of 7% the phase of material is called ”pseudo
gap”. in this regime the microscopic mechanisms that
lead the electric transport are not clear. Above Tx but
on the right side of 7% the compound assumes a metal
like behaviour. The image has been adapted from [6]. . .

Diagram band energy of InAs. The figure has been adapted
from [7]. . . .. . e
SEM images of a InAs-NWs: from the the chip of growth
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The dashed line represents the bulk effective mass for
InAs m* = 0.023m.. (c) The graph shows as the mobility
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shrinks its size. (d) The graph shows as the carriers
density increases when the diameter of the InAs-NWs
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results due to the effect of quantum confinement on the
electric transport in the InAs-N'Ws. The figures a-b and
c-d have been adapted from [8, 9], respectively. . . . . . .
The results of etching deep as function of time of etch-
ing are shown in the graph. In order to remove only few
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effect of passivation solution on the InAs-NWs.. . .. ..
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Introduction

Semiconductor-superconductor hybrid devices have been investigated
for many years[14—18]. In these devices the macroscopic quantum cor-
relations typical of superconductors can be induced via proximity effect
in a wide class of low-dimensional materials such as, topological insu-
lator [19], ferromagnetic barriers [20], graphene [21, 22] and in partic-
ular semiconducting nanowires (NWs) [14, 17, 18, 23—-26] which offer a
unique freedom in the design and control of quantum states. Precise
control of the geometry [27], composition and chemical properties [28—
31] enabled the NWs to be a potential building block in fields, like na-
noelectronics, photonics, mechanical and biological systems or sensors
[32]. The most intriguing consequence of such a material combination
is the possibility to give raise to novel excitations and properties that
none of the single device components originally possesses. Recently, in-
tense activity was aimed at artificially creating topologically protected
Majorana fermion states [33—36]. Many proposals make use quasi-one-
dimensional (quasi-1D) low critical temperature superconductors (LTS)
in contact with topological insulators or quasi-one-dimensional materi-
als with strong spin-orbit interactions (InAs & InSb NWs) [37, 38].
Efforts have been made to use unconventional barriers with LTS, which
offer a much better compatibility and therefore nominal better inter-
faces, thus limiting, by low critical magnetic fields and low gap energy,
for instance, the range parameters necessary to observe MBSs [39].
HTS are much harder to integrate with other systems, but present the
advantage as higher critical temperature, gap energy and huge stability
to the magnetic field. Device that combine semiconducting nanowires
(InAs-NWs) with HTS exploit both superconducting properties avail-
able with ceramic HTS and the high-purity of InAs-N'Ws together with

xXviii
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the tunability of their transport. The NWs represent the conductive
channel in a superconductor-semiconductor-superconductor field-effect
transistor (SUFET) device architecture [33, 40-42] and provide an ideal
mesoscopic system to study both quantum confinement and interference
effects at low temperature, which is a promising platform to develop
novel quantum devices, and the limits of quantum suppression of su-
perconductivity. Nanoscale ordering and phase transition in complex
oxides, where the electrons self-organize in ways qualitatively differ-
ent from those of conventional metals and insulators, is one of the most
outstanding problems in physics today, and studies of nanoscale devices
may have a formidable impact on that.

Mixing bottom-up and top-down nanofabrication approaches have al-
lowed building Josephson junctions in non-suspended and suspended
design. Sophisticate EBL techniques have been developed and aim to
align the InAs-N'Ws. Design device on which the InAs-NWs are po-
sitioned in random and guided (Dielectrophoresis (DEP) technique)
way are fabricated. The InAs-NWs show external native oxide shell
that hampers the current flux trough the interface, reason that proce-
dures that allow to remove the oxide and get a good transparency be-
tween InAs-N'Ws and superconductor has been developed [24]. Current-
voltage measurements as function of the temperature show, for both de-
signs, a critical current amplitude that increases when the temperature
decrease. Novel insights on macroscopic superconducting coupling in
extreme conditions imposed by the nanostructures have been derived.
The nanotechnology platform developed for suspended LTS junctions
has represented the starting point for the integration between YBCO,
the most used HTS, and NWS. This is an extremely challenging, high
risk but extremely rewarding activity. Many designs have been devel-
oped for this type of junction. Many nanofabrication problems due
to the complex structure of YBCO unit cell have been solved. In or-
der to minimize the YBCO damaging effects due to out-diffusion oxy-
gen from unit cell the nanofabrication recipe developed includes two
sessions of electron beam lithography (EBL), two e-resists (PMMA)
baking steps at low temperature and for few minutes, one dry etching

session performed at very low temperature and one fast wet etching
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step. Special design of devices that allows verifying electric shorts be-
fore the InAs-NWs deposition have been developed. Innovative super-
conducting hybrid devices InAs-NWs/YBCO have been characterized
with electric transport measurements as function of temperature and
show as a current injected into YBCO banks can through the InAs-NWs
that works as a weak link. I have demonstrated the feasibility of the
fabrication procedure of YBCO /suspended InAs-N'W /YBCO junctions.
The first achievement of my work is that junctions YBCO/ suspended
InAs-NW/YBCO of length ~ 200nm are not insulating. Current passes
through the InAs-NWS, demonstrating the feasibility of the whole fab-
rication process. The other encouraging result is that differently from
InAs-N'Ws/Aluminium junctions resistance behavior observed for InAs-
NW/YBCO devices depends on the normal length (L) of junction [43].

The work is structured in seven chapters.

The first chapter is dedicated to a review of the general mechanisms of

the electric transport in the normal state.

In the second chapter an introduction to superconductivity and to the

concept of Josephson coupling have been discussed.

The third chapter is dedicated to the description of the properties of

InAs material (bulk and nanostructutered).

The fourth chapter summarizes all the nanofabrication procedures de-
veloped for the fabrication of non-suspended junction between InAs-
nanowire and aluminium, suspended junction between InAs-nanowire
and aluminium and in the last sections,the efforts accomplished for
the fabrication of the novel type of hybrid systems between InAs-
nanowire/ YBCO will be shown.

In the fifth chapter the cryogenic system and the measurement setup

used for the characterization of the devices builded are described.

In the sixth chapter the transport measures, and their elaboration, of
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InAs-nanowires and aluminium junctions will be shown.

In the seven chapter the transport measurements of InAs-nanowires/ YBCO
junctions and their comparative analysis performed with InAs-nanowires

and aluminium junctions have been performed.
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Chapter 1

Electrical transport theory in the

normal state

In this chapter the theoretical concepts of the electrical transport in
metals and semiconductors (bulk and at low dimensionality) will be
introduced. We briefly outline a few relevant physical mechanisms and

related models.

1.1 Overview of transport theory

A complete treatment of the transport in solid state systems is reported
in classical textbooks [44—49].

1.1.1 Bulk transport

First theory of electrical and thermal conduction in the metals was
formulated by Drude. He assumes metal as a free electrons gas (neg-
ative charge) on a frozen jellium of ions (positive charge background).
This model neglects the interaction e~ —e~ (called independent electron
approximation), supposes an elastic and instantaneous electron-ion col-
lisions and defines the parameter 7 (called relaxzation time) as the time

between two collision events of the electron. In the same way the mean
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free path of an electron (/) that plays a fundamental role in the trans-
port of low dimensional systems is defined as the length covered by the
electron in the time 7. On these assumptions Drude, in the Newton’s

dynamics, esteems the conductivity of the metals:

62 nrt

(1.1)

e
where o, m*, n and e represent the conductibility of metal, the mass
effective, the density and the charge of carriers, respectively.

Since 7 takes in account the scattering mechanisms dependent on the
temperature, as reported in 1.1 the trend of o of the system will be
strongly dependent on T. In addition, the relation 1.1 does not include
special hypothesises on the material.

In the figure 1.1 the characteristic resistivity (p) as a function of the
temperature for a metal (left hand side) and for a semiconductor (right

hand side) is shown.

4 \ Freeze Out

p

cost

Intrinsic

Extrinsic

A\ 4

T T

Figure 1.1: On the left-hand side the characteristic p as function of the T
for a metal is shown. At T higher than Debye temperature (Op) the p is
proportional to the temperature. For intermediate temperatures (7' ~ ©p =
T?) the phonons do not have enough energy to move with a single scattering
event an electron on opposite side of Fermi surface but many of them need: this
transport mechanism is responsible of dependence of p on T with the power-law
T5 . At very low T unique mechanism that contributes to the resistance is the
electron scattering with the impurities (e — im); mechanism independent on T
and yields a dependence of p constant in temperature. On the right-hand side
the characteristic p as function of the T for a doped semiconductor is shown.
At high T the electrons have enough energy and jump from valence (C.V.)
to conduction band (C.B.), where the carrier concentration increase, thus the
resistivity shows a low value. In the intermediate regime all the donor atoms
are ionized (called the extrinsic) and an increase of the T produces no increase
in carrier concentration; for this reason a plateau in p is shown. At very low T
(freeze out regime) electrons are not thermally excited from the bound donor
to the conduction band and consequently an increase of p is shown.
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1.1.2 Transport in low dimensional systems

By comparing the lengths L (L={L,;L,; L.} represents the geometric
sample sizes in Cartesian coordinates), A\p = z—z (Fermi wavelength), ¢
(¢ = vp x T; where vp is the Fermi velocity of electrons) and the phase
coherence length (L, = \/m; where D represents the diffusion coeff.
and 7, the relaxation time of phase memory) different transport regimes
can be classified. For a system also the dimensionality (d) is defined:
if A\ > L, the transport is confined in one dimension and the free
motion of carriers is limited to two spatial dimensions. This systems
are called 2d-systems. If \p > {L,, L,} the electrons motion is confined
in two dimensions and are free to move in one dimension (systems
are called 1d). For the quantum dots the relation A\p > {L,,L,, L.} is
verified and they are known as 0-dimensional systems. If we take in
account the density of state of a system (DOS) is possible to show as
the dimensionality of system changes its transport properties [44, 46,
47, 50]. In figure 1.2 the DOS dependents on the dimensionality of the

system is shown.

N /,, 1 2 N s
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energy

quantum well(2D) quantumdot(0D)

Figure 1.2: Schematic diagram illustrating the representation of the electronic
DOS depending on dimensionality.

When the relation A\ <« ¢ < L is satisfied the carriers describe a clas-
sical dynamics. In that case, if it also verified the relation Ly < ¢ the
transport follows in diffusive regime. It means that many elastic scat-
tering events occur while the carriers are travelling through the crystal.
Instead, if L, > ¢ the carries are travelling in the system without any

scattering and it is in ballistic regime. When in a system the relation
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L < \p is verified the dynamic of transport evolves in quantum regime
and is described by Schrodinger equation. In this transport regime a
semiconductor can be described in term of either electrons in the CB
or the holes in the VB. A model that well explains the dynamic of
the electrons in CB is called single-band mass effective approximation
(SBA) [46]. The Schridinger equation in SBA is:

h? 02
T oo + U(r)} U(r) = [E — ECB] U(7) (1.2)
where, m* = h—g% and thus takes into account the energy band cur-

vature, Ecp represents the bottom of the CB and U(7) includes the
potential of crystal as well as the potential of impurities. The equation
1.2 depends on the dimensionality of the system through its confining
potentials and its wave function factorizations. In the Tab 1.1 the dif-

ferent electronic transport regimes are summarized.

Transport Regimes

Classical Quantum
Ballistic Diffusive Ballistic Diffusive!

AL L<l | AMp<g<l<L | L<)Ap<fl<Lly |l<Lep<AIp<L

Table 1.1: A summary of the electric regime transports.

LA system that evolves in the quantum diffusive regime can also include, when
is verified that A\p << ¢ < Lg < & (where & defines a length on which the
electron is localized in the material.) weak localization corrections which leads
to a decrease in conductance [1] or to corrections due to the strong localization
effects when A\p < ¢ < & < Lo [13].

A new length scale (called thermal coherent length) that depends on T

and defines the length on which the electrons travel inside the material

hD

without loss of the phase is &7 = T

¢(r plays a fundamental role in

the electronic transport of superconducting hybrid systems [51].
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1.2 1d-system: Quantum Wires

The NWs used in this thesis represent quasi-1-dimensional system (d ~
Ar). We assume that the NWs has rectangular section as is shown in
fig.1.3-a. The electrons are confined in plane parallel to the wire cross
section (x,y) and are free to move only along axial axes of the wire
(z). The single-electron Hamiltonian in the effective-mass approxima-
tion is H = —2-V(7)2 + V.;4(7"), where V,;;(7) includes the potential

2m*

of the band discontinuities, the electrostatic potential of the ionized
donors and acceptors and the many-body contribution due to free car-
riers [50]. The wave function VU(z,y,z) of the NWs is factorable as
U(z,y,2) = Gnm(z,y)e*=*, where ¢,,, represents the wave function of the
electrons confined in the (x,y) plane and e*:* is the free component
along the z direction. Thus, the constraint in the plane (x,y) defines
the discrete sub-band energy levels reported in the eq.1.3. A sketch of
the E-k relation for three sub-bands is show in 1.3-b.
N P

Enl-,ny = Ecop + (13)

where L, and L, represent the size of the NW along x and y axes,
respectively and n,,n, = 1,2,.. are the number of energy sub-bands.
The quantization effect is yielded when the conduction in the sub-band
”n” moves to ”n+1” [50, 52].
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Figure 1.3: A sketch of NWs with rectangle cross section (a) and the disper-
sion relation plotted for the lowest three modes of the electrons confine in 2
dimensions is shown.
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1.3 Disordered electronic systems

The periodicity of a ideal crystal guarantees the validity of the Block’s
theorem allowing to calculate the band structure also for complicated
crystalline materials. In real crystals the disorder (impurities, vacancies
or dislocations) exists in varying degrees and breaks the translational in-
variance of the Hamiltonian of the system hence the of Block’s theorem.
All these imperfections produce bound states that can bind or release
electrons. As the degree of disorder increases the mean free path (¢) of
the system decrease. As increase the disorder leads the wave function
of an electron to be localized to finite and small region of the system

and vanishes exponentially decaying on the spatial localization length

€.

—f—

(a) (b)

Figure 1.4: The sketch shows (a) wave function of an extended state with
mean free path ¢; (b) wave function of a localized state which amplitude is
maximized inside the localized region and vanishes exponentially outside [1].

1.3.1 Anderson theory of the localization

In 1958 Anderson was the first to describe the localization effect of the
electronic wave function dues to the disorder. His wave function has

form
U ~ exp TT0)/¢ (1.4)

where the r defines the spatial distance away from the localized state

in the position r.
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1.3.2 Transport in extended states

The electron transport theory of these systems, where the Fermi en-
ergy remains within the extended states, is based on the Boltzmann
formalism [47] whose condition applies if A < ¢ (it means far from pure
quantum regime), where A and ¢ are the De Broglie wave length and

the mean free path, respectively.

