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Introduction

Advances in electronics miniaturization are solving technology challenges across markets
by reducing loss of performance, increasing signal speed and allowing dense integration.
In this scenario, the aim of controlling matter even to the atomic-scale has risen a
stronger motive for advanced nanofabrication techniques, sowing the seed for
nanotechnology. This new field of research and innovation has been considered to have a
very high potential in delivering energy efficient, smaller and lighter products at
significantly reduced costs.

In the words of Richard Smalley, Nobel laurate in chemistry, who in June 1999
commented: “The impact of nanotechnology on the health, wealth, and lives of people,
will be at least the equivalent of the combined influences of microelectronics, medical
mmaging, computer-aided engineering and man-made polymers developed in this century”
[1]. Such extraordinary impact on so many research fields is connected to the fact that
at these small scales, the macroscopic forces of physics and chemistry have other
relevance. By engineering and manipulating conventional materials, the obtained
nanomaterials exhibit novel unique features that can be very different from their
macroscale counterparts, such as increased strength, durability, conductivity, distinctive
plasmonic properties and chemical resistance. Moreover, quantum phenomena arising
from the size reduction of the basic elements exhibit characteristic effects, which are of
special interest for fundamental research and future applications. Eventually, further
advances will allow novel functions that were originally unforeseen by conventional
techniques.

It follows that, in the last decades, increased research engagement has been dedicated to
the development of manufacturing processes which allow for precise manipulation of
matter, compatibility with other device components and integration of the new
nano-elements, such as fullerenes, nanotubes, nanoparticles and graphene in
microdevices for the manifold application portfolio of miniaturized electronic elements.
Most of the technical methods used to manufacture nano- and microstructures are based
on the generation of duplicable patterns in a complex planar fashion. In particular,
nanotransfer printing and lithography techniques, which involve several process steps,

allow stable and reproducible nanofabrication. For this reason, they have been largely



applied in semiconductor industry for highly-resolved chip production. However, the use
of chemicals and numerous steps involving radiation exposure and different temperature
baking treatments make these techniques not suitable to be applied in conjunction with
sensitive materials or for fast prototyping purposes. Consequently, direct-writing
techniques have attracted more attention in the last years. In particular, Focused
Electron Beam Induced Deposition (FEBID) is considered for nanopatterning
applications because of its direct-write character, bottom-up approach, large variety of
applicable materials, high-resolution capabilities (sub 10nm lateral resolution) and
minimal surface damage [2]. By scanning the electron beam on any kind of material, 2D
and 3D nanostructures can be fabricated by the dissociation of the molecules of a
gaseous precursor in the focal point of the electron beam. A solid deposit forms on the
beam target point. This technique resembles the same bottom-up approach of the
mainstream Fused Deposition Modeling (FDM) 3D printing machines in the macroscale.
In the same way, very highly-resolved and complex shapes with excellent 2D and 3D
design correspondence can be achieved on the nanoscale.

With its direct character, the technique can be considered as an alternative to Electron
Beam Lithography (EBL) for fabrication of devices involving sensitive nanomaterials
and as a convenient technique for Nano Device Prototyping (NDP) of complex shaped
structures.

However, as a particular type of electron induced local Chemical Vapour Deposition
(CVD), FEBID offers a wide spectrum of material deposition possibilities using
numerous precursors, which are mostly organometallic compounds. It follows that
FEBID suffers from the inclusion of organic fragments in the deposits as a consequence
of the incomplete dissociation of the used organometallic precursors. The presence of
carbon contamination negatively impacts the electronic and optical properties of the
deposited material. Consequently, the low metal content of the deposits and a relative
low throughput reduce FEBID applicability.

As an important example, big effort has been devoted by the FEBID research
community in the development of approaches to improve the electrical conductivity of
FEBID structures obtained by the use of one of the most employed FEBID precursors:
Trimethyl(methylcyclopentadienyl)platinum(IV), Me3PtCpMe(IV). Besides FEBID,
this precursor has been largely employed in Atomic Layer Deposition (ALD) in
combination with O, because of its high vapor pressure, good stability and simple
molecule structure. These characteristics combined with the thermal energy
contribution and the catalytic effect of platinum for oxygen atoms, make the release of
the organic compounds from the molecule quite straightforward in order to accomplish
pure Pt deposition.

In the case of Pt-C FEBID deposits, it has been similarly demonstrated that by

employing O, or HyO as oxidising gases, either by local gas injection or as background



gas, in combination with electron irradiation or heating, the complete removal of
carbonaceous fragments in the deposit can be accomplished [3-5].

Such catalytic purified Pt FEBID nanostructures can be used directly for contacting
applications or serve as seed layers for pure Pt thin film growth. A highly versatile
technique consists of using MesPtCpMe and Oy as reactive gases for the Pt
Area-Selective Atomic Layer Deposition (AS-ALD) process on purified Pt FEBID
deposits. In this way, subnanometric layers of pure Pt can be grown on defined
structures by alternating reactant exposures on the heated substrate. The technique has
maskless design machining capability of arbitrary complex structures, spatial resolution
in the nanoscale and easy integration capacity. In this work, a novel approach towards
in situ monitoring of AS-ALD of metals, in particular platinum, using the electrical

conductance of the growing layer as new probed quantity is presented [6].

The aim of this work is to investigate the FEBID capability in the nanofabrication of
very sensitive devices which require high-resolution and control by the use of suitable
materials. In this scenario, single-electron devices, as for example gold Nanoparticles
(NP) arrays and the Single-Electron Transistor (SET), have appeared as suitable
candidates to test the fabrication and material performances of FEBID-based devices.
Such interest can be traced back to the fact that in the last decades single-electron
devices have been considered as replacement for silicon transistors on account of their
ultra-low-power range with a high level of device integration [7-12]. Moreover, the
appealing fabrication challenge lies in the highly controlled definition of the metallic
islands with a diameter far below 100 nm and in the fine tuning of the tunnel couplings
among the islands and the drain/source leads. However, it is important to note that
with minimum feature sizes less than 10 nm, increasingly challenging fabrication barriers
concerning the island and the tunnel junctions have to be taken into account.

By using catalytically purified Pt FEBID deposits, electrical contacting of UltraViolet
(UV)-lithographically defined pads to Au-NP arrays has been achieved in order to
investigate the single-electron transport properties of self-assembled multibody systems.
NP arrays contacted between two electrodes behave as networks of Coulomb
blockade-type tunnel junctions with a distribution of threshold energies due to the
network of single nanoparticles forming the domain. However, Pt co-deposit is a
consequence of the FEBID technique itself, giving the formation of trapped charges
around the nanoparticles promoting cotunneling effects that disturb the single-electron
transport through the whole array. For this reason, a different type of approach has
been used for the fabrication of SET devices.

The method proposed in this work consists of using FEBID for the island definition
between pre-fabricated SET electrode structures. The Pt-C island itself is a system of

Pt-grains (2-3nm in size) embedded in a amorphous-carbon matrix [13]. The island’s
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nano-granular structure allows, in conjunction with in situ tuning of the inter-grain
tunnel coupling by post-growth electron irradiation, to study the effect of the island’s
peculiar electronic properties (driven by its granularity composition) on the SET device
performance. In this way, it is possible to understand the cooperative physical
phenomena that take place when the interdot coupling between neighboring particles is
tuned together with the degree of long-range Coulomb interactions. A localized
Art-etching has been necessary in order to remove the Pt-C co-deposit halo in proximity
of the island and avoid transport disturbance factors. The quality of the devices and the
reliability of the nanofabrication methods have been directly evaluated through the
observation of the characteristic features of single-electron transport as Coulomb

blockade, diamonds and oscillations at very low-temperatures (down to 0.3 K) [14].

This work is structured as follows: Chapter 1 provides the basis for the theoretical
understanding of single-electron transport in granular metals. In this way, the reader
will become familiar with concepts and terms defining the single-electron transport in
granular metal systems addressed in this work, such as nanoparticle arrays (Section 1.3)
and Pt-C FEBID nanostructures (Section 1.4). This theoretical introduction serves as
the basis to comprehend the origin of global transport properties arising from local
charging-mediated tunneling. The described theoretical background is preparatory to
the interpretation of the experimental results obtained by the electrical characterization
of the samples reported in Chapter 3 for the nanoparticle arrays and in Chapter 4 for
the SET devices. Special focus is set at the end of Section 1.4 to describe the particular

case of single-electron transport in the SET and its characteristic electrical features.

The second chapter provides an overview of methods and process techniques used for the
fabrication and analysis of micro- and nanostructures. Initially, in Section 2.1, the
manufacturing process of the macroscopic chip on which the nanostructures are
fabricated is described. The chip serves as electrical interface to perform the electrical
characterization of the nanostructures. Afterwards, in Section 2.2, the main technical
instruments used for the fabrication and analysis of the nanostructures are reported.
The methods include Scanning Electron Microscopy (SEM), Focused Ion Beam (FIB)
and further related indispensable techniques for the topographic and compositional
analysis of the nanostructures, such as Atomic Force Microscopy (AFM) and Energy
Dispersive X-ray spectroscopy (EDX).

In Section 2.3, the nanofabrication and optimization methods which have been used to
obtain the experimental devices presented in this work are outlined. In Subsection 2.3.1,
the basic principle of the FEBID technique employed for the fabrication of Pt-C deposits
from the precursor Me3PtCpMe is given. Special emphasis is given to the description of

the relevant interaction mechanisms of the electrons with the precursor molecules and
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the substrate. Moreover, the main drawbacks of the technique, such as co-deposit
formation in proximity to the defined pattern and low metal content of the obtained
deposit, are outlined. Accordingly, the curing post-growth treatments of Pt-C FEBID
deposits used in this work to increase the deposits electrical conductivity are described.
One technique is the electrical irradiation of the Pt-C FEBID deposits. The method fine
tunes the inter-grain coupling strength allowing to adjust the electrical conductivity
from an insulating to a metallic state [15]. Such optimization has been used in this work
to increase the conductivity of Pt-C FEBID dots used as islands for SET fabrication.
This application is described in detail in Chapter 4.