1.3.3 Transport in localized states

For localized states the relation \ < 7 is violated but the electric trans-
port is possible via hopping between the neighbouring localized states.
Since the wave function for each localized state has the form 1.4 as a
result there is a finite probability that a transition between these two
neighbouring states occurs by the tunnelling of an electron from one

site to the other. It is possible that the overlapping between the wave

Y; V;

v

Figure 1.5: The sketch shows the wave functions ¥; and ¥; overlapped of the
neighbouring sites i and j. The black and white circles define the full and empty
sites, respectively.

function of two neighbouring states, with energy £; and F;, respectively,
occurs but in that case the difference of energy AL = E; — E; necessary
for the hopping can be provided by a phonon. Miller and Abrahams
[2] were the first to describe the electrical transport between localized
states using the hopping mechanism and found that the conductivity of

the system can describe by 1.5.

o(T) ~ exp~ Ei=E/ksT (1.5)
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1.3.4 Mott model

Mott [53] noted that if the temperature comes down the phonons energy
is not enough to assist the electron hoping (AEF = E;, — E;), but the
transport is still available in a band energy close the Fermi energy. In
this picture the phonons can still assist the hop of electron between
the available sites and the probability of occupancy is higher for sites
spatial far but near in energy that the vice versa (see the sketch in fig.

1.6). In the Mott model, at low temperature the conductivity is given

E a

Figure 1.6: The sketch shows the electronic transport in the Mott model.
Close the Fermi energy Er a narrow energy band wide E,;, low-energy available
phonons can assist the electrons hopping. The carriers prefer to hop on lower
energy sites, thus the mechanism A is preferred to B. The black and white circles
define the full and empty sites, respectively.

by 1.6
o(T) ~ exp™ Ta/TVHD (1.6)

where d is the dimensionality of the system and T, (activation temper-

ature) depends on the density of states of the systems.

1.3.5 Weak localization

The presence of small degree of disorder in a system can produces coher-
ent quantum mechanical backscattering which gives several of quantum

transport effects such as the logarithmic dependence of the conductivity
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on the temperature [54] that can be explained in terms of weak localiza-
tions. These effects exist also in system without any electron-electron
interactions (electron-electron interaction leads to other term of correc-
tions of the conductivity). The weak localization corrections has purely
a quantum origin: it stems from quantum interferences of an electron
moving along self-intersecting trajectories (e.g., in fig.1.5 an electron
that starts from the site r; can reach the site r; moving along several
paths including backscattered paths. These scattering events are pre-
dominately elastic, thus the elastic scattering time 7 is shorter than
the phase coherence time 75 that is preserved along the path r; —r;).
The correction of weak localization to the conductance of the systems
are proportional to the return probability of an electron diffusing in un
disorder media and depend on the dimensionality and the temperature
of the system. Ls = /D X 74 determines the spatial scale of length on
which the quantum interference effects occur. At low temperature 74
is large and, for example, as in the case of granular metals, in which
the size of a single grain a ~ (5 — 10)nm (in these systems the grain size
”a” plays the same rule that the man free path ¢ in the normal media)
Lg exceeds the length of many grains, thus the electron trajectories can
involve many grains crossing many time its path significantly contribut-
ing to the conductivity of the system.

Increasing the temperature decoherence length decreases and as Lg ~ a
the electron trajectories are completely included in the grain size, thus
suppressing the weak localization corrections [54]. The quantum in-
terference corrections due to the weak localization are dow ~ In(7/7s),
where 7 is the time between two events of scattering. The corrections
dow are suppressed applying a weak magnetic field. This can serve
as a immediate experimental test for identifying the contribute of the

conductivity of the system yielded by weak localization effects.

1.4 Scaling theory of localization

The scaling theory tries to explain the localization problem by consid-
ering the behaviour of the conductance g as a function of the size (L) of

the system. This approach allows a description of the system in terms
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of extended and localized states. Abrams, Anderson, Licciardiello and

Ramakrishnan [2] argue that the function (5(g) is called scaling func-

tion) £(g) = flllz(é)) depends on g alone. In this way the degree of disorder

of the system is defined by a single parameter g.

dling
B'dlni_

Figure 1.7: The scaling function 3(g) as a function of logarithm of the con-
ductance for different dimensions of the system and at zero temperature. The
positive values of B(g) define extended states. For 8(g) < 0 all the states are
localized, thus extended states for d=1 and d=1 systems are forbidden. For
d=3 the point f(g = g.) = 0 is an unstable critical point: for small change
the scaling function abruptly assumes a different regime. The image has been
adapted from [2].

o If g > g¢.
Only for d=3 the metal-insulator transition involves and the sys-
tem is in the Ohmic regime. For d=2 and d=1 leads to the asymp-
totic form ((d) =0 and § = 1, respectively.

o if g < g.

Electronic states are localized independent of dimensionality d.

In the case of weak disorder regime (kr{ > 1) the function J assumes
form f(d) = (d —2) — a/g, where ”a/g” represents a term dues to the
quantum correction. Changing the dimensionality d of the system the

scaling function 5(In(g)) is yield.



Chapter 2

Theory of superconductivity

In this chapter concepts of the theory of superconductivity and models
useful for understanding the electrical properties of superconducting

junctions will be introduced.

2.1 Introduction to superconductivity

The superconducting state represents the phase of special materials
that display zero resistance and perfect diamagnetism below a material
dependent critical temperature (7.). When a weak external magnetic
field (B) is applied to the bulk material penetrates the superconduc-
tor to a very small distance, characterized by a parameter \ (called
London penetration depth), length on which B decays exponentially to
zero inside the material [55, 56].

The first quantitative but macroscopic theory of superconductivity was
advanced by Ginzburg and Landau (GL). They describes the supercon-
ducting state by means of an order parameter (¥ = ,/pe™?; where p and
¢ represent the density of Cooper pairs and the superconducting phase,
respectively and n € Z). The coherence length of a superconductor ()
is another important parameter introduced by GL and describes the
distance over which V¥ is not constant. In addition, experiments show
that the 7y of superconductors is modified by changing the isotope of
the elements that form the sample. This result claims that electron-

phonon coupling plays an essential role in the phase transition to the

11
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superconducting state.

A first microscopic interpretation of the superconducting state was re-
vealed by Bardeen, Cooper and Schriefer theory (BCS) in 1957. The
BCS assumes that the superconducting state is made up of coupled
electrons (called Cooper pairs). The electron-electron electrostatic at-
traction is due to the vibrations of crystal lattice. An electron travels
through the crystal and it distorts the lattice. In this way a phonon is
created and is absorbed by a second electron that an instant after the
first one is travelling in the crystal. Since the propagation speed of the
electron is greater than the phonon (~ 10°cm/s and ~ 10%m/s respec-
tively), this difference allows an electron-phonon attractive interaction
and ensures that the mean distance between the two electrons is large.
The net result of this mechanism is that the electron-electron attrac-
tion mediated by a phonon outweighs the electronic Coulomb repulsion
thus a Cooper pairs is assembled [57]. In the BCS framework, consider-
ation on symmetry and energy of the superconducting system require
that the electrons of Cooper pairs have opposite wave vector and spin
(means that the total momentum a spin of Cooper pair, in the centre-of-
mass frame, are equal to zero). In addition, the electrons of the Cooper
pairs are allocated around the Fermi surface within an energy band hwp,
where wp represents the Debye frequency of the phonons. The onset
of superconductivity is accompanied by the opening of a temperature
dependent energy gap 2A(7) at the Fermi level; the energy cost from
the increase in kinetic energy that is associated with the occupation of
states above Ef is also outweighed by the reduction in energy achieved
by the formation of the Cooper pairs. Therefore, 2A(T) defines the
amount of energy needed to break the Cooper pair.

The analysis of exited states, at T=0K, in the BCS framework is achieved
by appropriate transformations (called canonical transformations) that
describe the creation and annihilation of quasiparticles and leads to the
Bogoliubov-Valatin equations [55]. Only in 1958 Gor’kov showed how it
is preferable a generalisation of the microscopic theory of the supercon-
ductivity in terms of single-particle Green’s functions [58] that allow to
take in account the temperature dependence of the system. In the case
of time-independent and uniform medium, the Gor’kov’s equations give

to the relations 2.1, reasonably in agreement with the same get by BCS
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theory.
( AO
~ 1.76
kBTc
TN\1/2
A(T) ~ 3.O6I<:BTC<1 - T) CTL-T<T,
o (2.1)
H,(T) ~ 1.74H(0) (1 - T);T ST,
Cs - Cn
Es —Onl 143
Uareasl

where A, represents the superconducting gap a T=0K, H¢(0) = [47N(0)A2(0)]"/2
defines the magnetic critical field at 0K, N(0) is the superconductive
density of carriers and C;, C,, represent superconducting and normal

state heat capacity, respectively.

2.2 Superconducting junctions

In 1962 Brian Josephson predicted that when two extended banks of
conventional superconductor are separated by a barrier (L) of insulating
material (I), if I is enough thin a supercurrent (/.) can flows through
it. I. depends on the difference of phase between two superconducting
banks [59]. The Josephson effect is described by two equations 2.5
and 2.6. After this discovery many experimental tests have been done
and the Josephson effect has been generalized to systems where the
barrier is a normal metal or a ferromagnet, or even to a constriction of
the same superconducting material of the electrodes and of opportune
dimensions [51, 60—63]. In the next section the Josephson theory will
be explained. Since I have realized and studied also junctions between
HTS and Sm, it will be necessary to explain how the anisotropy of the

order parameter in HTS affects the dynamics of the junctions.

2.2.1 Josephson effect

If we consider two independent superconducting banks and assume that
their have the same amplitude of the order parameter V¥, (Vy) (letf (L)
and right (R) bank) but a different phase, the evolution of these two
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systems is analyzable through ordinary Schrodinger 2.2:

L o0vp

h = H;U

ot LEL

L O0Up

h—— = HpW 2.2
ot RER (2:2)

If the superconducting banks are brought towards each other, when
distance between them will be of the same order of the coherent length
a coupling (K) starts. The coherent length depends on the type of
barrier: in the case of junctions with an insulating barrier (SIS) it
is represented by &, instead in the case of normal or semiconducting
barriers (SNS or SSmS junctions) the coherent length that needs to
takes in account is {7 [51]. Hence, the set of equations 2.2 needs to take

in account the coupling of two system-banks [64]:

7

m% — B U, + KUp (2.3)
v

z’haatR — Eplp+ KV, (2.4)

From the 2.4 performing some calculation the current-phase relations
(CPR) 2.5 and the equation that takes in account the time evolution of
¢ (2.6) is got:

I, = f: I,sin(ng) (2.5)
n=1
dp  2e
i %V (2.6)

where I, and ¢ represent the supercurrent that flows through the junc-
tion and the phase difference of the superconducting order parame-
ters, respectively. In many cases only the first term of sum is suffi-
cient to define the Josepshon effect. A general representation of the
I; in Josepshon junctions (JJ) can be written as [, = I.sin(P), where
I. = max[l;]. The equations 2.6 and 2.5 describe the dynamic of the
junction [51, 55, 65].

The JJ is a manifestation of the macroscopic quantum nature of the

superconductivity.
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2.2.2 SIS junction

The first real microscopic quantum dynamics description of Josephson
junctions, that includes dissipative effects of quasiparticle tunnelling,
was formulated by Ambegaokar and Baratoff (A.B.) [66]. They used
the Green’s function method, a powerful tool in many body problems,
to generalize the calculation of Josephson effect to finite temperatures.
Their model valids in the tunnel junction limit, yields the CPR reported
in 2.7.

=2 3 S18 sin®d (2.7)
eftn o= V(W2 + A7) (W2 + A%
where Ag, with § = 1,2, w, = 77(2n + 1), R,, represent the supercon-
ducting gap of the banks placed at L and R of the tunnel barrier, the
Matsubara frequencies and the resistance of the normal state, respec-
tively. For temperature close T=0K and assuming that the amplitude
of the gap function for both the superconducting banks is the same
(A; = Ay) and sin® = 1, on these hypothesis the 2.7 becomes a very
easy relation 2.8.
7A(0)

1. = 2.
c 2eR, (28)

2.2.3 SNS junction

Further studies have shown that the Josephson effect can also exist
if two superconductors are connected by a weak link (as a normal
metal, ferromagnetic, semiconductor, superconductor with smaller crit-
ical temperature, constriction, ...) [65, 67]. Aslamazov - Larkin (AL)
tried to explain the Josephson effect in weak links for temperature
close to T¢. This model well works when the length L of the weak link
is shorter than the superconductive coherent length (L << ¢) moreover
does not depend on weak link properties. The CPR in AL limit is

reported in 2.9:
7TA1A2

S dekpR,T

AL model can be generalized to low temperatures and the CPR shows

sing (2.9)

deviations from the sin¢, which can be quite significant, and also de-
pends on the the mean free path of the weak link ([3, 65]). Another
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important model for SNS junctions has been formulated by Kulik and
Omelyanchuk (KO). KO assumes that the weak link is a 1-dimensional
structure (W << L << /§l, where W, L and &, = % represent width,
length and coherent length of the weak link, respectively), that the
junction is symmetric and works in diffusive regime ({ < &). In KO
limit the CPR is reported in 2.10 and in figure 2.1 the I, as function of

® at various T is shown.

AT Acos(¢/2)
 eR, = VA2c082(¢/2) + w?

I

(2.10)

Figure 2.1: CPR in KO model at various temperature. For T close to T,
the CPR becomes the same shows by AL. At low temperature the CPR is not
sinusoidal. This graph has been adapted from [3].

2.2.4 SINIS junction

Interest in SINIS junctions is related to their possible applications in
superconducting electronics. Junctions in which several types of weak
links that carry large supercurrents were reported by Klapwijk and
Kleinsasser. This is the natural limit of SNS junctions for lower barrier
transparency. This often happens in SNS junctions where the normal
barrier is represented by a semiconducting link [3].

The properties of SINIS junctions were analyzed in the Usadel frame-
work. An analytic equation for CPR includes through the parameter

(Yers) the interface between the weak link and superconducting banks

. R .
[3]. Yess is defined as ;’% * L, where = {L, R}, 75, = %, Rp is the
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resistance of barrier and pg and &g represent the normal resistivity and
the coherent length of superconducting banks, respectively. In the Us-
adel framework the material properties of the weak link are also taken
into account. In figure 2.2 the I. vs T for a SINIS symmetric junction

that works in the diffusive limit for various 7.;s values is plotted.

T/T.

Figure 2.2: Dependance of supercurrent I. on the temperature T for a SINIS
symmetric junction in diffusive regime. The curves are plotted for various values
of barrier (verf). The dashed curve represents the limit of SIS junction in AB
model. This graph has been adapted from [3].

2.2.5 Andreev reflection

7?7 A simple microscopic model that allows to interpret how a su-
percurrent can flow though a Superconducting/Normal (SN) junction
can be discussed within the Blonder, Tinkham and Klapwijk (BTK)
framework [68]. This approach has the advantage to allow an its di-
rect experimental application. They consider an 1-dimensional ballistic
channel with a step like variation of the superconducting order pa-
rameter A(z) = AO(z). The model takes in account the effect on the
superconducting parameters of the S/N interface through a potential
U(x) = Ho(z). For this reason BTK defines a parameter Z strongly re-
lated to the transparency coefficient of the barrier that ranging from 0
(metallic limit) to oo (tunnelling limit).