The second technique is a catalytic purification of the Pt-C FEBID structures [4]. This
purification technique uses the catalytic activity of Pt in combination with Oy exposure
and high substrate temperature to oxidise and remove the carbonaceous component of
the deposits. Purified Pt FEBID deposits have been used afterwards as electrical
contacts in nanoelectronics applications, such as for contacting Au-NP arrays. This
application is described in detail in Chapter 3.

However, the catalytic purified Pt FEBID structures present a highly porous structure
due to the massive loss of the carbonaceous matrix from the FEBID deposited material.
To strengthen the contacts and promote selective growth of Pt on highly-resolved
nanometric features, purified Pt FEBID deposits have been used as seed layer for
maskless Pt AS-ALD inside the chamber of the dual-beam FIB-SEM. This method and
the relative electrical conductance based monitoring technique developed in this work
are outlined in Subsection 2.3.2.

The last reported nanofabrication techniques are nanoparticles drop casting and ion
etching techniques. Nanoparticles drop casting has been used in order to obtain
self-assembled nanoparticle arrays that have been later contacted with the purified Pt
FEBID deposits. Focused Ga™-beam milling and localized Art-etching have been used
in order to design and polish the SET devices. The fabrication and characterization
description of these samples can be found in Chapter 4.

Finally, Chapter 2 ends with the electrical and magneto-transport characterization
measurements description (Section 2.4). Such measurements have allowed not only
process monitoring during the nanofabrication but, additionally, they delivered an
important feedback of the quality of the device nanofabrication providing the
observation of single-electric transport and in general the electrical characterization of
the obtained devices. Such characterization measurements have been conducted in an

3He-cryostat. The description of the cryostat setup is given in Subsection 2.4.1.

In Chapter 3 the first experimental single-electron-based devices are described. Au-NP
arrays consist of monolayers of thiol-PEG ligated gold nanoparticles (diameter =

12.5nm), synthesized and deposited by drop-casting from solution onto Si/SiOs
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substrates in close proximity to UV-lithographically defined gold electrodes. The Au-NP
arrange in triangular lattices with domain sizes up to 1 pm. In particular, in order to
contact the gold electrodes to the NP arrays, Pt purified FEBID deposits have been
used as contact elongations. In the weak-coupling framework, single electron charging
becomes significant, leading to Coulomb blockade behavior and the localization of
electrons on individual particles. The overall global transport properties arising from
local charging-mediated tunneling have been then investigated with electrical transport
measurements at low-temperature. Unfortunately, Pt co-deposit is a consequence of the
FEBID technique itself giving the formation of trapped charges around the
nanoparticles promoting cotunneling effects and disorder compromising single-electron
transport among the nanoparticles. For this reason, a second approach has been

employed in order to succeed with the demanding fabrication of SET.

The new approach and the operation results of the obtained SET are described in Chapter
4. The method consists of using four pre-patterned contacts in a cross configuration and
mill them with a Focused Ga*-Ion Beam in order to obtain a SET device geometry with
two gate electrodes. Afterwards, a Pt-C island is placed between the milled electrodes
using FEBID and subjected to a post-growth irradiation step. The co-deposit is later
etched away by using a localized Ar*-milling in a pulsed fashion.

By means of the electron irradiation of the island material, the tunnel coupling strength
inside the island and between the leads can be finely tuned and stable SET operation is

accomplished. Moreover, depending on the irradiation dose, different operation regimes
of the SET can be achieved.



Chapter 1

Theoretical background

The electrical properties of NP arrays (Chapter 3) and Pt-C FEBID material used as
SET island (Chapter 4) are based on the concept of single-electron transport in granular
metals.

In this chapter a theoretical description of the single-electron transport within granular
metals is given to assist the following interpretation of the electrical characterization of
the granular metal systems fabricated in this work.

In the first section, a general introduction on single-electron transport in granular metals
is provided (Section 1.2). Afterwards, the single-electron transport taking place in a NP
lattice (Sectionl.3) and in a Pt-C FEBID deposit is described (Section 1.4). The chapter
ends with an accurate theoretical description of a single-electron device - Single-Electron

Transistor (SET) - and its operating principle (Section 1.5.2).

1.1 Granular metals

Granular conductors consist of close-packed granules (nanocrystals) in an insulating
matrix. Whereas the metal particles range their size usually from a few to several
hundred nanometers, metallic granules are often considered as artificial atoms with
programmable electronic properties [16]. Thereby, granular metals form a new class of
materials combining the individual and collective properties of coupled nanocrystals.
More specifically, the electrical transport is based on the electron tunneling among
neighbour grains through the dielectric medium. Detailed information about the
tunneling mechanism theory can be found in Appendix B.

Granular metals are particularly interesting to study and be used in technological
applications since their electronic properties are the results of electron confinement and
tunable cooperative effects of disorder. By varying the size and shape of the grains,

quantum confinement effects can be modified. Because of their versatile electrical
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Chapter 1

properties, granular metals have been extensively used in a broad spectrum of
nanotechnological applications and in fundamental studies of disordered solids [16].

Over the years, several fabrication techniques have been used to fabricate granular
metals, such as co-sputtering of metals and insulators and partial metal ALD on
insulator substrates [17]. A widely employed technique, that gained increasing interest
in the last decade and guarantees a high level of order and homogeneity in the grain
size, consists in the fabrication of granular conductors through self-assembled colloidal
nanocrystals [18, 19]. In this type of systems, metallic nanoparticles are separated by
organic ligands serving as dielectric medium.

Details about the single-electron transport in this type of systems are given in the
following Section (1.3). In particular, self-assembled nanoparticle arrays have been
investigated in conjunction with FEBID-based electrodes elongations in Chapter 3.
Apart from that, Huth and collaborators [2, 20] explain that also FEBID materials
originated from organometallic precursors as, for example, from the Cs H,C H3Pt(C Hj)3
precursor (more information about this precursor and its use in FEBID can be found in
Subsection 2.3.1.2) are behaving as granular metals with distinct electrical features. For
instance, their electrical behavior can be well tuned through a post-growth electron
irradiation treatment [15, 21]. In Section 1.4, FEBID materials as granular metal

systems and their electrical properties are described in detail.

1.2 Single electron transport in granular metals

The electronic transport in granular metals is governed by the interplay between the
diffusive intra-grain electron motion and the inter-grain tunneling. In addition, the grains
involved in the electron transport are subjected to a sequential charging induced by the
electron tunneling. The energy model of this type of system can be described with the

Hamiltonian:
H=H,+H,+ H.. (1.1)

where Hj includes the intra-grain kinetic and potential energies, H; describes the tunneling
between grains and H,. comprises the charging energy. A detailed description of this model
can be found in the work of Likharev et al. [7] and Beloborodov et al. [22].

The interaction of disorder, confinement effects and fluctuations are described by different
quantities e.g. the inter-granular tunnel conductance between the grains g, the single-
grain Coulomb charging energy E., the mean level spacing of electronic levels within a
single grain J, and the mean electronic lifetime within the grain 7, = h/gd (also called
relazation time).

The charging energy is equal to the change in energy of the grain when one electron is

added to the grain or removed from the grain. This characteristic energy has a crucial



Section 1.2

role for the transport properties in the insulating regime when the electric charge in the
single grain is quantized and the electrons are localized in the grain.

The capacitance of a grain can be realistically approximated with that of a sphere:
Co = dmepera (1.2)

where ¢y and ¢, are the permittivity of vacuum and the dielectric constant, respectively

and a is the radius. Accordingly, the charging energy is described by the equation

e? e?

E pu— p—
© 20y  8mepera

(1.3)

where e is the electron charge.

To give an idea about the energy scale we are dealing with, it is important to point out
that the charging energy of grains with a diameter in the few 10nm range is in the
several meV to 10meV range and will increase to above 50 meV as soon as the grain
diameter drops to below a few nm.

Single-electron charging effects can take place in single junctions (or in an array of

junctions) if the tunnel conductance g, is smaller than the conductance quantum
Go=2¢e*/h ~ (13kQ)~* (1.4)

where h is the Planck constant. This condition ensures that charges can be transported
through the junctions by tunneling and the electron is sufficiently localized in the grain.
In this way, charge states of the junction are well-defined. It is worth notice that, g is

dimensionless and expressed by normalization to the conductance quantum Gy :

g= o (15)

(2¢2/h)
where G is the average tunnel conductance between neighbouring grains.
By approximating a tunnel junction by a resistor and a capacitor in parallel, we can
express the energy-time uncertainty principle where the (dis)charging time due to the
tunneling 7 ~ R;C (where R; is the ohmic resistance and C' is the capacitance of the
tunnel junction) has to be sufficiently long allowing the corresponding uncertainty in
energy being smaller than the charging energy FEc:

2

AET ~ %th = 2R, > h. (1.6)



Chapter 1

The change in energy stored in the electrostatic field between the metal particle and the

environment associated with a tunnel event is given by

(Qo+e)* QF  e(Qo+e/2)

08 = Efin = Eini = =57 20 C

. (1.7)
where Ey;, and Ej,,; are the final and initial energy, respectively. ()g is the initial charge
present in the island.

The tunnel event occurs when it is energetically favorable and the condition AE < 0 has
to be satisfied.

Remembering that e < 0, it follows

(& (&
Qo > —5 andV > —% (18)

where V' is the electric potential.
Repeating for the opposite polarity, it can be found that in order for the tunnel event to

occur, the following condition has to be satisfied:
- v S (1.9)

A tunneling current will only flow when a sufficiently large voltage (| V |>| e | /2C') exists
across the metal particle and the next metal object. This effect is called Coulomb blockade
and it shows a distinctive feature in the current-voltage (I-V) characteristic. The voltage
value, for which a tunnel current is established, is called threshold voltage V.

In Figure 1.1, an illustrative Coulomb blockade example is depicted. No current flows
through the junction inside the blockade region (—V; : V;). The particular case of the
Coulomb blockade effect for a single metal island between two tunnel junctions is described

in the Single-Electron Transistor theory in Subsection 1.5.2.

Temperature plays an important role in the observation of Coulomb blockade phenomena
by providing energy to the system. In this way, the tunnel energy gap is easier to overcome.
It follows that, in order to observe the Coulomb blockade, the charging energy has to be
larger than the thermal energy: ,

26—0 > %kBT (1.10)
where kg is the Boltzmann constant and 7" is the system temperature.
For example, for a nanoscale sphere capacitor with its radius about 12nm (like the Au-NP
used in this work), a capacitance of 2.712aF and a charging energy of Ec = 29 meV has
been calculated (Section 3). Considering that thermal energy at room temperature is
nearly 26 meV, the condition E¢ 2 7kgT should be roughly satisfied in order to observe

the Coulomb blockade effect. This means that for 7" < 43 K single-electron transport
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Section 1.2

Figure 1.1: Schematic picture of the Coulomb blockade in an I-V characteristic. The
tunnel current starts to flow as soon as | V' [>| V; |.

is expected to take place through a single nanoparticle. For this reason, in order to
investigate the single-electron transport properties of granular metals the use of a cryo-
system is necessary. A description of the 3He-cryostat used for the electrical investigations
conducted in this work can be found in Subsection 2.4.1.

The semiclassical approach to describe the Coulomb blockade regime as demonstration
of the electric charge quantization is known as orthodoz theory [7]. In this theory, a
kinetic equation is derived for the distribution function describing the charge state of the
junctions’ system. The orthodox theory has proven to be very valuable since the transport
properties of metallic tunnel junctions, where size quantization effects are negligible, have
been explained in a well-acknowledged semiclassical fashion [23-26].

Additionally to the orthodox theory, in the theory of electronic transport in granular
metals elaborated by Beloborodov and collaborators [16], assumptions on the system
energy conditions have been given. For example, the mean level spacing of electronic
levels at the Fermi energy in a single grain ¢ is the smallest energy scale and the condition
E. > kgT >> 0 is always satisfied. This can be explained by the fact that ¢ is inversely

proportional to the volume of the grain:
6= (D(Ep)V)™! (1.11)

where V' is the grain volume and D(FEp) is the density of states at the Fermi energy.
Whereas E. is inversely proportional to the radius. For this reason and considering the
high density of energy states in metals, the energy discreteness of the electronic levels
within a single grain due to electron confinement and the relative quantum size effects
can be neglected except for extremely low-temperatures.

Finally, the relaxation time (79) of the electron inside the grain is particularly important
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since, through the characteristic energy I' = hry', 79 is related to the tunnel
conductance g and 0 by the relation: I' = gd. The energy I' can be considered as the
‘smearing’ of the energy levels inside the grain as well as the inverse of the electron
escaping rate [16].

The electronic properties of granular systems can be tuned by modifying the strength of
electron tunnel coupling between conductive neighbour grains wvie microscopic
parameters. This is done by changing the arrangement of the grains, the amount of
them and the dielectric material in which they are embedded. In this way, granular
metal systems can behave as relatively good metals for ¢ > g. = (1/272)InE. /0 (with 2z
coordination number, which is the number of neighbours for a site on the array) or
insulators when g < g.. g. is the critical coupling strength and g. ~ 1.

From the definition of a granular metal, it follows that g < go, where gy is the intra-grain
conductance that is always larger than 1 (go >> 1). go originates from the diffusive
motion of electrons inside the metallic grain and the scattering on impurities and
irregular boundaries.

It is noteworty to mention that the fine matrix tunability permit to study in detail the
metal-insulator transition for this type of new class of materials that exhibit a wide
spectrum of transport behaviors ranging from the hopping conductivity to those typical
of a Fermi liquid. A graphical description of the transport behavior spectrum is reported

as a phase diagram in Figure 1.2 [22, 23].

B~ Arrhenius
(activated) kgT >T
. . V4
universal regime /7
V4
V4
¢-VRH ¢ kT =T
(inelastic) /7 metal
/7
/
/
c-VRH granular Fermi-liquid
(elastic)
metal-Insulator
insulator transition
Ic g

Figure 1.2: Schematic phase diagram of the transport behavior for granular metals.
Readapted from [20, 22].
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In the graph, a crossover between three different phases is taking place at g = g.. The
conductivity can show either insulating behavior for ¢ << g, or a strong tunnel coupling
limit at higher temperatures. The latter becomes a dimensionality dependent granular
Fermi liquid behavior at low-temperatures for ¢ >> g.. The different regimes cross
each other in a so called metal-insulator transition at g = g.. The three distinct phases

displayed in the diagram are:
e For kT < I', the Fermi-liquid phase of homogeneous disordered metals.
e For kgT > I', the high-temperature phase governed by the local single-grain physics.

e For g < g., the insulating phase characterized by the activation behavior of the
conductivity, inelastic cotunneling (at higher temperatures) and elastic cotunneling

(at lower temperatures).
It is possible to distinguish three types of disorder in granular metals [27]:
e global structural disorder in the array topology,
e local structural disorder in the inter-particle coupling and

e local charge disorder due to random, immobile charges - trapped charges - in the

dielectric material where they are embedded.

The effect of disorder and irregularities in the grain positions and in the tunnel coupling
strength is different whether the system is a metal or an insulator. In a conducting system
where the coupling between grains is sufficiently strong, these effects are negligible. In

contrast, the effects are crucial in an insulator system where the tunnel coupling is low.

1.2.1 Weak-coupling regime

In the weak-coupling transport regime, the single-grain Coulomb charging energy F. has
a key role. The transport is related to the classical single-electron transport effect taking
place e.g. in a Single-Electron Box (SEB) between the electrons’ reservoir and a
metallic grain connected to it (details about the SEB are given in the Subsection 1.5.1).
With the presence of the tunnel junctions, the well-known phenomenon of the Coulomb
blockade occurs and it produces a decrease or the strong vanishing of electrical
conductance for biases under a certain threshold [28]. A schematic representation of the
blockade feature in the current-voltage characteristic that is relative to the
single-electron transport through the tunnel junction has been given in Figure 1.1.

In the case of arrays of weakly coupled grains, where g << 1, the insulating regime is
established and the electrical behavior is well described by the orthodox theory

predicting the exponential suppression of the conductance at low-temperatures since
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electrons in the grains are quantized and the transport is mediated by each electron
hopping from grain to grain. The orthodox theory associates a periodic granular array
in the regime of weak-grain-coupling to an exemplary intrinsic Mott semiconductor [29].
According to this model, carrier charges are localized on dopant sites ¢ with energies E;.
The current can be generated when the carriers acquire energy thermally and they are
hopping to another site with energy gap AFE;; = FE; — E;. Hopping to the nearest
neighbour site is not always the most favorable process, since there is a large probability
of finding sites at larger distances, 7;;, where the energy gap AL;; is lower. The
cooperation of these two (next-neighbour and hopping) tunnel processes leads to a
fractional exponent dependence as it is described in Equation 1.14. Such a transport
mechanism is known as Variable-Range Hopping (VRH). However, due to the
electrostatic energy cost involved in the hopping transport, the theory predicts a hard
energy gap Ay (Mott gap) in the excitation spectrum. The result is a next-neighbour
like tunneling transport described by an Arrhenius-like conductivity (Nearest-Neighbour
Hopping (NNH)):

Ay

O'(T) = O0p €XpP |:_k'B_T

] CorT << Ay (1.12)

where o is the high-temperature conductivity and the hopping length is given by the
distance between nearest neighbors. The activated charge transport of the Arrhenius type
eventually results in an insulating state at low-temperatures due to the Coulomb blockade
effect for highly ordered arrays. In this type of systems, the Coulomb interaction energy
AE;;, associated with electron hopping from a filled site i (E; < Ep) to an empty site j

(E; > Ep) increases following the equation

62

dmererij
where the last term is the Coulomb attraction of an electron-hole pair located at sites j
and ¢ and AE;; can be seen as the net energy change associated with the charge transfer
process. The condition AFE;; > 0 requires that the two sites ¢ and j are separated by a
2
47TET€60AE¢J'
at the Fermi level, making the density of states equal to zero at the Fermi level. However,

distance r;; > . Therefore, there is a hard Coulomb gap (or Hubbard energy gap)
it is important to point out that the activation behavior is usually not observed in real
granular metals, which present structural and potential disorder caused by background
charges. The experimentally most observed conductivity follows the law

_ (TOT]”)UQI (1.14)

o(T) = ogexp
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which resembles the Efros-Shklovskii Variable-Range Hopping (ES-VRH) law derived for

doped semiconductors and strong correlations [30]. In the equation

2
TES — g_° 1.15

where = 2.8 (numerical coefficient), k = 4mege, is the tunneling decay dielectric constant
and ¢ is the decay length of localized electron states. The hopping distance 7., and the
hopping energy gap AW, follow as

1 TES 1/2
Thop = Z’ﬁ ( ;—v ) ) (1'16)
k
AWpep = 7B(TOEST)1/2. (1.17)

If both E; and Ej; are close to the Fermi level, then AE;; is small and r;; is large. In
other words, the concentration of sites close to Er should be very low and in particular
has to vanish at the Fermi level [31]. The reduction of density of states near the Fermi
level results in a ’soft” Coulomb gap. The ES-model only applies when hopping occurs
between sites inside the soft Coulomb gap. Outside of the Coulomb gap, the density of
states is constant, and the conductivity is described by the Mott model (o o< exp —T~/4).
The critical temperature T, for a transition from ES- to Mott-VRH, is expressed by the
equation