If we consider an incoming electron from the normal metal with energy

E < A that reaches the SN interface, it can only yield two possible
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reflection mechanisms: normal reflection or Andreev reflection (AR)
[69]. While former mechanism does not allow a current flow through
the interface, latter process adding a Cooper pair to the superconduct-
ing condensate and simultaneously, in the normal metal, a hole with
opposite spin to the incoming electron is back reflected 2.3. The AR
allows to explain how in the junctions between superconductors and
normal (or semiconducting) materials the superconducting properties
can propagate and influence the electric transport of the normal (or
semiconducting) material: this physics phenomena is known as ”super-

conducting proximity effect” [67]. In the case of superconducting junc-

S N S

\
7

(a) (b)

Figure 2.3: Sketch of normal reflection (a) and Andreev reflection (b).

tion made by not s-wave superconductors (e.g. HTS materials that as
will be explain in the following section shows a d-wave order parameter)
the mechanism of Andreev reflection becomes a bit more complicated
[70, 71]. AR in HTS junctions needs to take in account the angle de-
pendence («) of the superconducting order parameter as well as the
angle incident of the electron at N/S interface. The generalization of
BTK theory that considers also the anisotropy of superconducting or-
der parameter has been developed by Kashiwaya and Tanaka [72]. In
the figure 2.4 the conductance as function of voltage applied for two
different junctions made with s-wave and d-wave superconductors are
reported. The graphs also include, through the parameter Z, different

transparencies at S/N interface.
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Figure 2.4: Conductance as function of the voltage, in the BTK framework,
for two different types of junctions (N/s-wave Sc and N/d-wave Sc) are shown.
The plots (a,b,c) are related to N/s-wave junction and include three different
transparency values. The plots (d,e,f) are related to N/d-wave Sc junctions
and also take in account the anisotropy of order parameter in unconventional
superconductors. This graph has been adapted from [4].

2.2.5.1 Multiple Andreev Reflection

The AR mechanism can be also applied to the junctions made with a
weak link placed between two superconducting banks (SNS or SSmS).
In this process an electron that moves on the left SN interface will
be Andreev reflected as a hole that travels to the right NS interface
where will be again Andreev back scattered as an electron. If this
mechanism is iterated a current of correlated electrons can flow between
two opposite superconducting banks. This transport process is called
multiple Andreev reflections (MAR) and in the case of a symmetric
junction subharmonic gap structures appear at energy el = %(T), where
n € N—{0}. The MAR appear as peaks in the conductance-voltage (G-
V) measurements. In figure 2.5 the characteristic G-V shows the MAR

for a Al-graphene-Al junction. A complete theoretical treatment has

been done by Octavio et al. [73].
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Figure 2.5: Differential conductance (dI/dV) measured at T=50mK for a SNS
junction with the normal region made by graphene covered on two sides with
aluminium. MAR peaks are denoted by arrows. This graph has been adapted
from [5].

2.3 Exotic superconductivity

High Temperature Superconductors were discovered in 1986 by J. G.
Bednorz and K. Muller [74]. They observed superconductivity up to
38K in the compound LaCuO doped with Ba or Sr atoms. This result
paved the way to a new strand of research. Subsequently more super-
conducting compounds have been brought to light. Y Ba;Cu3zO;_s5 repre-
sents the most studied HTS material with 7., doping dependent, up to
92K. More complex alloys as BiySroCaCuyOg [75] and TlyCasBasCuOsg
[76] have been discovered and show a T up to 105K and 120K, respec-
tively. Latest researches show that mercury-based compound HgBay;CasCuzOg
has T = 130K it represents the highest 7 value of any material [77].
The structure of HTS is quite complex. These compounds have layered
made by C'u— O planes; for this reason are called cuprates. Since Cu—O
planes work as charge reservoirs HTS substantially behave as quasi-2
dimensional systems. The T of the cuprate superconductors, for fixed
doping factor (0), depends on the number of CuO, planes and increases
with their number till to reach the maximum value of 7T, (the last de-

pends on the § value chosen). Due to complex structures, HTS show
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a strong anisotropy of the superconducting order parameter that man-
ifests in the transport properties [78]. After 30 years the research in
the HTS filed is still active. From the experimental side much work has
been done with the aim of improving the quality of the films [79-81].
In the last few years, thanks to the advancement in nanotechnologies
applied to superconductors (sophisticated nanopatterning procedures
have been developed [827 —92]) accompanied by the advances in a bet-
ter understanding of the properties of HTS and of HTS devices has
allowed to open a novel scenarios and interest in the superconducting
nanoelectronic at high temperature. Strong difficulties caused by com-
plex structure of cuprate have slowed down the development of theories
for the explanations of their superconducting nature. BCS theory, that
well works for s-wave Sc, becomes inadequate for this type of supercon-

ductors thus more complex theories are necessary.

2.3.1 YBCLQCU307_5

The unit cell of the compound YBCO shows a complex structure (see
fig2.6). The stoichiometric but not superconducting phase of YBCO
compound is represented by Y Ba,Cu3;0g and shows a tetragonal unit cell.
The superconducting YBCO is not a stoichiometric compound and the
symmetry of the unit cell is orthorhombic. The yttrium (Y) and barium
(Ba) atoms are found between the CuO, planes and between the CuO,
ribbons and CuO, planes, respectively. The weak coupling between
CuO; planes leads to a weak superconductivity in the perpendicular
direction differently happens in the planar direction. It is to be noted
that there are Cu — O chains along the b-axis. The presence of oxygen
atoms in these chains are essential for superconductivity. A variation
of oxygen stoichiometry (J) defines a different phase of the material.
YBCO is a hole doped compound and in figure 2.7 its phase diagram is
shown.

Since the oxygen plays basic role in the superconducting transport
of the cuprate the nanofabrication recipe developed for the fabrication
of the devices includes steps that aim to avoid the loss of oxygen (e.g.
bake of e-resists at low temperature and for few minutes, short wet

etching and dry etching are performed at low temperature.) For this
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c=11.68A
&

Figure 2.6: Unit cell of Y BasCusO7_s in shown. The lattice parameters are:
a~3.89A, b~3.82A, c~11.68A. This image has been adapted from Hoffman
Lab - Harvard University, web page http://hoffman.physics.harvard.edu/
materials/images/ybco.gif.
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Figure 2.7: Phase diagram for hole doped superconducting cuprate. For
0 > 0.6 the compound shows an antiferromagnetic phase. If § < 0.6 the su-
perconducting behaviour of the material is shown; when 6 ~ 0.16 the optimal
doped point is reached and T ~ 94K is shown. Above T and to the left of
T* the phase of material is called ”pseudo gap”. in this regime the microscopic
mechanisms that lead the electric transport are not clear. Above T¢ but on the

right side of T* the compound assumes a metal like behaviour. The image has
been adapted from [6].

reasons, the investigation of this compound on the nanoscale is really

challenging. Differently to LTS that shows the s-wave symmetry of o,


http://hoffman.physics.harvard.edu/materials/images/ybco.gif
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experimental observations confirm evidence of d-wave symmetry for ¢
of HTS [78, 93-95]. In the Tab 2.1 the main parameters of optimal

doped YBCO compound are summarized.

Te(K) 92

A(0)(meV) 20-25

A¢ (nm); AY (nm); A (nm) | 150-300; A$ /2; 1000
¢* = £ (nm); & (nm) 1-3; 0.24

HEy = Heo(T); Heo(T) 250;120

Table 2.1: Main parameters for YBCO optimal doped.



Chapter 3

Indium Arsenide

In this chapter the main properties of the InAs semiconducting mate-
rial bulk and with reduced dimensionality will be shown. InAs semicon-
ducting nanoowires will be used as barriers and we will be particularly

interested also in their capabilities of forming good interfaces.

3.1 InAs bulk

Bulk InAs growth on GaAs substrate shows at 300K a carrier mobility
value (1) up to 30000 cm?/(Vs) , high intrinsic electron concentration
(up to n ~ 10'®cm™3) and, thus, low intrinsic resistivity ~ 100Q/0 [96, 97].
In fig.3.1 shows a sketch of the band structure of InAs. InAs is a direct
band semiconductor with a band gap of 0.35 eV at room temperature.
The effective electron mass at the I'-valley point is m*=0.023m,.. More
details on the properties on the bulk material are reported in [7]. Tun-
nelling measurements show that a natural narrow accumulation layer
of electrons exists at InAs-oxide interface and result from donor sur-
face states which pin the Fermi level above the conduction band [98].
The thickness of this layer is of the order of an electron wavelength
(for this reason in the InAs bulk quantization effects are displayed) and
therefore shows a natural two-dimensional electron gas at its surface.
The donor states give rise to an increase of electron-impurity scattering

mechanism which represents a factor that limit the p of the material;

24



Indium Arsenide 25

X-valley
Energy
-vall
ey L-valley

Egap=0.35€V E,=1.08eV

<100> 0 <111>
/ \ k-vector
Havy holes
E,,=0.41eV Light holes
Split-off band

Figure 3.1: Diagram band energy of InAs. The figure has been adapted from

7.

in fact the ; in surface is much lower than the bulk value [99]. To elim-
inate also the undesirable effect of the surface on device properties a
”passivation” step with ammonium polysulphide solution is commonly
used [29]. Next section more details about the treatment of the semi-

conducting surface of the material used in this thesis will be give.

3.2 InAs Nanowires

Indium Arsenide (InAs) NWs strongly n-doped by selenium represents
the semiconducting material that work as transport channels in the
devices fabricated during this thesis. The NWs are provided by L.
Sorba group and have been grown by Au-assisted chemical beam epi-
taxy (CBE) on InAs (111)B substrates. They have an average diameter
(d) and length (L) of 90nm and 2um, respectively. By a fine tuning
of the temperature of the substrate and of the pressure of the gases
injected in the chamber, L and d as well as the intrinsic transport prop-
erties of NWs can be well fixed (see 7?7). InAs-NWs strongly n doped
belonging to the same batch of growth used for the fabrication of su-
perconducting hybrid devices show a variability more than 10% on its
diameter and length. Concerning the resistivity (p) of the NWs several

junctions have been tested with electric measures and results show as
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Figure 3.3: SEM images of a InAs-NWs: from the the chip of growth (on
the left hand side) to, on the opposite side, a single NWs (long ~ 2um and
d~ 90nm) is shown.

The NWs are surrounded by a native oxide layer few nanometers thick
[103—105] that hampers the flow of current when is contacted without a
suitable cleaning. In the next subsection details on InAs NWs surface
treatment will be reported.

Theoretical calculations on InAs-N'Ws show (see fig.3.4) that when de-
creasing the diameter of the NWs, the lateral confinement starts to have
a strong effect on the band structure of the channels, splitting the dif-
ferent sub-bands and increasing their effective masses [8]. Experiments
in agreement with theoretical prediction on the effects of the quantum
confinement on the transport properties in InAs-NWs are reported in
[106].
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Figure 3.4: (a) Conduction and valence energies subbands calculated at I'
point are plotted as function of the diameter of the NWs. The dashed lines
represent the bulk position of the valence and conduction band, respectively.
(b) The effective mass of the conduction subbands calculated at T' point as
function of the diameter of the NWs is shown. The dashed line represents the
bulk effective mass for InAs m* = 0.023me. (c) The graph shows as the mobility
of the carriers decreases when the diameter of the NWs shrinks its size. (d) The
graph shows as the carriers density increases when the diameter of the InAs-
NWs decreases the size. The graphs (a),(b),(c) e (d) show results due to the
effect of quantum confinement on the electric transport in the InAs-NWs. The
figures a-b and c-d have been adapted from [8, 9], respectively.

3.2.1 NWs surface funzionalization

In order to achieve high transparency at the interface between the NW
and a thin metallic layer, the oxidized surface of the NW needs to be
cleaned. Few seconds of wet etching with buffered hydrofluoric acid is
typically used to remove the oxides [14, 107]. Studies that show the
possibility to use the argon milling process as oxide remove step have
been reported in [31, 106, 108|. The sulphur surface passivation is the
treatment that is commonly applied to funzionalize the surface of III-V
semiconductors [28, 29]. The passivation process consists in the removal

of native oxides, in the provide to implant bonded sulphur atoms and
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in the prevent the oxide regrowth [109—-111]. The passivation using am-
monium polysulfide, (NH,),S,, water solution represents the technique
chosen for these PhD works. The recipe of the chemical preparation is
reported in A.

In order to define the etch deep in the NWs etch tests have been per-
formed. Fixing the chemicals concentration (3M) and the water dilution
a systematic approach on various chips has been used in order to define
the etching rate of oxide. NWs covered by PMMA have been aligned
with a electron beam lithography (EBL) session and only half has been
passivated. The passivation tests have been performed fixing the tem-
perature of the solution at 40 °C. In fig.3.5 a SEM micrograph of an
etch test on the NWs is shown.
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Figure 3.5: The results of etching deep as function of time of etching are shown
in the graph. In order to remove only few nanometers of native oxide avoiding
damages to the crystalline structure of NWs the passivation time has been fixed
to 35sec. The inset a SEM micrograph shows the effect of passivation solution
on the InAs-NWs.
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3.2.2 Electrical properties at room temperature

The NWs transport parameters have been estimated using field effect
measurements. In figure 3.6 a sketch of NWs connection is shown.

When a voltage (Vsp) is applied to a side of NWs a current (Isp) flows

Vsa g & L 'D

oxide
e Ih ty ix
!’ Vgate Z
Figure 3.6: [10]

through it. A back gate voltage (V) changes the number of transport
channels in the NWs modifying its resistance. The mobility of carri-
ers of the NWs devices can be extracted from the measurements of
transconductance g, = % [112, 113]. At low voltage biases (Vsp), the
relation g, = ‘E—EVSD governs transport in an ideal FET device [114, 115],
where C and L represent the total gate-NWs capacitance and the chan-
nels length of the device, respectively. In typical back-gate NWs-FET
geometries, an analytical formula derived from a metallic cylinder-
plane system is routinely used for calculating the gate-N'W capacitance
C/L = (2mepe,)/[cosh ™ (R + h)/R] where h is the gate oxide thickness, R
is the NW radius, and ¢, and ¢, are the relative vacuum and dielectric
constant of the oxide, respectively. When h >> R the denominator can
be simplified to In(2h/R). By solving the set of coupled equations in
3.1 we get n, pu, 7 of the NWs.

(I exS*xnx*p

Vo h
C*VSD*,U
exT

n= "

\ m

Taking in account the definition of D = kg T u, that for 1-dimensional
systems becomes D = vp x {, coupling the relations of D with the values

of ;1 and 7 an esteem of / is made.
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30

n (10 ecm™3)

p (cm?/Vs)

¢ (nm)

*

m* (me)

L(pm)

d(nm)

1.8£0.8

3004100

20

0.023

2

9010

Table 3.1: Summary of the extracted parameters for the strongly Se n-doped

InAs-NWs



Chapter 4

Nanoprocessing

This chapter describes the nanofabrication techniques developed for
the realization of superconducting hybrids junctions. Three different
types of devices have been fabricated: non-suspended and suspended
junctions between InAs-NWs and Aluminium and suspended junctions
between InAs-N'W and YBCO. After describing the developed to opti-
mize the performances of the devices, I will discuss the techniques used
to combine the semiconducting barrier nanowires with the supercon-

ductors.