Te = 4AW,, k3T, - (1.18)

For many years scientists could not explain why the temperature dependence of granular
metals should follow a stretched exponential behavior. Later on, Beloborodov et al. [16]
hypothesized that the cause of the mismatch between theory and observation has to be
traced back to the disorder contribution and the charged impurities present in the
system. Therefore, fluctuations in size, capacitance and tunnel resistance of individual
islands tend to average out the effect of single-charge tunneling. In particular, the
observation of the Efros-Shkovloskii behavior in place of the usual Mott-VRH
temperature dependence reflects the smearing out of the hard energy gap in the electron
spectrum and the establishing of a soft gap resulting from the strong long-range
Coulomb correlations [24]. Moreover, the transport described by the Equation 1.14 takes
into account higher-order (not restricted to next neighbor) tunneling, the so-called
cotunneling.  This hopping mechanism is therefore also mentioned as correlated
Variable-Range Hopping (c-VRH) and was first discussed by Averin and Nazarov [32].
The inclusion of the cotunneling effect in the VRH model has received strong support by

experiments on long-range ordered nanocrystal arrays [25, 26].
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Cotunneling Cotunneling is the viable conduction channel while Coulomb blockade
prevents direct sequential tunneling for V' < V;. In other words, the cotunneling effect
increases the average distance over which the electrons can hop via virtual electrons in a
sequence of grains bypassing the Coulomb blockade barrier. Figure 1.3 depicts how the
transport takes place via several grains in the ¢c-VRH regime. The transport takes place
through the grains thanks to a strong reduction of the effective charging energy E, as
there is no charge accumulation in the grains which take part in the cotunneling
sequence. In the lower part of Figure 1.3 (b) an electron energy diagram of the grains
describes how the electrons hop elastically and inelastically through virtual electronic
states via a sequence of grains. The total tunneling distance r* is larger than the
distance between neighboring grains.

Depending on the temperature, the hopping conductivity is dominated by either elastic
or inelastic cotunneling processes. The elastic cotunneling dominates at very low applied
electric fields (V < /E.0) and temperatures, while the inelastic cotunneling occurs for
tunneling at high-temperatures or fields (V > v/E.0).

The elastic cotunneling mechanism transfers the electron charge via tunneling through
an intermediate virtual state on the metal grain where an electron has the same energy
entering and leaving the grain. In the inelastic cotunneling process, the energy of the
electrons before and after the tunneling is not maintained producing an electron-hole
excitation. Representative sketches of the two cotunneling processes are given in Figure
1.4.

a) b) o ©
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Figure 1.3: a) Schematic of the charge transport in a granular metal in the c-VRH regime
through a cotunneling grain sequence. b) A map chart of the energy favorable electron

tunneling in the metal grain system reported in (a). In the lower part of the picture, an
electron energy diagram of the grains. Adapted from [20, 33].

Lower E.

The localization length (or attenuation length) ¢ determines the activation temperature

Ty in Equation 1.14 and it can be still extracted from Equation 1.15.
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Figure 1.4: Energy diagram representation of the tunneling process between two grains
(potential wells) for the cotunneling processes. a) Elastic cotunneling process: the electron
tunnels through an intermediate virtual state in the grain leaving the grain with the same
energy as it came. b) Inelastic cotunneling process: the electron coming out of the grain
has a different energy than the incoming one. An electron-hole excitation is left in the
grain which absorbs the energy difference.

& has different descriptions for the elastic and the inelastic cotunneling mechanism. In

the elastic cotunneling regime, &.; can be derived by

2L

far = In(Ecm/cqgd)

(1.19)

with the boundary condition for the ¢, factor 1/2 < ¢ < 1 [34]. L = 2a is the grain
diameter, ¢ is the energy level spacing in the grain and ¢ is the inter-grain conductance.
It is important to notice that £ and then 7Ty do not depend on temperature for elastic
cotunneling and Ty oc €2 /k&,.

For the limit of zero applied bias, the cotunneling events span a typical distance, r*. This

EC 6(1, 1/2
Voo = | =L 37 1.2
'/ (kBT dic) (1:20)

distance is given by

where d._. is the particle center-to-center spacing.

For the inelastic cotunelling mechanism &;,,.; is given by

2L
In(E2/167¢ing(kpT)?)

Einel = (1.21)

with the boundary condition 1/4 < ¢, < 1 [24, 34].

In the inelastic cotunneling condition, ¢&;, grows with temperature and
To(T) o €2/ k&ine(T).

It is then possible to determine the hopping distance r;,.;, over which a cotunneling
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event takes place:

E. [ e%
o = — 1.22
Finel kBTéa drege kT ( )

rinet decreases with increasing temperature until reaching the inter-grain distance and

the conductivity reduces to the Arrhenius type of temperature dependence.

1.2.2 Strong-coupling regime

If the electrical coupling between the grains is strong (¢ > g.), the electrons propagate
easily through the array, the charge quantization is negligible and metallic behavior is
clearly observable in the sense that limy_oo(T") > 0.

For intermediate temperatures (7" > kgI') in the strong-coupling regime, the system
behaves quite similar to common disordered metals with the effective diffusion coefficient
D.s; = T'L* (with L, grain size) depending on the tunnel coupling between the grains.
The conductivity can be then expressed by the Einstein relation

o =2e>Dsy(L4)7" (1.23)

where d is the dimensionality of the granular array and the factor 2 is due to the spin
[35]. The diffusion coefficient depends on the Coulomb interactions and two conductivity
corrections are found in the distinctive temperature regions 7" > I' (1) and 7" < I' (2).

The conductivity corrections are expressed in the equation

o =0y (1+@+@> : (1.24)

01 g2

The first correction is given by

1 E
(50'1 = —0yp |: g=c

o dgln T F)} 23] (1.25)

where 0y = 2e2ga®~? is the classical Drude conductivity of granular metals. The second

correction to conductivity varies depending on the system dimensionality:

oo T : o
12%29\/? ifd = 37

dog =~ _4?2)5]1“:% ifd =2, (1.26)
—or B =1

where o &~ 1.83 and 8 &~ 3.13 are constants [36].
At high temperatures (7' > T"), the correction do; grows logarithmically with decreasing
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temperature.

In the low-temperature regime (7" < I'), the first correction remains constant and
temperature independent. The system resembles a disordered Fermi liquid [36, 37] and
the conductivity can be described by the Altshuler-Aronov model with localization type

corrections [38].

1.3 Single-Electron transport in a NP array

A nanoparticle (NP) array is a periodical granular assembly of particles identical in size
and shape that can exhibit various degrees of order/disorder. In comparison with
general granular metals, the disorder is lower and the coupling between the grains could
be strongly affected by it.

NP arrays are commonly referred to as ’artifical solids” with tunable electronic, magnetic
and optical properties. These properties originate from single-electron charging and
quantum confinement energies on the individual particle level. These systems behave as
networks of Coulomb-blockade-type tunnel junctions with a distribution of threshold
energies [39].

Through the assembling process, the arrangement of the nanoparticles can be modified
and, by the use of molecules to cap or cross-link the nanoparticles, the inter-NP spacing
can be adjusted in order to establish a precise degree of coupling [31]. The variation of
the tunneling process due to capping ligands is described in the following Subsection
1.3.1.

The inter-granular electron coupling can be described wvia the tunneling matriz of the
system through the definition of mutual capacitances and resistances. By varying the
arrangement parameters, the length and type of the capping ligands, NP assemblies can
exhibit a broad range of charge transport behaviors from Arrheinius to hopping and
even to metallic behavior.

In metal NP arrays, disorder arises even for perfectly ordered particle arrangements due
to defects in the host material or in the underlying substrate. These defects produce
local traps or barriers of varying strength that surround the particles, resulting in a
variation of local nanoparticle potentials. It follows that the local potential variation
may directly affect the global threshold voltage. However, the quenched charge disorder
is only a perturbative effect and electrons still propagate in an array through a network
of junctions with randomly varying threshold voltages. Therefore, the overall array
current-voltage characteristic appears to be robust against background charge disorder
and exhibit a non-zero effective threshold voltage V;.

The high order of control and flexibility of this type of systems has led to deeper

understanding of fundamental charge transport phenomena, such as Metal-Insulator
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Transition (MIT) and VRH. Therefore, NP arrays have been extensively used in
numerous applications, such as chemical/biological sensing [40, 41], charge switching

devices [42], catalysis [43], etc.

Nanoparticles can be fabricated in the laboratory by physical (e.g., vapor deposition
and laser ablation) or chemical methods (e.g., metal-salt reduction, sol-gel process,
pyrolysis). In the case of capped nanoparticles, the capping molecules are anchoring on
the surface of the NP when they are in contact with a stabilizing solution of reducing
agents.

There are several techniques that have been used to prepare NP assemblies on surfaces.
The common methods employed in studies involving charge transport through NP
assemblies are drop-casting [44], Langmuir methods [45], Cross-Linking Precipitation
[46] and stepwise Self-Assembly (SA) [47]. A simple theoretical approach to describe the
NP ensamble of highly ordered films of homogeneous size-distributed nanoparticles is
taking into account the single NP capacitance and the cross-capacitances to the
neighbour nanoparticles [48].  In this model the neighboring nanoparticles are
approximated as a conducting continuum separated from the central NP, having radius
R, by an insulating shell with a constant separation lenght, s. A sketch of a NP array is
shown in Figure 1.5. This representation describes best the NP systems studied in this
work in Chapter 3.

The capacitance and the charging energy of the single NP can then be approximated as

1 1\ R(R+ )
—4 - — drege, T 5 1.2
C TEYE, (R o 8) TEYE, . : (1.27)
2
E c i (1.28)

7 Sreoe, R(R+5)
Through the separation s and the dielectric constant €., the ligands influence directly the

charging energy F¢:

AEc _ 1 1\ ~ _oAR :
E_CC—_AR(E_RH)N_QW if R>s (1.29)
AE, s '
and, as soon as €, increases, Fo decreases:
AEC AET
- _ ) 1.30
i - (1.30)

Those theoretical results have been successfully confirmed in experimental studies [49—

51]. Moreover, an exponential dependence of the film conductivity from the constant
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separation s between the nanoparticles has been observed [52, 53]:
o~e (1.31)

where [ is the decay constant per unit length. This behavior is consistent with the one
reported in single-molecule tunneling studies (Equation 1.51 in Subsection 1.3.2).
However, the electron transport in real NP assemblies is influenced by the different degree
of disorder and the most common temperature dependent electron transport behavior
exhibited by NP assembly is Arrhenius at sufficiently high-temperatures.

For this reason, local conductances can be expressed as

_ */83 *Ec/kBT
Gioc = € € . (132)
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Figure 1.5: Sketch of a triangular NP assembly in which the nanoparticles are separated
by capping ligands. The main lattice parameters, such as NP radius R, center-to-center
distance d._. and nanoparticles separation s, are displayed in the figure.

As a result, the assembly can be modeled as a serial and parallel combination of local
conductances forming a Maxwell matrix of capacitances Cj;, where structural disorder can
give rise to variations in s, Fc and ¢j,.. Even minimal variation of these parameters or
the presence of impurities can generate background charges that can cause local fields and
shift of NP charging energies [51]. The effect of this type of disorder has been investigated
with Monte Carlo simulations for dot-arrays [49, 54, 55]. In the simulations’ model, the
involved capacitances are a constant capacitance C' among neighboring dots and between
the leads and adjacent dots, and a capacitance Cyqe between each dot and the back
gate. The back gate is placed underneath the hole array. The diagonal elements of the
capacitance matrix, Cj;, are the sum of all capacitances associated with a nanoparticle.

The off-diagonal elements are the mix of the interparticle capacitances. If @); is the charge
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on any given nanoparticle, the charging energy is

2

ihj

Fo = 5 S2(Qut )0 Qs + ) + ViQu + ViQu + 3 Vi'Qu [56] (1.33)

where QQrr and Vi p are the charges and the voltages of the left and right lead,
respectively. The effective offset charge in the nanoparticle ¢; gives an indication of the
disorder from charged impurities in the neighborhood. The voltage V;*** is the external
voltage applied to lead 7. In the model, localized charges in the organic matrix or in the
sample substrate can introduce random relative energy shifts of the system electronic
levels that can strongly influence the transport properties of the nanoparticle assembly.
This effect modifies the potential landscape experienced by the nanoparticles and adds
up to the externally applied bias voltage.
By applying the semiclassical picture to large arrays of nanoparticles with a random
distribution of local chemical potentials, Middleton and Wingreen [49] explained that a
steady-state current flow is only established once there is at least one continuous path
connecting one side of the system with the other. The onset of steady-state transport
then corresponds to finding the lowest-energy system-spanning path. Using analytical
arguments as well as Monte Carlo simulations, the researchers found, that for the limit
of negligible thermal energies (7" — 0), conduction only occurs beyond a global threshold
voltage:

Viarray = aN E¢ (1.34)

where N is the number of nanoparticles spanning the gap between the electrodes and
a = 0.2 — 0.5 is a pre-factor that depends on dimensionality and array geometry. For
example, for triangular lattices o = 0.227, for honeycomb lattices a = 0.3019 and for
square lattices o = 0.338 [57]. Hence, the global threshold value scales with distance
across the system, but it is independent on the details of the barrier size distribution.

As a result, the scientists found that the steady-state transport current displays a power
law scaling in the I-V curve at T" = 0 for arrays of conducting nanoparticles having a

capacitance C' small enough to satisfy e?/C' > kgT"-
Ioc (V)V, = 1) (1.35)

where V; is the threshold voltage of the Coulomb blockade and ( is a scaling parameter
that depends on the structure of the array and the distribution of trapped charges.

The power-law dependence on V — V, emerges as a consequence of the electrons
percolation through the array via a multitude of branching paths that navigate local
Coulomb blockade thresholds and optimize the total charging energy cost.

The Middleton and Wingreen model and its extensions only apply to the large bias limit
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and do not consider thermally activated charge excitations. The low bias conductances
across nonerased’ local thresholds are assumed to be exponentially suppressed and, as a
result, the global low bias conductance is effectively controlled by the largest threshold
along the optimal path. Since this path can avoid high charging energy costs to some
extent by branching for 2D close-packed arrays, the relevant activation energy is not the
array charging energy but instead U =~ v eV;(0) where 0.2 < v < 0.5 [55, 57]. Moreover,
the sequential percolation of charge through next-neighbor grains leads to the
observation of an  activated  Arrhenius behavior of the conductance
o(T) = ogexp[—U/kgT] [27, 57]. This simplified picture neglects processes that involve
charge transfer over distances larger than a single particle (such as in the case of
cotunneling) but it is applicable at sufficiently high-temperatures where the near
zero-bias conductance follows a simple activated Arrhenius behavior [26].  The
simulations have shown that the trapped charges are stationary and they do not change
with increasing bias, thus this system property is referred to as quenched charge
distribution [49].

The numerical simulations predict ( & 2 for finite 2D arrays in the semiclassical picture.
The value of ¢ found in numerous experiments lies in the range 2.2 < ( < 2.8
[27, 55, 58-60]. The cause of the value discrepancy may depend on the order of disorder.
However, at low temperature numerous experiments [24, 26, 32| showed that o(T)

crosses over to a stretched exponential form:

o(T) ~ exp(—/To/T) . (1.36)

This behavior echoes the VRH behavior described in Section 1.2.1.

Accordingly, it is energetically favorable for the system in case of low temperatures that
electron charge transfer occurs via virtual states through several neighbour particles by a
cooperative tunneling as a single-quantum event. Beloborodov et al. [16] explained that
the electrostatic disorder, unrelated to grain-size variations but caused by charged defects
in the insulating matrix or in the substrate, is responsible for lifting the Coulomb blockade
and for the finite density of states near the Fermi energy resulting in the dependence
Equation 1.36. Resulting both from the ES-VRH model and the newer approaches based
on cotunneling, 7Ty is related to a localization length ¢ (decay length of the electronic wave

function) through
28¢2  28EGR

T dmeeokpé  kpé

This equation is just describing the same behavior explained by Equation 1.15 for metal

T, (1.37)

grains.
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It follows that the typical hopping distance r* in the limit of zero applied bias is

1/2
r* = (Ekif) (1.38)

as shown in [16]. In terms of the number of tunnel junctions involved j*, this distance
is given by 7* = r*/d,_., with d._. center-to-center distance between neighbouring grains
[26]. Substituting T from the Equation 1.37 in Equation 1.38, the relation of j* in terms
of Ty and T is obtained:

‘ T, 1/2 ¢
=rd._. = =. 1.39
= <2.8T) R (1.39)
It is worth mentioning that in this framework, j* o< V/7.

Nevertheless, NP assemblies can also show weakly coupled behavior with a temperature
dependence of the conductance that is not exactly Arrhenius or VRH. These relationships

can be summarized by the equation

o] (2)] »

where Tj is a constant and 0 < v < 1. v = 1 represents the Arrheinus behavior and
v = 1/2 the ES-VHR.

In the elastic cotunneling scenario, the theory predicts the ’easy’ power-law scaling of
Equation 1.35. For inelastic cotunneling, the I-V curve follows a power-law in which the

exponent depends on the number of junctions involved:

oy [fn] [ ) o

For temperatures EFo > CJ—V > kgT'" and mesoscopic islands, the equation predicts [ ~

V1+20"=1) = V2"=1 This behavior has also been observed in experiments [25, 32, 61].
Other researchers, such as Elteto and collaborators [57], concentrated their efforts on the
extension of the approach of Middleton and Wingreen [49] to finite temperatures and
investigated how the temperature modifies the transport in the metal arrays. This model
is called percolation theory.

The scientists estimate in their work how many small barriers, overcome by temperature,
have percolated across the system. In this way, an upper limit is established on the global
threshold as a function of temperature. The percolation theory could explain the results
of experimental studies reporting that V; decreases linearly with increasing temperature
[55, 62, 63].

In the model, a sequential fraction of junctions p(T), due to thermal rising, can overcome

their junction charging energy and behave as ohmic elements. Hence, p(T') is the fraction
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of junctions that has been effectively linearized and it is expressed by the equation
p(T) =2 / by TP(AE) dAE (1.42)
0

where b = 2.4 is a coefficient calculated by the probability of occupied states below and of
occupied states above the Fermi level in each nanoparticle and P(AFE) is the probability
density. In this way, increasing temperature activates more and more transport channels.
At a certain temperature 7™, there are just enough local junctions linearized to span the
array at zero bias and remove the global threshold.

This means that with increasing temperature, the non-linear I-V characteristic, described
by Equation 1.35, has been linearly shifted until, at 7™, a finite zero-bias conductance
go = dI/dV|y—o is observed. The p(T) is also increasing with 7. At T*, the fraction
p(T™*) becomes large enough to build a network of ohmic junctions through the array and
finally V; is zero.

Above T™, when the global threshold disappears along the optimal path, there are still
many other paths that have finite thresholds and are accessible at higher bias. These
thresholds will keep decreasing linearly with temperature as more and more steps are
linearized by thermal fluctuations.