4.1 Non-Suspended junctions: LTS/InAs-NWs /LTS

The InAs-Nws have been grown by Au-assisted chemical beam epi-
axy (CBE) on InAs (111)B substrates. From the growth substrate the
InAs-N'Ws are transferred on Si™ substrate capped by 280nm of thin
dry SiO, layer. On the substrate sub-millimetric electrodes and bonding
pads have been patterned through standard an ultraviolet lithography
(UVL) processing (see the figures on the left hand side 4.2 and 4.3).
A layer of Ti/Au (10nm/100nm) has been thermally evaporated and
defined by a lift off process (see the fabrication recipe in AppendixB).
Subsequently, fine marks have been defined by first EBL step and Ti/Au
(10nm/60nm) thermally evaporated. Their quality (uniformity of its
edges) defines the misalignment of the metallic contacts on the NWs,

thus the success of the superconductive junctions. The relative position

31
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of the NWs is defined with respect to pre-evaporated marks and lo-
cated through SEM images. Fingers and connections strips of the NWs
have been drawn and exposed by close-source software Elphy Plus &
Multibeam Raith-GmbH. Development, oxygen ashing of e-resist and
passivation procedure (see AppendixA) are followed by the deposition
of Ti/Au (12nm/120nm) contacts of width and length of 300nm and 1,
respectively. Electrical tests have confirmed that the quality of the con-
tacts between the NW and the metallic fingers significantly improves
when the thickness of Ti changes from Onm to 12nm (see the graph 4.1).
For this reason the thickness of Ti interlayer, typically used to create
ohmic contacts on the NWs [14, 31, 33, 116], has been fixed to 12nm
for all superconducting junctions.

Junctions of length from 110nm to 230nm have been yielded by multi-
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Figure 4.1: The graph shows that an increment of the thickness of Ti interlayer
yields a decrease of the junction resistance.

contact geometries builded on the same NWs (see fig.4.2). This design
is useful for studying the normal transport properties and their vari-
ability along the axis of the NWs.

In order to prevent the degradation of interface NWs - metallic contacts
the junctions are stored in vacuum before their electrical measurements

in temperature.
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Figure 4.2: The SEM image on the left hand side shows the results of a
step of UV lithography (UVL) (micrometric fingers and bonding pads) and
sub-micrometric Ti/Al (12nm/120nm) stripes connected to the InAs-NWs
fabricated through a electron beam lithography (EBL). The image on the
right hand side shows five junctions {A,B,C,D,E with different barrier length
{230,200,170,140,110}nm, respectively. These junctions obviously use the same
NW as a barrier.

4.2 Suspended junctions: LTS/InAs-NWs /LTS

The realization of the layout with suspended nanowires has been much
more challenging and has required both top-down and bottom-up ap-
proaches. The fine positioning of the NWs has represented another
fabrication obstacle that we have solved (see 4.4.3). Two procedures
have been developed for the fabrication of the GAP (inter-electrods
spacing) and both require lift-off steps. An approach consists into the
exposure of both the arms of the junction in the same EBL session. This
method allows to fabricate arms not closer than 100nm. This limit is
imposed by the e-resist proximity effect. This fabrication recipe is re-
ported in AppendixC.

A second more sophisticated method requires many fabrication steps.
An EBL session is useful to exposure chip marks and one of two fac-
ing arms for building the GAP. These structures are defined by Ti/Au
(10nm/100nm) thermally evaporated. A second EBL step used the
pre-evaporated marks for defining the second arm of the support de-
vice. This approach yields GAPs shorter than 100nm because reduces

the limitations due to the proximity effect of the e-resists. This method
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has also used for the realization of nanoGAPs in HTS materials. For
these compounds several fabrication steps are required since the union
of top-down and bottom-up techniques are essential for miniaturizing
that type of materials [87, 88, 90].

The fig.4.3 - B shows a GAP built by Ti/Au facing electrodes readies
for the deposition of the InAs-NWs. Details of InAs-N'Ws deposition
techniques developed are reported in the section 4.4. With help of SEM
images the position of the NWs relative to predefined Ti/Au marks has
been located. Electric contacts of Ti/Al (12nm/120nm) on the NWs
are defined by a last EBL step (see the fig.4.3). The fabrication steps

Figure 4.3: SEM micrographs show: - A - the result of a UV lithography
(UVL) step (bonding pads and connection stripes); - B - Ti/Au (10nm/60nm)
arms aligned to the UVL stripes; - C - InAs-NWs have been positioned by DEP
(4.4.3) and contacted by a last EBL step.

developed for building superconducting suspended junctions between

InAs-N'Ws and Aluminium are summarized in fig.4.4.
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Figure 4.4: Nanofabrication steps useful for building superconducting sus-
pended hybrid channel-devices between InAs-NWs and Aluminium. - A - the
support chip device of Si/SiOs; - B - spin coat of PMMA AR.P-679-04; - C -
PMMA developed; - D - Ti/Au (10nm/60nm) thermally evaporated: the GAP is
defined ; - E - InAs-NWs drop casted and aligned by DEP (see subsection4.4.3)
onto GAP; - F - Ti/Al (12nm/120nm) metallization of the InAs-NWs right after
the passivation step. The lift-off procedure in hot acetone defines the device.

4.3 YBCO - InAs-NW - YBCO junctions

To fabricate nanostructures with HTS preserving its pristine proper-
ties has been an extremely challenging, high risk but very rewarding
activity that has allowed to discovery novel aspects of physics related
to these exotic materials. The most used HTS is represented by YBCO
and in the last decades several methods have been used to miniaturize
HTS (see section 2.3). Efforts connected to the growth of YBCO, the
deposition and cleaning of the InAs-N'Ws have yielded to the develop-
ment of several design of the devices (see fig.4.6). The limitations of
each design have unveiled properties useful to improve a new version.
The o version is shown in fig.4.5: an array of 14x14 squares spaced

2 about. This design does

each other 100nm covers a surface of 80um
not allow the deterministic positioning of InAs-NWs; for this reason the
nanowires have been random dispersed using the technique explained
in the subsection 4.4.1. The [ version shows problems connected to

peeling of gold. This happens when the InAs-N'Ws are deposited on
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Figure 4.5: In figure on the left hand side the « version of the device composed
by an array of 14x14 squares (5x5 um? each one) spaced ~ 100nm that covers
a surface of 80um? is shown. In the image on the right hand side InAs-NWs
have been dispersed onto GAPs. One EBL and thermal evaporation session
define the metallic contacts at the edge of the NWS. The micrograph SEM in
the inset shows a junction between semiconducting InAs-NWs and YBCO.

the YBCO chip-device using the technique ”pick and place” (see sub-
section 4.4.1); a friction force between the tissue and the surface of the
chip device damages the Au protective layer of YBCO. The § version
allows to get GAP shorter that 100nm but we have verified that its
shape does help for the fine positioning of the NWs. The v version
has been developed for getting narrower GAP and to better control
the positioning of the NWs. It shows unexpected limitations due to
the InAs-N'Ws positioning: we have observed that the deposition of the
NWs systematically occur on the connections stripes and have never
been achieved a their positioning on the GAP between the two facing
tips. The ¢ version shows narrower GAP and connection leads. The
reduced sizes of the connection stripes could involve normal domains in
the HTS compromising the detection of the superconducting properties
of the InAs-NWs / HTS junctions. For these reasons the development
of a new design has been needed. Taking in account the results of the
NWs deposition obtained in 3, v, 6 and ¢ designs, it has been possible
to implement the ( version that allows to get narrowest GAP and uses
an innovative deposition technique (see subsection 4.4.3).

The ability to electrically connect HTS with InAs-NWs is the evi-

dence that several technological issues have been solved and represents
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Figure 4.6: Designs developed for building superconducting hybrid junctions
between HTS and InAs-NWs. The best design, ¢, allows to build this innovative
type of superconducting hybrid junctions between InAs-NWs and YBCO.

the basis for further advances. An aspect of originality of the devel-
oped design consists of InAs-N'Ws suspended on the HTS electrodes
with Ti/Au contacts encapsulating the InAs-NWs edges. A sketch of
the main fabrication steps is shown in fig.4.12. For this type of junc-
tions the HTS materials work as both NWs mechanical support and
Cooper pairs charge reservoirs. Many fabrication steps for building sus-
pended design devices with HTS and InAs-NWs have been optimized
taking advantage of the fabrication recipe developed for the suspended
junctions between InAs-N'Ws and LTC (see fig.4.2) and has also been
benefited of a consolidated experience on realizing HTS nanostructures
[88, 91, 92, 117-132]. In order to reduce the damages on the YBCO,
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preserving its superconducting pristine properties, a specific nanofab-
rication recipe has been developed. This funds on reduced number of
e-resist bakes (60°C for 5 minutes; parameters are completely outside
the manufacturer’s specifications but allow to preserve the properties
of the YBCO), dry Ar" milling etching performed at low temperature
(the YBCO substrate is kept at 120K in order to reduce oxygen loss of
the YBCO unite cell during the Argon atoms bombardment) and wet
etching few second long in acid solutions (for instance, Ti hard mask
useful for defining the GAP has been removed using 18 seconds long
acid attack in HF 1:20 solution) have been accomplished.

The devices have been built on c-axes YBCO 50nm thick grown by laser
ablation (PLD) on yttria-stabilized zirconia (YSZ) substrate and capped
by Au 20nm thick. The HTS materials have been fabricated by CER-
ACO http : / Jwww.ceraco.de/ & THEVA http : //theva.com/company/press/
GmbH companies.

The developed design allows to create GAP of size of 200nm in a very
reproducible way without degrading the properties of YBCO; b) a InAs-
NW can be in situ polished through a passivation etching without sig-
nificantly damaging the superconducting YBCO thin film, always pro-
tected by a thin Au layer in all fabrication steps; c) sub-micrometers
rectangular areas can be patterned on InAs-N'Ws suspended on YBCO
banks, thus defining the areas for contacts. Progress on NWs position-
ing has been also made as discussed in 4.4.

The same c-axis YBCO sample have been employed to fabricate pure
YBCO-NWs used as reference devices. The nanofabrication procedure
adopted for the realization of YBCO-NWs is reported in the ref.[88].
The best design of the YBCO support device, shows in fig.4.7, have
been obtained using the following e-beam-lithography (EBL) parame-
ters: beam energy 20KeV; beam aperture 7.5um; beam current ~ 20pA;
dose factor ~ 200uC/cm? and work distance 5mm. Two banks of size
of (10 x 1)um? are facing each other at a variable distance. From each
bank two larger leads depart for electrical connections. This config-
uration systematically allows to check if some unwanted shorts (more
easily occurring when shrinking the trench size) are present before the
NWs deposition as well as the superconducting properties of YBCO
arms independently of the NWs.
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The key feature is the definition of the trench size between the elec-

Figure 4.7: The image shows a YBCO/InAs-NW/YBCO junction in which
the InAs nanowire appears as a thin brown filament on top of the trench in the
YBCO layer of width d. The YBCO arms are ~1um wide. The ohmic contacts
between the NW and the SC arms are realized by evaporating two metallic
Ti/Au areas (color gray) on the NW and distant between them (L) ~ 200nm.
The dimensions of metallic rectangles are (300x1000)nm? each.The image in
the inset shows a zoom of the metallic contacts on the InAs-NWS.

trodes, which is the main parameter that has been varied. For trenches
larger than 200 nm, electrodes are never in short. On the contrary, when
inter-electrode distance is further decreased, the design of the device
and the EBL parameters need to be suitably modified. As a matter of
fact, when two electrodes are facing each other at a distance smaller
than 150nm, the e-beam exposure of one of the electrodes produces un-
desirable effects on the other (”proximity effect in e-beam lithography”).
As a consequence, a set of nano-links in between the electrodes may be
created. Currently for 160 < L < 180 nm the 40% of electrodes show a
short. In the range 120 < L < 160 nm the percentage of devices that
show a short increases to 50%. For 100 < L < 120 nm it becomes about
75%. Below L < 100 nm the 95% of electrodes are electrically linked.
Data analysis has been accomplished taking in account two thousand
trenches realized in 90 (5 x 5mm?) samples of YBCO/Au.

To decrease the trench size below the 100 nm, other sophisticated EBL
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techniques need to be developed, as for instance a double step of lithog-
raphy. This technique has allowed the realization of a preliminary set
of shorter trenches, thanks to the reduced e-beam proximity effect of
the PMMA.

A Ti hard mask 40nm thick is evaporated then a cold Ar"™ milling is per-
formed for cutting the layers of Au and YBCO, thus defining the shape
of the device. Ar' milling doses have been calibrated in the fabrication
of high quality YBCO NWs. YBCO NWs up to 50nm wide show higher
critical temperature and huge values of critical current densities, thus
suggesting low depression of YBCO surface properties [88, 92, 117].
Thickness measurements of YBCO/Au (see fig.4.10) followed by an elec-
tric check confirm that 21 minutes of Art milling (the etching has been
accomplished with the following setting: pressure 1 x 10~* Torr, beam
voltage 315V and beam current 5mA) define the design of the device
shown in fig.4.7. An oxygen plasma ashing at 10W, with a bias voltage
of 100V for 5 minutes has always been performed before Ar* etching.

Last step is fundamental since an growth of amorphous carbon dues to
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Figure 4.8: The graph shows the etch deep of the Au/YBCO sample as func-
tion of etch time. The data have been extracted from 52 devices. The statistical
analysis concerning the etch deep after 21 minutes of Ar™ milling has been per-
formed on 28 devices. It yields the value (3.31 £ 0.17)nm/min as etch rate.

the SEM images session has been observed [133]. In addition, a carbon

mask is used by research group [87, 92, 121] to replace the Ti hard mask
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for miniaturizing samples of YBCO bulk. The results of carbon growth
during the SEM session have been performed with the working distance
at 5mm, beam aperture of 30 ym and EHT of 5 KeV. In fig.4.9 it is
shown as a layer of carbon becomes thicker when increasing the SEM
observation time (from 15 seconds for thinner layer to 90 seconds for
thicker layer).

Ti hard mask thickness has been fixed to 40 nm since we have ob-

Figure 4.9: Atomic Force Microscope image shows three different thicknesses
of the amorphous carbon due to SEM analysis. The rectangles of carbon 7nm,
12nm and 22nm thick are yielded by 15, 30 and 90 seconds of the SEM obser-
vation, respectively.

served that, on average, 21 minutes of Ar" milling (etching time useful
for defining non-shorted GAPs in YBCO and Au 50nm and 20nm thick,
respectively) etch 30nm of Ti. In the fig.4.10 the dependance of the Ti
etch deep as function of the etch time is shown. The Ar* bombardment
has an effect on the GAP width. It erodes materials from edges of
facing arms, thus increasing the GAP size. In fig.4.11 the increment of
the GAP size (AGAP) as a function of etching time is shown. After the
Ar" milling step a gentle HF wet etching (diluted with DI water 1:20)
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Figure 4.10: The graph shows the thickness of removed Ti as a function of
the etching time. The statistical analysis has involved 88 devices. Ti etch rate
is (0.78 = 0.52)nm/min. Value estimated on 46 devices etched for 21 minutes.
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Figure 4.11: The graph shows the broadening of the GAP (AGAP) dues to
effect of the Ar™ bombardment. The value of AGAP is (2.4 + 1.1)nm/min and
is obtained after 21 minutes of etching.