The dependence of V; on T' can be expressed as
Vi(T) = Vi(O)[L = p(T) /p(T")] for T < T". (1.43)
Equation 1.43 can also be written as
Vi(T) = Vi(0)[1 = nT] (1.44)

where n = 4.8kp/p.Ec, pc is a parameter dependent on the array geometry (e.g. for a
triangular lattice p, ~ 0.347) and E¢ is the average of charging energies in the array.
In the semiclassical regime it was found that Vi(T') = Vi(1 — T/T*) [26].

With Elteto’s assumptions the formula becomes
Vi(T) = Vi(0) — 4.8V;(0) P(0) ks T (1.45)

where P(0) is the distribution of AE = 0 energy costs.

It is important to mention that another dependence was found experimentally by
Bezryadin et al. [64]. The researchers explored how the power law scaling of the I-V
curves is affected by structural disorder in the array and they observed that the
threshold voltage decreased in their 2D arrays of gold nanoparticles as
Vi(T) = Vi(0) — NkgT/e. They motivated the result explaing that random quenched

disorder leads to universal behavior that is independent of the details of the barrier

25



Chapter 1

height distribution. In this regard, the scientists demonstrated for a 2D metal
nanocrystal array that the scaling exponent of the I-V curves remains unaffected by
temperature. It follows that arrays are much more robust and forgiving as compared to
other systems with a single threshold that might be significantly influenced by the
surrounding environment. This result has been confirmed by various experiments
[27, 55, 62, 64].

On a separate note, Elteto and collaborators [57], differently from Middleton and
Wingreen [49], investigated electrical transport in metal arrays in the case of
nearest-neighbor capacitive coupling. In their study, the scientists found that, depending
on the interparticle distance, the contribution of next nearest-neighbor interactions can
become significant and correlations between energy steps may become important. To
calculate the nearest-neighbor capacitive coupling effect of the single nanoparticle
capacitance Cj, the scientists considered the electrostatic energy of a 10 sphere system

of capacitors in a triangular lattice (Figure 1.6):

1

E= 3 zzj(% +Qi)C;5' (4 + Q) (1.46)

where the ¢; are quenched offset charges and the @); are mobile charges (equal to an integer
multiple of e or 0). The Cj I are elements of the inverse capacitance matrix. Nonetheless,
C;; does already include contributions from coupling to nearest neighbors if such coupling

is present. The energy difference before and after tunneling will then be
AE =e(q — q)C5" . (1.47)

Considering the subsystem with 10 spheres in Figure 1.6, where the two central sites (1
and 2) are participating in the tunneling event and their 8 surrounding neighbor elements

have @); = 0 for j > 2, the energy difference becomes
AE =e(q1 — q2)(C' = Ol + 0 (g3 + qa+ 65 — g7 — 4s — o) - (1.48)

The maximum value for AF is achieved if the appropriate limiting values (+e/2 or —e/2)

are inserted for the ¢;. This gives

AE 4 = 2CHH 1 + 2) (1.49)
where v = C,' /C.
Note that the system energy cost associated with a tunnel event is not just equal to the

change in chemical potential of a single site, but the different polarization charges ¢; give

rise to a distribution of energy costs AFE.
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Elteto and collaborators provided a graph showing the effect of coupling on the 1-1 and
1-2 elements of the inverse capacitance matrix. The graph has been adapted in Figure
1.7. As it can be seen, if d._./R > 3, the correction of Cy in the case of nearest-neighbor
capacitive coupling remains within 10% and, depending on the applications, it could be
commonly neglected. Considering the low impact of this capacitance correction in the
system description, the nearest-neighbor capacitive coupling effect has been omitted on
the system capacitance calculation of the NP assemblies investigated in this work and
described in Chapter 3 for which the condition d._./R > 3 is satisfied.

O10]0,
H@®®
01010

Figure 1.6: Sketch of a ten-sphere triangular lattice in which the single-electron transfer
is taking place between spheres 1 and 2. Figure adapted from [57].
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Figure 1.7: In the graph the effect of coupling on the inverse capacitance matrix for a 10-
particle triangular system (Figure 1.6), normalized by the self-capacitance of the isolated
sphere (Y, is displayed. Adapted from [57].

In Middleton and Wingreen theory [49], the factor E¢ = e/C) was derived by an increase of
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the local potential by one full electronic charge, leading to Equation 1.34 for the uncoupled
case. With capacitive coupling, the increase in local potential, due to an electronic charge,
will be less as it effectively spreads out over neighbors.

Equation 1.34 can then be modified considering the cost in bias per up-step Vg ~ eCy;' as
Vi(0) = aNVy = aNeC. (1.50)

This assumption can find a proof in the effective charging energy extracted from the
Arrhenius  fit of the temperature dependence of conductance  curve
9o(T) = gexp[—U/kgT]| where U ~ 0.2AE, 4.

In the nearest-neighbor capacitive coupling scenario, the constant o in Equation 1.34 is
the minimal number of up-steps in the optimal path at 7' = 0 divided by the length of
the array. This definition differs from the conclusion of Middleton and Wingreen [49],
which define a = V;(0)Cy/Ne. The two definitions only agree in the uncoupled case.

Another aspect to consider is the one related to NP arrays showing metallic behavior. In
order to exhibit global metallic behavior, an assembly of metal nanoparticles must cross a
percolation threshold. When the percolation threshold is overcome, the strongly coupled
nanoparticles that form metallic clusters combine to form at least one continuous, sample-
spanning metallic pathway. Although at or just above the percolation threshold, the
sample may be dominated by nonmetallic conduction, as 7" — 0 K, nonmetallic pathways
freeze out and at T' = 0K, the electrical conductance results only from the metallic
pathway contribution [31]. Typical observations of this behavior are the ones reported
from Trudeau et al. [65]. The scientists observed that NP films above a threshold fraction
of filled sites exhibited high conductivities and metallic behavior. However, below the
threshold, conductivities were thermally activated. In this way, they gave proof of a MIT

driven by percolation.

1.3.1 Influence of the ligands on the electric transport in a NP

array

The improvement of conductivity of weakly coupled NP assemblies, in which
metal-molecule-metal junctions were involved, has been largely demonstrated [66-69]. It
followed that this configuration became the preferred one for NP assembly applications.
Studies of molecularly linked metal-NP assemblies showed that the ligands can strongly
change the mutual tunneling coupling among the NP and MITs can be investigated as a
function of inter-NP separation [50, 70, 71].

It is interesting to point out that metallic behavior can be tuned not only with shorter

ligands but also with an higher number of NP layers. For example, Liu et al. [72] have
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reported the highest conductance observed in Au-NP assemblies,
o =2x100Qtem™! =~ 0.504, where o4, = 4.5 x 10°Q tem™'. The NP assembly
consisted of 15 layers of 4.8nm Au-NP assembled using an ionic layer-by-layer method.
The Temperature Coefficients of Resistance (TCR), TCR = (1/R)(dR/dT) reported for
metallic NP assemblies is also lower than the one observed in bulk. The observation of
lower ¢ and TCR in those NP films compared with the corresponding bulk metal
suggests that electron scattering processes are strongly enhanced in NP assemblies.
Elastic electron-scattering decreases zero-temperature conductivity of samples, which in
turn gives rise to smaller values of TCR.

The separation between nanoparticles in the NP assemblies studied in this work is
maintained by the presence of Poly(Ethylene Glycol) (PEG) capping ligands
HS-PEG-COOH (MW 10 kDa, C19HsS) forming metal-molecule-metal tunnel
junctions. In the following subsection, the case of this particular tunnel junction is

described.

1.3.2 Metal-Molecules-Metal junction

Taking into account the theoretical description of a classical tunnel junction given in
Appendix B.1, the tunneling transmission probability for a metal-molecules-metal
junction depends on the aligment of the energy level in the first nanoparticle with
respect to the Highest Occupied Molecular Orbitals (HOMO) and Lowest Unoccupied
Molecular Orbitals (LUMO) where the energy difference between the orbitals is known
as HOMO-LUMO gap. In this case, the effective work function becomes Eryyo — Er if
the conduction is dominated by electron transport and Er — Exoao if the conduction is
dominated by hole transport instead [73]. The presence of molecules between the
nanoparticles rather than vacuum (and the SiO; underneath them) reduces the
tunneling potential barrier height. Moreover, it determines the inter-NP
surface-to-surface separation and a clear Coulomb blockade response consistent with
double-layer charging of the metal-electrolyte interface.

The theoretical treatment mostly used for the traditional molecular model of charge
transfer in donor-bridge-acceptor was proposed by Mc Connell [74] for nanoparticles in

solution. The rate of charge transfer in the molecule xcr is given by
Xcr = exp(—=3) rpa (1.51)

where rpy4 is the distance between the donor and the acceptor, and

—— ln(AEB). (1.52)

dbridge VB
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In Equation 1.52, dpigge is the length of the bridge unit, AEp is the energy of the mediating
states relative to the ground state and Vjp is the coupling energy between two adjacent
units.

Thereafter, Nitzan [75] derived the model of the molecular electronic structure for the
case of molecules attached to electrodes.

The molecular conductance can then be expressed as

8e? Xcr
2 pl'y DOS

Gt (1.53)
where I'p and T'4 are the donor and acceptor levels’ widths, respectively (by taking into
account the energy level coupling to the electrodes) and DOS is the density of vibronic
molecular states. Their results have found remarkable agreement with the experiments
[76].

Another interesting result is the one of Samanta et al. [77]. The scientists proposed
a method of calculating a tunneling resistance assigned to a single organic molecule.
By using a Green-function-based method, they calculated the transmission function of
electrons across an aryldithiol molecule that binds two Au metal surfaces, which in turn
gives a resistance value using the Landauer formula [78]. The method, proposed by
Samanta and collaborators for calculating the resistance of a single organic molecule, can
be used to calculate the ligand resistance of the nanoparticle systems described in Chapter
3. Differently from the work of Samanta et al. [77], who used aryldithiol molecules as
tunneling separators, HS-PEG-COOH (MW 10 kDa) are employed in the present work.

The calculated transmission function T of the molecule barrier is approximated by
Y"(E)~ Y _ T'(E)=nY'(E) (1.54)
1

where n is the number of the repeated molecule units (12 units, for the molecule used in
this work). The conduction through the molecule will generally involve tunneling rather

than propagation and the tunnel transmission coefficient can be calculated from

TYE) ~ exp(—2v/meEylimor /) (1.55)

where E, is the molecule energy gap, [, is the molecule length (circa 5nm, in the
presented case) and the resistance R, per molecule is derived by the modified Landauer

formula

Runor ~ (12.9 k) exp(0.7245/Eylymor) - (1.56)
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1.4 FEBID technique for granular metals

fabrication

An intense field of research pursued since 1996 covers the investigation of electron
transport in Focused Electron Beam (FEB) deposited lines from organometallic
precursors in analogy with the theory of electrical conductivity in granular metals
[79, 80]. Gazzadi, Frabboni, de Teresa and Huth discussed some investigations on the
electrical conduction mechanisms of FEBID material in [81].  Additionally, the
researchers described the correlation between conductivity and the metal-to-carbon ratio
of nanocrystalline compounds, such as the FEBID deposits obtained by the dissociation
of organometallic precursor molecules. They reported that the resistivity of deposited
lines varies over a wide range, namely (1075 — 10%) Qcm. An example is given for the
deposits obtained by the CsH,C H3Pt(C Hjs)s precursor. The same precursor has been
used for FEBID nanofabrication reported in this work. The deposited material consists
of small Pt-grains with a diameter of 2-3nm embedded in a carbonaceous medium.
Namely, Pt atomic content in Pt-C FEBID deposit is 16-26at.% [82, 83] and its
resistivity is around 107 Q2 cm. The matrix is amorphous carbon, which is known to
behave as a semiconductor with a energy gap of about 2eV [84, 85]. Therefore, as-grown
Pt-C FEBID deposits are nano-granular metals whose electrical transport is the result of
the interplay of diffusive charge transport inside the Pt-grains and thermally assisted
tunneling between those grains [20].

Besides the many fundamental physical questions about this particular type of
granular-metal system, the highest interest for this type of material is mainly correlated
to the use of it for technical applications by virtue of its downscaling capabilities and
tunability. In particular, different techniques may change the electric properties of the
carbonaceus matrix, consequently changing the conductivity of the deposit. In
Subsection 2.3.1.4, the post-growth irradiation of FEBID deposits is described. This
technique has been used in this work to precisely tune the electronic inter-grain-coupling
strength in the SET island system. The effect of the treatment on the SET functioning

is reported in Section 4.3.

1.5 Single-electron transport in devices

In this Section, the concept of single-electron transport in devices is introduced.
Particular attention is devoted to the description of a peculiar device which bases its
operation on the single-electron transport. This device is the Single-Electron Transistor
(SET). The name single-electron transistor comes from the observation that the

transistor turns on and off again every time a single electron is added to it. Before
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describing the SET in detail, an introduction about a simpler and preparatory device,
the Single-Electron Box (SEB), is given.

Single-electron effects in devices have been studied now for more than two decades. A
large interest has been dedicated to this subject since many of the single-electron effects
can be described within simple perturbation theory and direct application of these
systems was found in the framework of voltage-biased tunnel junctions.

The first experiments on single-electron devices are well summarized in the book Single
Charge Tunneling [86]. The systems presented are based on the concept of using tunnel
junctions for electron charge partition on an isolated electrode (island). Details about
the electron tunneling through one and more than one tunnel junction are given in
Appendix B.

In order to find evidence of single-electron transport in the I-V characteristic, the
particular feature of Coulomb blockade should be observed.  The condition for
single-electron tunneling observation can be determined with the semi-classical orthodox
theory, formulated by Averin and Likharev [7, 28]. The orthodox theory has been
already described in Subsection 1.2.1. The Equation 1.6 describes one condition. In the
equation, the resistance R; of the tunnel barriers should be much higher than the

quantum of resistance:

h
Ry > 2 25.81281 k€2 . (1.57)

In the Equation, h is the Planck constant and e is the elementary charge. This condition

sets a lower limit of the barrier 'opacity’. It ensures that the island is weakly coupled to

the metallic contacts and that the charge inside the island is quantized. In this way, the

degree of localization depends only on the fact that one electron at the time is tunneling

in or out of the island.

The second condition to observe single-electron tunneling is that the system temperature
62

has to be lower than the island charging energy, Fc = 75:

Ec > kpT. (1.58)

If this condition is not satisfied, the tunnel process can be thermally activated.

Many of the measurable consequences of the single-electron effect depend on the interplay
of a discrete number of tunneling electrons and changes of the polarization charge on the
capacitors in a continuous way by the applied gate voltages. The description of simple

systems based on tunnel junctions are following.

1.5.1 Single-Electron Box (SEB)

The conceptually simplest device, for which single-electron effects are observed, is the

Single-Electron Box (SEB) [87]. A schematic of the relative circuit is shown in Figure
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1.8(b), where the tunnel junction is depicted as a resistor R and a capacitor C' in parallel
(Figure 1.8 (a)).

The device consists of a metallic island (the box) coupled wvia a tunnel junction J with
a source electrode and wvia a capacitor with a capacitance C¢ to a gate voltage source
V. While no voltage is applied on the gate, the system is charge neutral and no excess
electrons are on the island (Figure 1.9 (a)). Assoon as a voltage V' is applied, electrons will
be 'pumped’ onto the island through the tunnel junction in discrete steps n = +1,+£2, ...
(Figure 1.9 (b)).

a) b) Vi, G, Qu Vs, Ce, Qs
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Figure 1.8: a) Circuit representation of a tunnel junction as a resistor and a capacitor
connected in parallel. b) Circuit representation of a SEB.

While the total number of electrons on the island is an integer, the charge is spatially
distributed with opposite sign on the capacitors plates: —ne = Q¢ — ;. Kirchhoft’s
voltage law to the circuit is applied to obtain the condition: V; 4+ Vg — V = 0 where
V; = Qs and Vo = g—g It follows that:

Cy
Cy
Qs =—=(CcV +ne); (1.59)
Cyx
Qc = %(CJV — ne) (1.60)
Cx,

where Cz; = CJ + C(;.
When an electron tunnels from the junction to the island, the energy E¢ = % is required.
The island charge changes from —ne to —ne — e and n increases to n + 1.

Accordingly, the tunnel junction charge changes as follows:

Cy
AQy = Qy finat — Qinitial = C—G- (1.61)
by
In a similar way the change of the charge on the gate capacitor is given by AQg =
Q. final — Qainitial = —g—ge implying that the island charge changes by —e and AQqg —
AQJ = —€.

33



Chapter 1

a) tunnel
barrier capacitor

source electrod. island gate electrode

Figure 1.9: Energy diagram for the single-electron box when no bias is applied (a) and as
a bias voltage V' is applied (b). Adapted from [87].

The charging energy Fys on the island is derived from Equation 1.59 and 1.60 and it is

expressed as
@@ @ Qotnep
20; ' 2Cq  2Cq 20,

The energy that determines the transport of electrons through a single-electron device is

28 + (1.62)

the Helmholtz free energy F', which is defined as the difference between the stored
energy and the work done by the power sources W. Thus, the total energy used to
charge an island with an electron is: F' = Ey, — W where W = [, , VpsI(t) = AQeV. If
Cg > Cj, the Helmholtz free electrostatic for V' = 0 is just F(Qg) = FEs and its
parabolic trend is shown in Figure 1.10 (a) for several island charge states.
The change in Helmholtz free energy, that a tunnel event causes, determines the
probability of this tunnel event. Thereby, the change in free energy is defined as the
difference of the free energy after the tunnel event (final) and the free energy before the
tunnel event (initial), AF = F; — F;. The number of electrons in the box at equilibrium
can be found by imposing the condition ?9_5 =0.
Since physical systems tend to occupy lower energy states, a transition to a state with
lower free energy produces a negative change in free energy. From the electrostatic rules,
the change in Helmholtz free energy of the circuit connected to a single-electron tunnel
event AF,4; is given by the sum of the change in the electrostatic energy of the island
and the work done by the source V' on the circuit:
(=(n+1)e)? (—ne)?
AFuiq = Frina — Finitia + W = - +VAQq
20s 20 . (1.63)

= AF,0 = Ciz (—C’Gv + ne + g)
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In a similar way, the change in electrostatic energy of the circuit AFj,;, when an electron

tunnels off the island, is:

AF,, = Ciz <CGV —ne+ 9) . (1.64)
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Figure 1.10: Charge builds up in a single-electron box. a) The Helmholtz free energy of
the system for various charge states n at V=0 if Cs > C;. b) Island charge n vs. supply
voltage V. An integer number of charges can be stabilize in the box for specific voltage
ranges.

The two changes in the electrostatic energy in the circuit, AF,q4q and AFy,;, are used to

calculate the rate of electrons tunneling onto or off the island [86]:

1 —AF 44

I'= . 1.
PR T~ exp(AFog ) (1.65)

This formula is one of the main results of the orthodox theory for single-electron effects
[7]. In the case that T'= 0K, the equation becomes

—AF, .
r— Wjd’ if AFadd<0'

0, it AF 40> 0.