18 seconds long is performed for removing the residual Ti layer. The

trenches, right before the NWs deposition, are checked one by one by
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Scanning Electron Microscopy and then by two points electric measure-
ments, thus guaranteeing the absence of any possible shorts. Narrower
and insulating GAPs ”only” represent the starting point for the realiza-
tion of superconducting hybrid devices with YBCO and semiconducting
InAs-NWs.
Using the DEP technique (4.4.3) InAs-N'Ws are positioned on the short-
est and insulating GAPs. The metallic contacts on the NWs have been
exposed through a thin layer (~2.5nm) of Ti thermally evaporated on
PMMA AR.P 679.04 previously spin coated. The metallic layer avoids,
during the EBL exposure, the electrons beam shift dues to the strong
insulating properties of the YBCO substrate, creating, in the worst
case, metallic contacts between the InAs-N'Ws and the side wall of the
YBCO trenches. In addition, we have verified that partially immersing,
in ammonium polysulfide for 35 seconds YBCO-NWs wide from 100nm
to 2um their superconducting properties are completely destroyed by
passivation solution. For these reasons, as the fig.4.7 shows, the metal-
lic contacts on the InAs-NWs have been builded slightly far (~10nm
for side) from the YBCO GAP edge and spaced L. Development of the
PMMA, oxygen plasma ashing, passivation in ammonium polysulfide,
thermal evaporation of Ti/Au-(12nm/120nm) and the lift-off in acetone
represent the final steps to the superconducting hybrid junctions be-
tween semiconducting InAs-nanowire and YBCO.
In fig.4.12 a sketch of the fabrication steps developed for building junc-
tions between YBCO and InAs-N'Ws is shown.

In order to fabricate this innovative superconducting hybrid junctions
several details concerning YBCO and InAs-NWs have been taken care.
The fabrication recipe that allows to build this innovative type of su-

perconducting junctions is reported in the AppendixE.

4.4 Nanowires Positioning

In this work the devices have been fabricated using three main tech-
niques for the InAs-NWs deposition. Two of them use dry and wet
random positioning of the InAs-NWs. The last deposition method
is represented by the wet random dispersion of the InAs-NWs finely
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Figure 4.12: Fabrication steps. - A - YBCO sample capped by a thin protec-
tive Au layer; - B - spin coating of positive PMMA - type AR.P-679.04; - C -
exposure and development of the PMMA; D - Ti hard mask thermally evapo-
rated; - E - cool Art ion beam etching; - F - HF selective wet etching for Ti
mask; - G - NWs positioning; - H - spin coating of PMMA AR.P-679.04 and the
thermal evaporation of 2-3 nm of the Ti guarantee the absence of drift during
the last EBL step dues to the charging effect of the insulating substrate; - 1
- result of a gentle Ti etching, PMMA development and thermal evaporation
of Ti/Au on the InAs-NWs. The superconducting junction between InAs-NWs
and YBCO is ready for the electrical characterization.

driven by dielectrophoretic force.
In the next subsections details on the techniques developed for the po-

sitioning of InAs-NWs will be reported.

4.4.1 Dry random dispersion

NWs are harvest by gentle rubbing a little piece of clean-room tis-
sue, cut in the shape of triangle, against the growth substrate and are
placed, by mild taps of the sharp triangle tip on the device substrate
(this technique is also called ”pick and place”). This method allows the
positioning of NWs with an accuracy close to 50um? that depends on
how well the profile of deposition field is defined (the deposition field

of the device realized in this work has been define by an array of marks
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or by micrometric connection stripes). This method has been used for
the fabrication of the non-suspended junctions between InAs-N'Ws and

Aluminum (see the section 4.2).

4.4.2 Wet random dispersion

This technique provides InAs-NWs in liquid solution. The IPA is a
ordinary solvent used in the nanofabrication activities and is also com-
patible with the materials used for the fabrication of superconducting
hybrid junctions builded in this work. Beforehand to disperse the NWs
in solution the back side of the InAs-N'Ws growth substrate has been
encapsulated with UV resist. This operation avoids the contamination
of TPA solution with particles originate from the back of the growth
substrate. Then a piece of few millimeters square of InAs-N'Ws growth
substrate is placed in a vial with few milliliters of IPA. By low power
sonication agitation 1 minute long the InAs-NWs are free to move in
solution. The density of InAs-NWs in the liquid has been tested de-
positing 2 ul of solution on a clean Si/Si0O, chip-test. The solution has
been gentle blown with nitrogen gas and by optical microscope 10 NWs
per 50um? have been observed. This value strongly depends on the den-
sity of the InAs-N'Ws on the growth chip and on the volume of solution
(NWs in IPA) used. This deposition method has been used for both

non-suspended and suspended superconducting junctions.

4.4.3 Dielectrophoresis

Dielectrophoresis (DEP) is a well-known technique for the controlled
deposition of nano- and micro-scale structures and exploits the forces
exerted by an non-uniform electric field E on a dielectric particle due to
its induced dipole moment p. In particular, when the size of the nano-

/micro-structure can be neglected, one can expect a force and torque



Nanoprocessing 46

given by the equations 4.1.

F=(p-V)E
T=pxE

(4.1)

The magnitude of the induced dipole p depends on the complex di-

electric functions of the DEP liquid medium ¢’ (w) and of the particle

¢y(w), where w = 27v (v is the frequency of the AC electric field and

€* = € — jo/w). The resulting force can be calculated in the case of a

prolate ellipsoid and results to be proportional to the gradient of the
electrostatic energy following the law F o ¢, Re[K,(w)|[VE? where we
introduced the Clausius-Massotti factors [134]

€ — €m

W =gt e a=LS (4:2)

The form factors A, depend on the eccentricity e¢ of the ellipsoid and
attain two different values when the field is oriented along the long (L)
and short (5) axis. Our NWs have a length which is ~ 20 times the
diameter; we can thus estimate ¢ = W ~ 0.9987, leading [134]
to A, ~ 0.007 and Ag ~ 0.497. The positive or negative sign of Re|[K,]
determines whether the particle is attracted (positive DEP) or repelled
(negative DEP) from regions with large E. Since our DEP protocol
was performed using IPA alcohol (¢, ~ 18 and negligible conductiv-
ity 0, = 6uS/m) as the medium and highly-doped InAs NWs as the
“particle” (¢, ~ 10 and sizable conductivity o, ~ 10°S/m), deposition is
expected to work already at rather low frequencies !. Provided the cor-
rect DEP sign is achieved, the force in equation 4.1 will tend to attract
the nanostructure to regions with a large electric field, the torque in
equation 4.1 will tend, thanks to its easier polarizability along its axis,
to align the NWs to the field lines. Usually, DEP is performed using
electrodes separated by a gap of size comparable to that of the target
nanostructures. In our case, we need to position the NWs on top of
electrodes separated by a gap with a size d approx 100 — 200 nm, thus
10 — 20 times smaller than the NW length; this is an unusual configu-

ration for DEP. One issues with such a small-gap geometry is that the

Wery low frequencies (v < 1kHz), though, should still be avoided since DEP is expected to
be less effective in this regime [134-136].
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field E in the gap can become very strong even for relatively moderate
excitation voltages (~1V/100nm), with a significant risk of destructive
electrostatic discharges (e.g. electrical breakdown of air is of the order
of ~ MV/m thus of same order of the electric field generated in the
GAP). In fig.4.13 effects of voltage amplitude lightly higher than 1V
applied to the GAP-device are shown.

This poses stricter limitations to the highest voltage that can be safely

¢

Figure 4.13: SEM micrographs shows several InAs-NWs aligned by DEP tech-
nique on the metallic banks. Voltage lightly higher than the optimal values
yields strong electric fields in the GAP area that completely burn the NWs.

applied to the electrodes and, in turn, reduce the size of the region
where DEP forces are able to overcome the effect of Brownian motion
and random liquid convection and thus to capture the NWs. In addi-
tion, for small structures, trapping forces converging to the gap occur in
a region which can easily be even smaller than the NW size and rapidly
decay in the surrounding volume; therefore they are not very effective
in trapping the nanostructure. These issues motivate us to develop a
new DEP electrode designs. In order to obtain a four-wire contact ge-
ometries, we always designed two facing electrodes. In figure 4.14 two
designs of several developed for the InAs-N'Ws deposition by DEP are
shown. SEM micrograph (a) shows a geometry that despite generates

huge electric field in the GAP area does not allow to pick and place
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NWs exactly on the GAP. We have observed that InAs-NWs are posi-
tioned perpendicularly to the side of the tips. These results have been

attributed to the shape and the dimension of the device developed. To

Figure 4.14: SEM micrographs of two GAP-designs are shown. The image
(a) represents a GAP-device created by two tips facing. Applying a voltage at
arms the higher electric field is yielded in between the GAP but we have verified
that several NWs are driven and positioned perpendicular to the leads and no
NWs on the GAP between two tips. The image (b) shows the best geometry
developed that allows to pick, drive and place the InAs-NWs on the GAP.

study the evolution of the NWs deposition for these failed designs has
allowed us to improve and develop the best shape for the DEP-device.
The image 4.6-(b) shows the best design developed for the NWs posi-
tioning by DEP. We note that for each design of the device large surface
coverage so that a sizeable E field could be induced over a significant
volume and leads to a larger capture cross-section. The fabrication of
the best DEP design device has been confirmed by numerical simula-
tions of the induced DEP field for structure of various dimensions. In
Fig. 4.15 we compare predictions ? for a standard case of two 1 um-wide
fingers separated by a thin gap of 200nm (panel a) and for a 2 ym-long
gap geometry (panel a), which reproduce the experimental configura-
tion of Fig. le. In both cases we plot the modulus of the gradient of
the electrostatic energy density for a biasing voltage of =1V at the two
electrodes and using ¢,, = 18.23 for the isopropyl alcohol. A 2pum-long
NW was added as a length reference. The comparison indicates that
the second geometry is more effective in capturing the NWs and ori-

enting them in the planned direction, for a given electrode bias since

2Calculations were performed with the PDE solver COMSOL Multiphysics 3.5a.
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Figure 4.15: Numerical simulations for the gradient of the electrostatic energy
density |VeE?/2| for two different electrode configurations. Panel (a) refers to a
double finger architecture with a lateral size of 1 um and a gap of 200 nm. Panel
(b) refers to the geometry shown in Fig.1. In both cases a +1V bias was applied
to the two electrodes and using €,, = 18.23 for the isopropyl alcohol. On the
right had side white lines indicate the direction of the gradient and highlight
the more efficient trapping of the geometry in panel (b). It is important to
note that the field line density in the right panels does not have any direct
correspondence with |E| since the field configuration is three-dimensional and
has a strong dependence on the out-of-plane direction, particularly in thin-finger
the case (a). A 2 pm long cylinder was added as a reference at about 3 pm from
the electrodes.

DEP forces extend further away from the gap with respect to the case
of panel (a). This is even more evident looking at the white lines on the
right hand side plots, which indicate the direction of the DEP action:
in our DEP geometry attractive forces converge to the gap over a a
quite large volume; differently, as anticipated, a much poorer capture
efficiency can be expected in the more standard geometry of panel (a).
Experimentally, our DEP process was achieved as follows. InAs NWs
were dispersed in isopropanol by sonication of the growth substrate.
The deposition was then achieved by putting a drop (2 pl) of the solu-
tion on the substrate and, at the same time, by applying an AC voltage
to the Ti/Au electrodes, as indicated in the overlay in fig. 4.16. Since we
use a very small inter-electrode gap, the substrate is largely screened;
as a consequence, it is not expected to have an important effect and
can be left floating [134]. Optimal results were obtained by applying an
AC voltage in the range 0.75—1.20V and a frequency of 1 —10kHz, while
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frequencies v < 100 Hz were found to be less effective [134-136]. The
AC field was applied until the isopropanol completely dried up. These
values gave a good deposition yield, without the accumulation of NW
clusters. In fig.4.16 in (a) the sketch of DEP technique and in (b) a
InAs-NWs/ Al junction (the NW has been aligned by DEP) are shown.

(a) ch
| . "u,\ | '||
| N
. NWs
| electrode / \/ —
gap .
electrode ™~

Figure 4.16: The figure shows: (a) the sketch of the DEP technique: an
arm is applied the ac voltage and the rest of the device is place at ground
potential. 2uf of InAs-NWs dispersed in solution are drop-casted on the chip
then the a.c. voltage (~ 1V @10kHz) is applied. As result, the NWs (brown
objects) are aligned to the electrodes of the device; - (b) SEM micrograph of
InAs-NWs/Al junction. Two Ti/Al (12nm/120nm) contacts (colour violet ) are
thermal evaporated on the InAs-NWs positioned on the GAP by DEP. The
width of GAP is (d~130nm) and the metallic contacts on the NWs are spaced
L ~ 150nm apart.



Chapter 5

Cryogenic systems and

measurements setup

In this chapter we will describe the main refrigerator system used for
the measurements at low temperatures and the electric set-up employed
to perform the characterization of the superconducting hybrid junc-
tions. Junctions between InAs-NWs and superconductors (LTS and
HTS) and devices in which the transport channels have made by a flake
of graphene/graphite positioned in suspension on YBCO trenches, have

also been characterized at very low temperature.

5.1 Cryogenic *He system

The measurements at low temperatures have been performed using two
type of cryogenic systems that allow to reach the base temperatures of
300mK and 20mK, respectively.

All the electrical characterisation of InAs-N'Ws/YBCO junctions have
been accomplished using the cryostat Oxford Instruments Heliox that
taking advantage of *He technique of refrigeration allowing to reach the
temperature of 250mK. The system is immersed in a helium (*He) ther-
mal bath at temperature of 4.2K and the chip-device, electrically con-
nected to the cryostat, is thermally decoupled to the *“He bath through

a vacuum chamber, called inner vacuum chamber (IVC), thus allowing

51
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to set temperature of the device from 250 mK up to 90K. A sketch of
the system is shown in fig.5.1. The chip holder, on which the sample
is connected, is thermally anchored to the *He pot stage. The sample,
during the electrical characterization in temperature, is kept in vacuum
at pressure of 1072 mbar. As the fig.5.1-b&c show, a capillary draws
4He from the bath to the 1K pot pumped for reaching the temperature
below 2K. Pumping on the 1K-pot is regulated by a needle valve. A
this temperature, the *He gas, that is contained in close tank, starts to
condense. The 300mK base temperature is reached by pumping on the
He by a molecular pump (sorption pump), which consists of a large
amount of zeolite, enclosed in a small cylinder inside the cryostat, ac-
tives below 30K. When the sorption is at a temperatures lower than
30 K, the vapours of *He are adsorbed, thus the base temperature is
reached. An heating system regulates the switch on/off of the sorption
pump stage.

The steps that allow to reach the base temperature are:

1. dip the cryostat in the ‘He bath and reach the temperature 5K
about of *He stage;

2. set the needle valve in order to have the temperature close to 2K
of the *He stage;

3. heating up the sorption stage at the temperature close to 35K and
keep for 30min (needs to be close the 2K till the complete conden-
sation of *He that brings at 250mK the *He-stage);

4. cooling down the sorption monitoring the 1K pot temperature;

5. the sample will reach the temperature of 250 mK that can be kept
several hours.

The system allows the electrical characterization with high thermal sta-

bility in the range of temperature [0.25; 90| K.
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Figure 5.1: In figure a) the main components of the Oxford Instruments Heliox
are shown; in fig. b) the condensation process of *He, that allows to reach the
temperature of 250mK, is shown; the sketch c¢) shows the process of heating up
of the cryostat.

5.1.1 Filters, lines and shields

The electrical characterization of the junctions has been performed in
cryogenic system equipped with an electronic that performs high ratio
signal/noise measurements including filtering stages at low tempera-
tures (see fig.5.2). To decrease the noise coupled between the device
and the external environment, each line is connected to a stage of low
pass filters (cut off frequency of ~ 2M Hz) and two stages of copper pow-
der filters (CPF) at low temperatures. The CPF cut out the signals at
high frequency (~ 1GHz). In fig.5.2 the three stage of filters are shown.

The electric setup of measurements is connected to the devices through
electric lines made with manganin (Cu-Mn-Ni alloy with low heat ca-
pacity) from external environment to the 1K pot stage and from 1K pot
to the *He stage are made of Nb/Ti alloy ( superconducting materials
that allows high current flows). In order to reduce electromagnetic noise
the connection lines are twisted in pair. The system is also provided

with handmade high gain amplifier and shields from external magnetic
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Figure 5.2: In the figure three stage of filters are shown: Low pass stage (7
filter with cut off frequency close to 2MHz) and two stages of copper powder
filters that cut-out signals about GHz frequencies.

fields. It is also equipped with a NbTi superconducting coil to apply
an external magnetic field to the system, up to 300 mK, and with a
microwave line allowing to irradiate the device via RF signals emitted

by a linear antenna.

5.2 Dilution Refrigerators

Non-suspended hybrid junctions have also been characterized at very
low temperature (~10 mK) in the Dr. Francesco Giazotto Lab (NEST
Laboratory, Scuola Normale di Pisa) using the Triton 200 Cryogen-

free dilution refrigerator made by Oxford Instruments (http://www.


http://www.oxford-instruments.com/products/cryogenic-environments/dilution-refrigerator/cryogen-free-dilution-refrigerators/cryogen-free-dilution-refrigerator
http://www.oxford-instruments.com/products/cryogenic-environments/dilution-refrigerator/cryogen-free-dilution-refrigerators/cryogen-free-dilution-refrigerator
http://www.oxford-instruments.com/products/cryogenic-environments/dilution-refrigerator/cryogen-free-dilution-refrigerators/cryogen-free-dilution-refrigerator
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oxford-instruments.com/products/cryogenic-environments/dilution-refrigerator/
cryogen-free-dilution-refrigerators/cryogen-free-dilution-refrigerator).
The devices have been biassed in current and the voltage signal was am-
plified and read by a multimeter.

The first superconducting hybrid junctions made between a flake of
Graphene/Graphite that works as suspended channels transport placed

on the support YBCO trenches were characterized in the Prof. Francesco
Tafuri Lab (Seconda Universita degli Studi di Napoli/Dipartimento In-
gnereria Industriale e dell’Informazione) using the Kelvinox MX400
made by Oxford Instruments (http://www.oxford-instruments.com/products/
cryogenic-environments/dilution-refrigerator/wet-dilution-refrigerators/
dilution-refrigerator-kelvinox400ha). This refrigerator is shielded against
external magnetic field and radiofrequency noise. Filters systems in-
stalled and thermally anchored at different stages of the dilution unit,
wiring from room temperature stage are twisted pairs and shielded by

a tube mades of a metallic alloy, allow to perform high quality low noise

measurements at very low temperatures (~10 mK).

5.3 Measurement set-up

The measurements have been performed in four probe contacts config-
uration. The superconducting junctions have been biassed in current.
A limitation resistor (R;) which can be selected in the range [1-100M]Q2
is in series to the waveforms generator. The current injected in the
device depends on R;. The voltage across the device is measured by
a battery-powered differential amplifier. The excitation and voltage
curves are read by an oscilloscope. In order to increase the sensitivity
of the measure, the current-voltage characteristics are mediated at least
on 100 sweeps. This allows to get an error in the critical current ~ 3nA
(it has been defined as the maximum error at a fixed value of voltage).
Resistance-temperature measurements have been performed with low
frequency (11Hz) bias current of 5nA, lower than the critical current
of the device, and the voltage across the junctions has been amplified
by battery-powered differential amplifier and read by a lock-in. This

setup allows to get for the measurements of resistance an percentage
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error ~ 1%. This has been evaluated as the ratio between the maximum
error in resistance and the average resistance: it represents the worst
error values in the measurements of resistance.

The data have been stored through a LabVIEW program. In fig.5.3
a sketch of the set-up used for the electrical characterization of the

superconducting junctions is shown.

Figure 5.3: Schematic drawing of the measurement set-up used for the elec-
trical characterization of the superconducting hybrids junctions is shown. The
device is biassed in current Ip;,s and the voltage that drops across the device is
amplified by a differential amplifier, thus is ready to be read by a lock-in or a
multimeter and saved on PC.



Chapter 6

Transport measurements Al -
InAs-NWs - Al

In this chapter we will present and discuss the experimental results
obtained for the Non-Suspended and Suspended superconducting junc-
tions build between Aluminium and InAs-N'Ws introduced in the chap-
ter 4. We will show the electrical characterisation performed on these
devices through current-voltage measurements as a function of the tem-
perature. The critical current dependence on the temperature for both
type of superconducting junctions have also been analyzed and are in
good agreement with theoretical predictions. The comparison between
two type of architectures indicates that the fabrication protocol devel-
oped is robust and allows to achieve for the suspended-design junctions
the same superconducting properties measured in non-suspended de-
vices. This is an promising result circumvents most of material science
compatibility problems, thus enabling the implementation of nanowire
for all types of superconductors, including HTS. The properties of
YBCO-InAs-YBCO junctions will be discussed in the next chapter.

6.1 Non-Suspended Al- InAs-NWs - Al junctions

In this section we will focus our attention on the Non-Suspended su-

perconducting junctions composed of the InAs-nanowire barrier and

57
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Titanium/Aluminium electrodes (see 4.2). Current-voltage character-
istics as a function of the temperature will be shown for different lengths
of the barrier.

The electrical characterization of these junctions have been performed
in four probes configuration as reported in 5.3.

Figure 6.1 shows a set of typical current-voltage characteristics at dif-
ferent temperatures from one of the measured Non-Suspended Al -
InAs-NW - Al junctions. This device (with barrier length L=140 nm)
has a critical current amplitude (/.) of ~ 160nA (corresponding to a
supercurrent density of J. ~ 3kA/cm?. For all the esteems of criti-
cal current density we assume an uniform current distribution along
the nanowire.) at the temperature T=10mK. The junction normal-
state resistance is R, ~ 180¢) and the I. x R, product yields the value

~ 30peV. Taking into account the geometric parameters of the device
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Figure 6.1: Current vs voltage characteristics for Non-Suspended Al - InAs-
NW - Al junction with L=(140+5)nm (electrode spacing) measured at different
temperatures. The curves have been horizontally shifted by 50uV for clarity.
The critical current at the base temperature shows an amplitude /. of 160nA and
decreases when the increase of the temperature. At T=600mK the amplitude
of I. is included in noise of the measurement. We assume T=600mK as the
critical temperature of the junctions.

and the normal transport properties of this type of InAs-NWs (3.2.2) we
have estimated, at temperature T=300mK, a normal coherent length
& =/ (AD/27kgT) ~ 300nm and a Thouless energy Er;, = hD/L? ~ 4meV

(Ern represents an energy scale that has a strong rule in mesoscopic
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physics and governs much of the physics of diffusive disordered sys-
tems and is connected to the inverse of the diffusion time of carriers
through the system [137]). By comparing A with Er, and length L
with £, we found that the dynamic of the superconducting system oc-
curs in the short and diffusive junction limit (¢ < &, and A < E7py)
[12]. Ic(T) is analyzed by using a model which holds for short diffusive
superconductor-normal metal-superconductor (SNS) junction obtained
by solving the linearized Usadel equation [12]. The best fit is yielded
by L.fs=320nm and R, = 80f2, where L.;; and R, represent the effective
length of the junction (it is much larger than the interelectrode spac-
ing. This result is supported by observing the design of the junction
(see fig6.1): the electrodes cover a considerable section of the NW. The
same fit procedure and interpretation have been accomplished in [26].
Mathematica script and the result of fit procedure in Appendix G are
shown.

Assuming an ideal situation (no backscattering of electrons in the con-

160 =
o o
[ ]
140 | N
120 | °
B [ ]

100 |-
— L]
< s8of
< ! .
3]
- 60 |-

[ ]
40 °
20 |- hd
[ ]
Ok _1 N 1 N 1 . 1 N 1 N 1 . (]

0 100 200 300 400 500 600
Temperature (mK)

Figure 6.2: The critical currents as a function of the temperature for a devices
of length L=140nm. I, has been extracted using a V' = 1uV threshold and at
the base temperature I, = 160nm; this value corresponds a J, ~ 3kA/em? (the
same order of magnitude found for this type of NWs [11]).

tacts), in the Buttiker-Landauer framework [47], there is the possibility
of overestimation the transparency (T) and the number of channels in
the InAs-NWs. Let us define Ry, = R4, + Ry, where Ry, and Ry, rep-
resent the resistance of the device measured by 2 wires and 4 wires

configuration, respectively, and R, is the barrier resistance estimated
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by previously fit procedure. Taking in account the relations Ry, = %
and Ry, = Rq% [47], where R,, N and T represent quantum of resis-

tance R, = h/2¢* ~ 13K(), the numbers and the average transaperncy of
the channels, respectively, we estimate, for the junction D (L=140nm,
I.(10mK)=160nA, R,=180(2)), a number of channels N~ 130 and an av-
erage transparency T ~0.35. These results are in reasonable agreement
with the values found through different data elaboration for junctions
made with this type of InAs-NWs [11, 23, 26].

In Tab.6.1 the values of the critical current (at T=10mK) and the nor-
mal resistance for a set of superconducting junctions built on the same

InAs-NWs (see fig.4.2) are summarized.

| Dev | L (nm) | I(T=10mK)(nA) | R,() |

A 230 10 560
C 170 90 240
D 140 160 180
B 110 170 150

Table 6.1: Measurements properties for a Non-suspended junctions be-
tween Al - InAs-NW - Al fabricated on the same NWs. The data show a
linear ratio between normal region length (L) and normal resistance (R,,).
The InAs-NW have been clamped by Ti/Al-(12/120)nm. The error in L
is ~ bnm and it depends on the accuracy of the software (Smart Tiff -
SEM Raith GmbH toolbox) that allows us to evaluate the spatial size of
the devices. We find that the error in the measurements of R,, is 1% (see

5.3).

6.2 Suspended Al - InAs-NWs - Al junctions

In this section we describe the electrical characterization of Suspended
Al - InAs-NWs - Al junctions fabricated following the DEP protocol
(see section 4.4.3). These devices have shown superconducting prop-
erties comparable to those typically observed in the more standard
Non-Suspended architecture, thus confirming that the superconducting
transport is not affect by the layout of the device (by the suspension of

the nanowire).
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These results open the way to the realization of superconducting de-
vices between HTS - InAs-NWs - HTS ( fabrication 4.3 and transport
measurements 7) in which HTS, for reasons due to their growth, need
to be placed below the semiconducting InAs-Nws.

The electrical characterization of Suspended Al- InAs-NWs have been
accomplished from room temperature down to 300 mK using an filtered

and magnetically shielded Heliox refrigerator (see section 5).

6.2.1 Resistance - Temperature

In figure 6.3 shows typical Resistance vs. Temperature (R(7')) curves
are shown for suspended devices fabricated starting from nano-trenches
of different sizes d (see fig.4.16-b) which substantially provide the having

a channel length L ~ d. Since the room temperature normal resistance

* F4L; L=270nm
* C6B; L=165nm
* B5L; L=160nm
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Figure 6.3: Normalized R(T)/R(1.4K) curves of suspended devices charac-
terized by a different channel length L: 270nm (device F4L), 165nm (C6B);
160nm (B5L), 150nm (B5B) and D7B (140nm). At the temperature of 1.1K a
drop in resistance is shown and is a consequence superconducting transition of
the of Ti/Al connection stripes. A different behaviour is observed as a function
of L: devices with L < 200nm display a metallic behaviour; if L < 150 nm the
full transition to the superconductive regime is obtained. In the inset a typical
R(T) curve (for the device B5B with L=150nm) that covers all the range of
temperature is shown.

Ry of the devices ranges from 180f2 to the 4002 (see Tab.7.1), the graph

shows the resistances normalized to their values at 7' = 1.4 K (for clarity
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only the resistance - temperature curves of five junctions with different
L have been plotted). From room temperature down to 7" = 1.1K the
R(T') curves show a similar insulating trend (the inset in fig.6.3 shows
a typical R(T) for the device B5B with L=150nm from room to base
temperature), independently of the extension L of the normal region.
For all the devices, a drop in the resistance is observed at T" = 1.1K,
as a consequence of the superconducting transition of the Ti/Al pads.
Below this temperature, a different behaviour depending on the L pa-
rameter is shown. For the device F4L, 270nm long, the insulating be-
havior continue down to 300mK, indicating that the transport in the
NW is not influenced by superconducting contacts. The devices with
150nmL < 200nm the resistance monotonically decrease reaching non
zero value at the base temperature, indicating that a complete transi-
tion to the superconducting state needs lower temperature. For devices
with L<150nm, a complete superconducting transition is typically ob-
served. These results indicate a clear influence of the channel length
L in the induction of a proximity effect across the contact barriers and
into the NWs. In the Tab. 7.1 the values of resistance and length of

suspended Al- InAs-NWs - Al junctions are summarized.

’ Dev ‘ L (nm) ‘ R,(2) ‘
B5B 150 390
B5L 160 470
C6B 165 350
D7B 140 180
F4L 270 460
G4R 220 610
G5L 170 520
G5R 200 1600

Table 6.2: Measurements properties for suspended Al - InAs-NWs - Al
junctions. The experimental errors in L and R,, are 5nm and 1%, respec-
tively (see 6.1).
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6.2.2 Current - Voltage

The current voltage (I — V') characteristics of the superconductive de-
vices were carefully analized as a function of the temperature and se-
lected curves are shown in fig.6.4 for device D7B. The behaviour of
these devices is typical of that of an overdamped Josephson junction
showing showing thermal rounding typical of RSJ model, enhanced by
the low values of Ic which may favor phase diffusion effects [51, 119].
The critical current, extracted using a V' = 1V threshold, is I. = 62nA
at 7" = 300mK; this value corresponds to a critical current density of
about 1.0 x kA/cm?, in agreement with values typically found for this
type of InAs-N'Ws used for building junctions in non-suspend architec-
tures [11] and higher than the best result s published for suspendend
junctions between InAs and Alluminium [23].

These superconducting properties are comparable to those of our con-
ventional devices fabricated directly on the Si/SiO, substrate (see sec-
tion 6.1). This confirms that 1) the high quality of the device where
InAs Nw is placed in suspension on two metallic banks and 2) the dis-
cussed DEP method (see section 4.4.3) provides a valid route for the

realization of high quality hybrid devices on narrow-gap electrodes.

100
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Figure 6.4: Current-Voltage characteristics for Suspended device of length
L=140nm as a function of the temperature. The critical currents at the base
temperature (300mK) I. = (62 £+ 3)nA.
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6.2.3 Critical current - temperature

Starting from the normal transport properties of the InAs NWs, L=140nm
and D = 0.02m?/s (see 3.1), we estimate a Thouless energy FEr, =
hD/L? ~ 700ucV and at T=300mK a normal coherence length ¢{y =
\/W = 300nm; these parameters indicate that the devices op-
erate in the diffusive short-junction limit (¢{ < &, and A < Ep;) [12].
Further insight in the transport mechanisms of the suspended devices
can be obtained from the temperature dependence of the supercon-
ducting critical current /.(7), which we show in fig.6.5. We compare
the experimental /. vs. T behaviour with a model which takes into
account the barrier transparency. The upper concavity of the I, vs T
curve of fig.6.5 is indeed an indication of a sizeable superconducting (S)-
normal (N) interface resistance, as shown in [138]. In this framework,
the energy scale ruling the /.(7') dependence is an effective Thouless
Energy E;, which takes into account the ratio between the resistances
of the S/N interfaces and the one of the normal conductor [138]. Our
experimental data indeed can be well approximated by an exponential
function [139]:

I(T) x exp(=T/T™) (6.1)

where 7™ is linked to the reduced Thouless energy by £}, = 2rkgT™*/24.
The fit is shown as a full red line and was obtained with a value
E} = 3.1peV. The I.R, ~ 10ueV product for the device D7B is sig-
nificantly lower than the theoretical value of A~ 120ueV for an ideal
SNS junction. This reduction of I.R, happens in quite a variety of SNS
junctions [65, 140] and between N'Ws and superconductors has been
measured by several groups [11, 14, 141] and has been attributed to a
finite transparency of the NWs-Superconductor interface. The behav-
ior of I. and the reduced value of the I.R, product is a clear indication
that the superconducting trasport of this device occurs in the diffusive
long-junction limit (¢ < &, and Ej, < A). This change of the supercon-
ducting transport regime is ascribed to the interface effects that hamper
the superconducting proximization of the InAs-N'W.

A different esteem of T for the device D7B has been carry out by BTK
framework (see chapter 2), through the excess current /.. (that de-

pends on T and L), extracted from the current voltage characteristic at
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Figure 6.5: The critical currents as a function of the temperature for a devices
of length L=140nm. The critical currents have been extracted using a V = 1uV
threshold and at the base temperature (300mK) I. =62nA (the error in I, is
3nA (see 5.3)). If we assume a uniform current distribution along the NWs it

corresponds a density of critical current of ~ 1K A/em? (in agreement with the
value found for the same type of NW [11]).

large value of voltage by a linear fit (see Appendix F). At T=300mK
we found an /.. = (69)nA and R, = 18012 (the error in /. and R, are 1nA
and 1x107°Q, respectively and have been evaluated by linear fit proce-
dure). From the ration el.,.R,/A(T) we have found the corresponded
Z ~ 0.4 (strongly related to the transparency), that suggests the metallic

barrier limit [68].

6.2.4 Differential conductance - Voltage

Fig.6.6 shows the temperature evolution of the differential resistance
dV/dI curves as a function of the voltage in the sub-gap region (the
sup-gap corresponds to the states at energy lower then the energy-gap
(A = 120peV for Al) of the superconductor) for the device D7B. Most
of the devices between Al - InAs-NWs - Al fabricated with different
length have shown the same type of the conductance - voltage curves.
In fig.6.6 symmetric conductance structures are observed at V =~ 10 and
25 neV and their position is not influenced by the temperature, indicat-
ing that do not depend on the superconducting gap A(7), thus they
cannot be ascribed as peaks due to Andreev bound states [141, 142].

The curves dI/dV as a function of T show that the amplitude of the
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peaks decreases as the temperature is increased and is almost com-
pletely suppressed at T=720mK: this evolution indicates that these
structures have some connection with superconductivity. Other works
in the literature have reported the appearance of differential resistance
peaks having similar temperature behaviour and have related them to
the coupling of Josephson current to the acoustic degrees of freedom
of the suspended NWs [143]. However, since similar peaks are also
observed in non-suspended devices with different length L (see, for in-
stance, the inset of fig.6.6 where a dI/dV vs T curve for a non-suspended
Al-InAs-NW - Al junctions is shown), the acoustic resonance frequency
depends on L should shift the peaks along voltage axis, thus this ex-
planation is ruled out. Another possible explanation takes into account
the possible presence of some kind of spatial inhomogeneous resistive
state in the NW ?7?7. In this scenario, the peaks would be related to
the sequential appearance of normal domains in the NW as the cur-
rent is increased. Connecting the peculiar shape of R(T) curve with
amplitude peaks temperature-independent in dI/dV vs V characteris-
tic for the device D7B, the presence of inhomogeneous resistive state
in the NW region in proximity with Al contacts is also supported. As
visible from the data of fig.6.3, the R(T) curve of devices with L in the
range (150-160)nm exhibit a large plateau which extends from the su-
perconductive onset of the Al patches at 7"= 1.1K, down to 7" = 500 mK

reasonably ascribable to the presence of impurities in the NWs.
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Figure 6.6: (Differential resistance dV/dI as a function of V for suspended
device D7B(L=140nm and R,, = 18012). The low voltage part of the data (where
superconductivity is present) was cut for clarity. Only the sub-gap region is
shown in order to highlight the presence of peaks with temperature independent
voltage position. Similar peaks are visible also in the dV/dI curve of non-
suspended device shown in the inset.



Chapter 7

Transport measurements YBCO -
InAs-NWs - YBCO

The InAs-N'Ws have been already used as barriers with LTS, and mostly
with Al contacts [14, 23, 24]. In hybrid systems between supercon-
ductors and semiconductors, interface effects and boundary conditions
will eventually tune the superconducting proximity effect and the ca-
pability of transferring coherence from the electrodes to the barrier
[3, 51, 65, 70, 144-146]. The induced coherence length in the semicon-
ducting barrier depends on the carrier density as well and can signif-
icantly vary as reported in the literature [51, 147-158]. In the previ-
ous chapter, we have already shown that Josephson coupling in InAs-
NWs/Al junctions which are shorther than 200 nm. Supercurrents have
been occasionally mentioned for barrier lengths up to 500 nm [14] but
without specifying critical currents and other junction parameters. In
table 7.1 we summarize the main data set of different types of hybrid Sc-
Nw-Sc junctions obtained by other groups. On the base of these results
that have shown how supercurrent can flow through semiconducting
nanowires, we believe that once the dimensions of the InAsNWs barrier
and the interface resistance have been optimized, the high gap values
of HT'S should nominally guarantee, in quasi one-dimensional systems,
higher values of the critical current when compared to LTS systems.

This is due to the fact that /. that flows in the junction is directly pro-

portional to the gap value of the superconductor (I, = zeﬁA x f(T, ¢, R,);

where A is the gap of superconductor, 2¢ is the charge of the Cooper

68
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Dev  pasoox L eR, 1. I.(nA) 0 n Reference
(mQ*cm)  (nm) (meV) QTemp (mK) (nm) (10" (ecm™3))
A 0.42 0.44 5700@800 120 100 [159]
B 1.8 30 0.10 800@15 80 [23]
C 3.7-9.0 20-50 0.10 350@350 90 18 [25]
D 0.9-2.2 100 0.27 615@10 50-80 3 [26]
B [400-4000* 100-450 0.002-0.06 135@40 40-130  2-10 [14]
B 3@30 50-300 [160]
B 0.82 140 0.011 62@300 90 18 [24]

Table 7.1: Here we collect as a reference some significant results on differ-
ent types of Sc-NWs-Sc hybrid junctions which can be found in literature.
The types of junctions are indicated as follows: A=Nb/InN(Nw)/Nb;
B=Al/InAs(Nw)/Al; C=Vn/InAs(Nw)/Vn; D=Pb/InAs(Nw)/Pb. The
physical parameters of the junctions are represented with symbols and
letters as follows: p=resistivity of junction; L= length of the junction;
()=average diameter of the NW; n=carrier density of the NW. The symbol
* represents the values of the normal resistance (€2) of the junctions.

pair and f is a function that depends on the temperature (T) of the
system, on the phase difference (¢) of the order parameters of two su-
perconducting banks and on the normal resistance R, that includes all
the microscopic parameters of the junction [51]).

In this chapter we will present and discuss the experimental results ob-
tained by transport measurements in temperature of this novel type of
hybrids nanojunctions made between semiconducting InAs-Nanowires
and c-axis Y Bay,CusO;_s5. We will show and discuss the characteris-
tics resistance as a function of the temperature that have been ex-
hibited a strong dependence on the normal region length (L) of the
devices. These results demonstrate that the current flows through the
junctions, reflecting that a good transparence interfaces between the
InAs-N'Ws and the High Temperature Superconducting Cooper pair
reservoirs (HTS) have been achieved circumventing the huge problems
due to the poor compatibility of HTS technology with both InAs-NWs
material and semiconducting technology.

Our achievements in HTS - InAs-NWs - HTS junctions (a current flows
across the NWs and the decrease of resistance for decreasing size L)
combined with recent result [92] (a supercurrent induced by c-axis
YBCO banks through a short gold weak link placed on two HTS reser-

voirs) lead us to believe that a shrinking of normal region length allows a
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superconducting coupling through the semiconducting InAs-NWs, thus
entailing the feasibility of the High-Superconducting field effect tran-
sistor (High-7,-SUFET) [161].

7.1 Resistance vs Temperature measurements

Measurements of the resistance versus temperature R(T) have been
performed on various YBCO/InAs-NW /YBCO junctions.Notwithstanding
the fact that the bunch of NWs used have rather similar transport prop-
erties, the resistance of our devices can vary from chip to chip as it
strongly depends on the transparency of the barriers.
In fig.7.3 a resistance-temperature curve of a typical junction between
InAs-N'Ws and YBCO of length larger than 200nm is shown. At room
temperature the resistance R3yx of the junction is ~ 1200¢2 and with de-
creasing the temperature the amplitude of the resistance monotonically
increases showing a typical semiconducting trend. At base temperature
(~ 300mK) the resistance Rsyg,x ~ 130012.

Taking in account that the InAs-NWs used for this type of junc-
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1200

[ Ty/=3) R T I T T T EEP T R S |
0 25 50 75 100 125 150 175 200 225 250 275 300
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Figure 7.1: Typical resistance as a function of the temperature curve for the
YBCO - InAs-NWs - YBCO junction with L ~ 200nm.

tions are strongly Selenium n-doped (see section 3.2), the characteris-
tics R(T) have been analyzed in the framework of disordered media (see

sectionl.3) and an activated behaviour of the conduction is expected in
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this semiconducting regime.

The curves 7.1 in the temperature range 4.2K < T < 300K have been
plotted on a log scale ( it is customary plot for this type of data elab-
oration [162]) and fitted by the equation 7.1 (this relation comes from

an easy manipulation of the eq.1.6);

T,
In R(T) ~ Ta + cnst. (7.1)
.25 a) ‘ ‘ ‘ "AINWIAI
x
\_C/ 1.2+
7.15
b) ‘ ' ‘ ' " vecomwvecd
7.15[ 1
&
£
7.1+ .
| L | L | L Ta~10K
4 6 8 10

1000/T (K

Figure 7.2: The figure shows the logR vs 1000/ T fits by the eq.7.1 for junction
between - (a) - InAs-NWs/LTS (~200nm long) and - (b) - InAs-NWs/HTS
(~300nm long). The fitted activation temperature Ty is reported for two cases.

The figure 7.2 shows two R-T curves concerning: a) suspended junc-
tion between InAs-NW contacted with patches of Ti/Al is about 200
nm long; b) junction between InAs-NW is deposited on YBCO pads
and clamped by a Ti/Au rectangle about 300nm long. Both types of
hybrid devices have been built using the same thickness of Ti (~ 12nm)
interlayer (see section 4).

Here, we compare the R-T trend of the two semiconducting junctions.
The InAs-NW /AL of figure a) is to stress that we find the same qual-
itative behavior in semiconducting InAs-NWs, of comparable length,
deposited on Al and YBCO banks, respectively.

The working functions for the materials InAs-NWs, YBCO, Al, Ti and
Au, used for building the junctions are approximate ®;,4, ~ 4.9 eV,
Dypeo ~ 6.1eV, &y ~ 4.4eV, Op; ~ 4.33eV and Py, ~ 5eV, respectively
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and if the condition ®g,, > ®,, (where ®g,, and ®,,; represent the work-
ing functions of semiconductor and the other materials, respectively) is
satisfied then a Schottky barrier is avoid.

The fit of fig.7.2,a) gives an activation temperature 7, ~ 10K for the
InAs-N'W/AI junction, which confirms the absence of a Schottky bar-
rier. In the case of InAs-NW/AI, a reduced bending downward of the
bands of InAs with negatively charged carriers trapped at the interface
is expected, to match the chemical potentials at the junction.

For InAs-NW /YBCO junctions, it is difficult to give an estimate of the
induced Schottky barrier height, in particular in view of the thin layers
of Ti (~ 12nm) and Au (~ 20nm) that have been added at the interface
to prevent oxygen diffusion or structural decomposition. A comparison
of the work functions (®ypco > Pr.as) would suggest the formation of
a strong Schottky barrier. Naively one would expect a strong bending
upward of the bands in the InAs with a significant transfer of electrons
into the metal. Charge transfer could be further assisted by the strong
n-doping of the InAs-NWs. One would predict quite a sizeable T, at
high temperature, if the Schottky barrier were driving the conductance
in InAs-NW/YBCO. Also, some nonlinearity in the I/V characteristic
could be expected with a kind of offset diode voltage of fractions of
eV. Surprisingly, the fit of the InAs-NW/YBCO samples, about 300
nm long, provide an activation temperature 7, comparable with the
one of InAs-NW /ALl (see fig.7.2,b). In various samples, for a InAs-NW
length of ~ 300 nm, 7, ranges from about 5 K to 20 K. However in this
case the fit does not show a satisfactory agreement with the activated
behavior in a large temperature regime (still satisfying the condition
T >> T,), as predicted by semiconductor theories, probably because
of spurious interface effects. It could be argued that the Ti layer in
the Ti/Au patch deposited on top of the InAs-NWNW could drive the
electrostatics of the interface and make the Schottky barrier disappear.
The Ti interlayer increases the transparency of the contact barrier and,
at difference with InAs-NW /Al, the conduction in InAs-NW/YBCO
samples has been found to be Ohmic in all samples at T>1 K, when
the suspended length of the InAs-NW/YBCO is ~ 200nm. The R(T)
decreases with decreasing temperature and the transport behavior ap-

pears to be metallic, except for very low temperatures. Since we have
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estimated a mean free path ¢ ~ 20nm (see section 3.2.2), it implies that
transport reasonably falls in the diffusion limit at high temperatures
and a linear temperature dependence of the resistivity p(7T') is expected

in this temperature range:
p(T) = po[l = (T = Tp)], (7.2)

The fit of the data of fig.7.3 with py = p(T; = 100K) ~ 4.6-1075Q has been
accomplished and gives a slope a ~ 0.4-103K~!. From 25 K down to
2.5 K the resistance curve flattens, possibly due to impurity scattering.
While the InAs-NW /YBCO that we fabricate with our procedure can
become metallic if the intermediate region is short enough (we find
L < 200nm as critical length), the same does not seem to occur for
InAs-NW /ALl fabricated with equal procedure.

The conductivity that we can extract from the sample in fig.7.3, and
from other similar samples, is ¢ ~ 2 - 10°Q7!/m at room temperature.

-1 . . .
which is consis-

Hence, the conductance at scale / is gy ~ 0.5/¢ ~ [1009)]
tent with the limiting value in fig.7.3. gy characterizes the microscopic
disorder and it is assumed as a threshold value in the scaling theory of
localization. The samples like that of fig.7.3, may have Ing < Ingy and
the system may scale to metallic behaviour for L > (. InAs-NW/YBCO
junction of fig.7.1 displays resistances about one or two orders of magni-
tude higher and behave semiconducting. Similarly, InAs-NW /Al sam-

1

ples have a resistance that is sizeable larger than 1002 = g, and it is

reasonable that they do not scale to metallic behaviour for L > /.

7.2 Comments on superconducting hybrids junc-

tions between YBCO and InAs-NWs

To sum up, we have demonstrated the feasibility of the fabrication
procedure of YBCO /suspended InAs-NW /YBCO junctions. The first
achievement of our work is that junctions YBCO/Au- suspended InAs-
NW-Au/YBCO of lengths ~ 200 nm are not insulating allowing to the
current flows through the InAs-NWs suspended channels. The other
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Figure 7.3: Characteristic resistance vs temperature for YBCO - InAs-NWs -
YBCO junction with L~200nm. A metallic behaviour from room temperature
down to 25K is shown. From 25 down to 2.5K, the resistance does not show a
dependence on the temperature; this behaviour is possibly due to the scattering
by impurities. The resistance increases sharply between 2.5K and 0.3mK. This
increase could be ascribed to incipient localization.

encouraging result is the decrease of resistance when the size of the
suspended wire changes from 300 nm to 200 nm.

For L= 300 nm the resistance of the InAs-N'Ws interfaced with the
Au/YBCO electrodes, is semiconducting-like (see fig.7.1). The resis-
tance increases as a function of the temperature from room tempera-
ture to 300 mK, demonstrating the prevailing role of the InAs-N'W and
the substantially null effect of the superconducting banks. When reduc-
ing L down to 200 nm, the R(7T) dependence becomes metallic-like from
room temperature to about 20 K (see fig.7.3). This behaviour is not ex-
hibit by InAs-N'W /Al devices, thus for InAs-NW-Au/YBCO junctions
we ascribe the metalic-like trend of the R(T) to the YBCO electrodes.
At lower temperatures there is a strong increase of the resistance both
in the semiconducting and in the metallic samples possibly due to local-
ization effects (for example, the correction of weak localization to the
resistance are ~ 1/in(T) (see section 1.3.5), thus for decreasing temper-
ature could yield and abruptly increase of resistance). In this range of
temperature (from ~ 2.5K to 300mK), the superconductivity seems to
play no role in this length regime of the nanowire.

Our fabrication processes are the further demonstration of the progress



Transport measurements YBCO - InAs-NWs - YBCO 75

achieved in nanotechnology applied to HTS and in mastering more and
more robust and high quality hetero-structures. This type of archi-
tecture not only may benefit of the high critical temperatures of the
HTS electrodes but can be also extended to different barriers from
semiconducting to ferromagnetic. This allows to experience new va-
riety of functionalities and possibly NWs of different materials per-
forming as tunable barriers. The achievements in the fabrication re-
ported in the present work can be considered as very encouraging in the
direction of the realization of Josephson hybrid HTS/InAs-NW /HTS
junctions. The challenge is to realize high transparent barriers with
superconductors tolerating high magnetic critical fields. Applications
such as field effect transistors and nano-sensors may take advantage of
these new possibilities offered by nanotechnology. Our YBCO/InAs-
NW/YBCO junctions, being hybrid devices potentially controlled by
low-dimensionality, spin-orbit coupling and superconducting proximity,
could possibly host exotic Andreev bound states and Majorana states
[34, 163—-166].



Conclusion

In this work we have investigated the transport properties of supercon-
ducting hybrid systems made with semiconducting InAs-NWs - Alu-
minium and semiconducting InAs -NWs- YBCO. Mixing bottom-up
and top-down nanofabrication approaches Josephson junctions in non-
suspended and suspended design have been built. For devices with
aluminium, the InAs-NWs have been positioned by random and as-
sisted technique (the last is known as Dielectrophoresis technique).The
native oxide shell of InAs-NWs that hampers the current flux trough
the interface have been removed by a chemical procedure (passivation
with NS,H,). This allowed a good transparency at the interface InAs-
NWs/Al, thus the induced superconducting proximity has been dis-
played. Suspended and non-suspended junction between InAs-NWs -
Aluminium have been systematically investigated by transport mea-
surements up to 10mK. For InAs-NWs - Aluminium non suspended
junctions a supercurrent has been observed for normal region 230nm
long. Both type of devices shown that the critical current decrease
with increase of the temperature; at the temperature of 600mK both
the designs shown a transition to normal state. A comparison of the
transport properties for suspended and non-suspended architectures
show that the coupling between the substrate and the normal region of
the junction does not affect the transport properties of these devices.
The results of yielded junctions are in excellent agreement with the best
data achieved by uncontested leaders in this research field (groups of
University of Delft, Harvard, Lund, Grenoble,..). These results guar-
anties the high quality of works developed and pave the way toward the
development and the integration of more advanced systems.

The nanotechnology platform developed for suspended LTS junctions
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has represented the starting point for the integration between YBCO
and the semiconducting InAs-N'WS. Several efforts been accomplished
and many design of the structures have been developed. A special de-
sign that allowed us to circumvent nanofabrication problems due to the
complex structure of YBCO unit cell and its compatibility with InAs-
NWs and semiconducting nanoprocessing has been found.

Innovative superconducting hybrid devices YBCO/NWS have been char-
acterized with electric transport measurements as function of temper-
ature and show as a current injected into YBCO banks can cross the
NWs that works as a weak link. Current passes through the InAs-
NWS, demonstrating the feasibility of the whole fabrication process.
The other encouraging result is due to the resistance dependances on
the normal length (L) of junction.

Resistance temperature (R-T) curves for device with L longer than
200nm systematically shown a semiconducting behaviour in all the
range of temperature. Devices with L < 200nm show, in the range
of temperature 300K-20K, a R-T with a metallic like trend. This be-
haviour is not exhibited in Al/InAs-NWs devices, thus we believe that
is ascribable to the YBCO. From 25K down to 2.5K the resistance does
not shown a dependance on the temperature. This behaviour is possibly
due to the scattering by impurities. At lower temperatures (from 2.5K
down to base temperature) the resistance abruptly increase; behaviour
possibly dues to the localization effects.

The achievements in the nanofabrication reported in the present work
can be considered as very encouraging in the direction of the realization
of the Josephson field effect transistor with HTS/InAs-NW /HTS.



Appendix A

3M Ammonium polysulfide

10.

11.

. Commercial Sulphur 144 mg;

. Ammonium Sulfate 1.5ml;

. Mix 2h;

. Dilution deionized water13.5ml;
. Mix 2h;

. The solution is ready and has a life time of 4 weeks. When yel-

low flakes appear on the liquid surface means that its reactivity
changes.

Few m/ of solution are enough for cleaning NWs on a Si/Si0, sub-
strate with few mm? of surface;

. Bake the solution at 40 °C for 3minutes;

. Passivate from 35 to 45 seconds;

Rinse the sample in the deonized water for 15 seconds;

The NWs are ready for the metallization.
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Support chip device

10.

11.

12.

13.

14.

. Clean a wafer of 2 inch Si/SiO, wafer capped by 280nm thick oxide

with acetone;

Oxygen plasma: 10W for 5minutes;

. Bake the sample at 150 °C for 5 minutes;

. Spin coat LOR 3A on the wafer using the settings with spin speed

of 500rmp for 3 seconds and 3000rpm fro 35 seconds;

. Bake at 170°C for 5 minutes;

. Spin coat S1818 at 500 rpm for 3 seconds and 6000 rpm for 60

seconds;
Bake at 115°C for 1minute;

Exposure 10 seconds

. Develop with MF'319 for 60 seconds and rinse with DI water for

30 seconds;

Bake at 120 °C for 5 minutes;

Oxygen ashing plasma 10W for 1minute;

Thermal evaporation Ti/Au (10nm/100nm);

Lift off hot acetone for 5 minutes and rinse in IPA for 30 seconds;

LOR remove MF319 for 30seconds and rinse in DI water for 30
seconds;
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Non-Suspended Hybrid Junctions

The support chip device (details are reported in Appendix B) are used
for the fabrication of Non-Suspended Hybrid Junctions between InAs-
NWs NWs and LTC.

10.

11.

12.

13.

14.

. Clean the support chip device(Acetone/IPA);

Random deposition (wet or dry) of InAs-NWs;

SEM images for NWs localization;

. Spin coat of PMMA type AR-P.679.04 at 6000rpm for 1minute;

. Bake at 60°C for 5 minutes;

EBL exposure;

Develop for stopper solution IPA for 30 seconds;

. Oxygen ashing 10W for 1minute;

. Passivation in Ammonium polysulfide (Details are reported in Ap-

pendix A);

Thermal evaporation of Ti/Au -(10nm/120nm);
Lift-off in acetone 15 minutes - IPA;

Fast SEM images session;

Store in vacuum the junctions;

The junction are ready for the electrical characterization.
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Appendix D

Suspended Hybrid Junctions
between InAs-NWs and LTS

The support chip device (details are reported in Appendix B) are used
for the fabrication of Suspended Hybrid Junctions between NWs and
LTC.

1. Clean the support chip device (Acetone/IPA);

2. Spin coat of PMMA type AR-P.679.04 at 6000 rpm for 1minute;
3. Bake at 60 °C for 5 minutes;

4. EBL exposure;

5. Develop for 1 minute and rinse in IPA for 30seconds;

6. Oxygen ashing 10W, bias voltage 100V, for 1minute;

7. Thermal evaporation of Ti/Au - (10nm/100nm);

8. Lift-off hot acetone for 15 minutes;

9. SEM images;

10. The GAP are ready!!

11. N'Ws positioning with dielectrophoresis technique (Details are re-
ported in 4.4.3);

12. SEM images for NWs localization;
13. Spin coat of PMMA type AR-P.679.04 at 6000 rpm for 1minute;
14. Bake at 60 °C for 5 minutes;

15. EBL exposure;
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16.

17.

18.

19.

20.

21.

22.

23.

Develop for 1 minute and rinse in IPA for 30 seconds;
Oxygen ashing 10W, bias voltage 100V, for 1minute;

Passivation in Ammonium polysulfide (Details are reported in Ap-
pendix A);

Thermal evaporation of Ti/Al - (10nm/120nm);

Lift-off in acetone 15 minutes and rinse in IPA for 30 seconds;
Fast SEM images session;

Store in vacuum the junctions;

Electrical characterization of the junctions.



Appendix E

Suspended Hybrid Junctions
between InAs-NWs and HT'S

Recipe for fabricating superconducting InAs-NWs/YBCO junctions

10.

11.

12.

13.

14.

. Blown with dry N, gas a new sample of YBCO capped by Au;
. Spin coat PMMA AR-P679.04 at 6000runs/min for 60 seconds;
. Bake PMMA at 160 °C for 5minutes.

. EBL exposure and development in AR-600-56 at room tempera-

ture for 60 seconds and rinse in IPA for 30 seconds;

. Oxygen plasma ashing: 10W, 1minute, bias voltage 100V.

. Spin coat PMMA AR-P679.04 at 6000runs/min for 60 seconds;

Ti Hard mask ~ 40nm thick thermal evaporation;

. Lift-off ACE for 20minutes, Iminute of sonication plus siringature;

. SEM images: check shorts and measure GAP width after the Ti

hard mask;
Thickness measurements before ion milling etching (IBE);

Oxygen plasma cleaning before IBE step: 10W, 5 minutes, bias
voltage 100V.

IBE at low temperature (~ —150°C): bias voltage 315V and vac-
uum process performed at 1F — 4 Torr;

Thickness measurements after IBE and before HF etching;

Ti hard mask remover: HF at 49% diluted 1:20 in DI water; etch
time 18 seconds and rinse in DI water for 2 seconds;
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15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Thickness measurements of YBCO/AU.

Thickness measurements after IBE and HF etching;

SEM images: check shorts and measure GAP width;
Electrical check of the GAPs;

Oxygen plasma ashing: 10W, 1minute, bias voltage 100V.

InAs-NWs deposition (dry or wet) / positioning (by hands / by
DEP);

SEM images: locate the NWs on the YBCO GAP respect marks;
Spin coat PMMA AR-P679.04 at 6000 runs/min per 60 seconds.
Bake at 60C per 5 minutes;

Evaporation of Ti thin layer (2-3 nm): fundamental to exposure
the contacts on the InAs-NWs that does not drift during the ex-
posure. This is due to the substrate charging;

EBL exposition: contacts on the InAs-NWs;

Ti remove: wet etching in HF 1:20 for 10 seconds and rinse in DI
water for 2 seconds;

Development in AR-600-56 for 120 seconds and rinse in IPA for
30 seconds;

Oxygen plasma ashing at 10W, bias voltage 100V, 60 seconds;

InAs-NWs passivation in NH,S, (3M ammonium polysulfide solu-
tion diluted 1:8) for 35 seconds at 40 °C;

Ti/Al - (12nm/120nm) thermal evaporation;

Lift-off in acetone at room temperature for 20 minutes: weak son-
ication 1 second long. NO Siringature;

Fast SEM images at low EHT voltage (3KeV);
Store in vacuum the junctions;

Electrical transport measurements.



Appendix F

Excess current
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Figure F.1: Current voltage characteristic at T=300mK of D7B device with
length L=140nm and normal resistance R,, = 180€2. The excess current I.,. =
(69 + 1)nA has been extrapolated by a fit linear of the normal region of I-V
curve Blonder.

Since el . .R,/A ~ 1.7 involves Z ~ 0.4
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Appendix G

Fit I.(T) short diffusive junction

Mathematica routine for I, —T data fit

delta = Interpolation[Import[” /Users/domenico/ Desktop/Mathe/gapnew.dat”,” T'able”]];
sdata = Table|deltal; ListPlot[sdatal;

g = 1.6021/10;

hP = 1.05459/10%;

me = 9.1095/10° kB = 1.3807/10%;
Rtunnel = 180; (xresistance@300 K x);

T'c = 0.6;(xsuperconductorcriticaltemperature®);
d0 = 1.76 kB Tc(*BCSGAPatzerotemperature

*);
gap|Ti := delta[T/Tc|dO;

L = 320/107%; (xef fective length of channelsx)
kk = 2/10?; (xdiffusioncoeffm?/sx)

(xLinearized Usadel Equationx)

A[RbTn := 1+ (Rb/Rtunnel)? x L* x Abs[2 x PikBT (2n + 1)]/(hP x kk);
B[RbTny := 2Rb/ Rtunnel L x Sqrt[Abs[2 x PikB T * (2n + 1)]/(hP * kk)];
K[Tnj = Sqrt[Abs]2 x PikB = T * (2n + 1)]/(hP * kk));

Is[Rb T} := PixkB/(q* Rtunnel) « T * Sum|[((gap[T])*Sqrt[2 « Abs|Pi* kB % T x
(2%n+1)]/(hPxkk)]* L/((Pi*xkBxT x(2*n+1))?+ (gap[T))?) * (A[Rb, T, n] *
Sinh|K[T,n] « L| + B[Rb, T, n| * Cosh[K|[T,n] * L]))),n, —100, 100];

(xtest : [c@Q10mKwithR, = 100)x)

15100, 0.01]

(xexperimental datax)

data = {...};

(xexperimental errorx)
error = {3};

(xPlots*) nlm = Nonlinear Model Fit|data, [s|Rb, T), Rb, T, Weights— > 1/error?]
nlm[” ParameterTable”]
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Show[ListPlot|datal, Plot[nlm|x], x,0, 1], AxesLabel— > T, I¢|

L L L L
0.35 0.40 0.45 0.50 0.55

Figure G.1: I. - T graph. The fit procedure has been accomplished
by using a model which holds for short diffusive superconductor-normal
metal-superconductor (SNS) junction [12]. The estimated parameter are
Lesf(intheMathematicascripsiscalledL)andRy the barrier resistance.
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