(1.66)
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Considering AFy,;, similar expressions for the removing tunneling rate can be derived.
Equation 1.66 defines the edge of the Coulomb blockade at T = 0 as

(n— %)e < CoV < (n+ %)e. (1.67)
In this way, n and V' adjust so that the condition 1.67 is satisfied and n, depending on V,
has stable values (Figure 1.10(b)).
It is important to notice that the single-electron box can transfer integer numbers of
electrons but in order to hold a precise number (e.g. n = 1) of electrons on the island,
it is necessary to apply a specific bias voltage (e.g. €/2Ce < V < 3¢/2Cg), as it is
visible from the plateau regions in Figure 1.10 (b) corresponding to integer n numbers of

electrons in the box.

1.5.2 Single-Electron Transistor (SET)

A particular device in which single-electron effects can be used for local electrostatic
potential or very sensitive charge monitoring is the Single-Electron Transistor (SET). A
SET consists of a conducting island which is tunnel-coupled to source and drain leads.
Through the action of a gate capacitively connected to the island, only an integer
number of electrons can tunnel among source, island and drain. The separation between
the components is in the classical theory a border which cannot be overcome by
electrons and no current can flow. The idea that the Coulomb blockade in the double
tunnel junction source-island-drain can be overcome with a gate electrode was proposed
by several authors [7, 28]. However, it was not until 1987 that Fulton and Dolan [88]
created the first SET for which the gate effect was demonstrated. Few years after,
Korotkov et al. [89] proposed a model that describes the electron transport through the
dot. Afterwards, Kouwenhoven further extended the model in his work [90]. Therein,
the electrostatic behavior of the dot is modelled by capacitors to the source, drain, and
gate terminals and it is nowadays the mostly used model.

The interest in electronic elements based on single-electron effects grew fast and the
devices have been even proposed as replacement for silicon transistors on small-scale
integrations [8-10, 12, 28].

In addition, their applications spread on different fields. As a matter of fact, researchers
have been using SET devices as ultra sensitive electrometers [91-94], memory devices
and logic switches [95-103], chemical sensors [104, 105] and molecule-based transistors
[106, 107].

The circuit of a SET can include more than one gate terminal. In this work, two gates
have been used in the SET design. Representation of the classical and the used circuit

are given in Figure 1.11 (a) and (b), respectively.
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Figure 1.11: Equivalent circuit of a SET with one (a) and two gates (b).

The circuit of the SET can be initially simplified considering the easier circuit of the
double tunnel junction with only the metal island between the leads and no gates. The

simplified circuit is shown in Figure 1.12 (a).

Vps >0

. )

Vs, CS, Qs VD, CD, QD

EW'WZW

VDS SOURCE DRAIN SOURCE DRAIN

Figure 1.12: a) Schematic drawing of source/metal island/drain junction structure and
the corresponding circuit. Band gap diagrams of the double tunnel barrier for Vpgs = 0 in
(b) and Vpg > 0 in (c). The gap in the density of states of the island can be overcome as
soon as the system has enough energy to overcome the Coulomb charging energy which
prohibits tunneling into and out of the island below the threshold voltage.

The Coulomb blockade model describes how due to Coulomb interactions on the
electrons in the metal particle, for current to flow, an energy cost (charging energy)
Ec = ¢*/2Cs, has to be overcome in order to add an electron or hole of charge g, = e
to the particle. In the equation, Cy, = Cs 4+ Cp is the total capacitance.

A schematic band gap diagram of the source/metal island/drain is shown in Figure 1.12
(b) and (c), for two junctions with equal capacitances for the case Vpg = 0 and Vpg > 0,
respectively. As it is possible to be seen from the band diagrams, there is an energy gap

in the island density of states. Considering the tunneling of an electron or a hole, the
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gap width is €?/Cy.

In Figure 1.12 (b), the double-tunnel junction energy band diagram is in equilibrium (no
bias applied) and the coulomb gap of width €?/Cy in the density of states appears in the
island at about the Fermi energy. In this way, no states are available for electrons to
travel into. When a bias is applied (Figure 1.12 (c¢)) and the voltage overcomes the
charging energy of the island, an electron can tunnel on the island.

When a gate is added to the circuit, the effect of the gate electrode can easily be
understood looking at the energy band diagram of Figure 1.13. The gate voltage
modifies the position of the Fermi level on the island. Depending on the gate voltage,
the top of the energy gap can be made to lie above, below or even at the Fermi levels of

the source or of the drain.

GATE 1

7 ©

GATE 2

SOURCE
Vps >0, Vs # 0

Figure 1.13: Schematic drawing and energy band diagram of a SET when Vps > 0 and
Vigs varies in order to shift the Fermi energy level of the source electrode on the left tunnel
junction and allow an electron to tunnel from the source to the metal island.

1.5.2.1 Electrostatic energy change in the circuit

The electrostatic relations in the case of the SET circuit, for which two gate leads are
used to control the charge inside the island (Figure 1.11 (b)), will be now described.
The following theoretical model was proposed by Ingold and Nazarov [86, 87]. In their
model, the scientists described the electrostatic energy change associated to an electron
tunneling on or off the island across the two tunnel junctions under the influence of an
electrodynamic environment.

From the island, the capacitances Cg, Cp, Cg, and Cg, are connected in parallel. In

particular it is possible to simply for the following calculations the gate capacitance as
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Ce = Cg, + Cg, and in general consider the two gates as a single one G = G + G-
since the two gate capacitances act in parallel and are connected to the same gate voltage
source Vgg.

It is important to remember that the stray capacitance Cjy has to be taken into account
due to the proximity of the electronic components. The different charges on the source,

drain and gate (Qg, @p and Q) are respectively
Qs = CsVs; Qp = CpVp; Qe = CeVa . (1.68)

The electron tunneling allows a discrete number of electrons to accumulate on the island.
It follows that the net charge on the island can be expressed as the number of electrons

on the island plus an offset charge ((Q)y) in this way:

Q=ng.+Qo=0Qs—Qp—Qg. (1.69)

In the semiclassical model, the discrete index n and the continuous charge () have well-
defined values and they are not quantum quantities. )y is an unintentional background
polarization charge that usually exists in real structures due to work-function differences
and random charges trapped near the island. This additional charge is the cause of the
asymmetric experimental I-V characteristics. Moreover, those charges in large amounts
can compromise the functionality of the device and their uncertainty represents a severe
problem in the fabrication of the single-electron-based device technology.

The energy stored in the capacitors is

PR AN ) o)

e te TG

Applying Kirchhoff rules to the circuit, the following conditions are obtained:

—Vps — Vs + Vo + Vs =0 |, green arrow loop in Fig. 1.11 (a);

1.71
Vas — Vo + Vp — Vps =0 , orange arrow loop in Fig. 1.11 (a) (L.7)
Solving Equations 1.69 and 1.71, the charges can then be rewritten as
Qs = Cs CpVps +§GVGS + @ ;
b
Vps(Cs + Cq) — CaVas —
Qp=Chp ps(Cs Gg aVas Q; (1.72)
b
. Vas(Cs +Cp) — (CpVps + Q)
Qc = Cq s
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where Cy, = Cs + Cp + Cg + Cy, and the stored energy is

E = Cz [CaCp(Vps — Vas)? + CsCpVig + CsCaVig + Q7 (1.73)

As soon as one electron tunnels onto the island from the source lead through the first

junction, the change in the stored energy is

(nq6>2 — ((n + 1)%)2 22n +1
20, =50y,

(1.74)

In the model, it is assumed that electrons, that tunnel through one junction, immediately
relax due to carrier-carrier scattering. In this way, resonant tunneling through both
barriers simultaneously is neglected. A sequential tunneling model is therefore adopted.
When charge tunnels across a junction, the power supply must do work transferring
charge. This work is calculated by integrating the power delivered to the junctions:

d
W= [ VpsI(t) = / VosLdt = AQVps (1.75)
At

dt
where AQ) is the total charge transferred from the power supply during the charging period
At. Before an electron tunnels, n electrons are on the island, the initial voltages across
the junctions Jg; and J;p are V& and V" and the initial charges on the two junctions
are Q% and Q'%, respectively. If one electron tunnels onto the island through junction

Jsr, the voltage drops across the two junctions are:

vim = o (VDSCD +(n+1)g) = Vin Cz , (1.76)
mn Qe
Vi = O (VDSCS —(n+1)g)=Vy O (1.77)

The work of the power supply and the Helmholtz free electrostatic energy barrier for

adding an electron from the source electrode are:

_eC eC
4 DVDSandAFS_)]:Ec—WS:Ec—q D

W =
o Cg OZ

Vs . (1.78)

The resulting charge stored by junction J;p is then

C'D Ge o in CD qe

fzn fzn mn — _

(1.79)

On one side, the change on Jg; is associated with the tunnel event. On the other side,

the change in charge stored by junction Jrp is AQp = {g‘ — Q" and it is provided by
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the work of the power supply

_QeCD
Oy,

The Helmholtz’s free electrostatic energy barrier for an electron leaving to drain is

WD = VDS (1.80)

C
q DVDS — eVDS . (181)
b

AF]HD = EC—WD —GVDS = Ec+

In the same way the charge changes on the gate capacitor, AQq, and the work done from

the power supply on the gate, W, can be derived as:

e C e
AQ¢ = C'Gq—z; Wea = AQcVes = <kl Vas - (1.82)

C Cs,

The change in the total Helmholtz’s free energy associated with the electron tunneling

through junction Jg; is

o+ 1 . )
AF,(ST) = AF — (Wp + W) = 222 oy dey, oot
b

— . 1.
50 C oy, Vo (1.83)

Similarly, it can be calculated for Vpg < 0. It follows that, moving out an electron from

the island towards the drain costs the electrostatic energy difference:

om—1 Cp Ca
AF,(ID) = ¢* | 1—==1V —Veas . 1.84
+(ID) = q: T +4q < C’z) ps + 4 oy, Vos (1.84)

At zero temperature, a tunnel event will only occur if the change in energy is negative.
The condition AF; > 0 has to be satisfied for AF,(SI):

1
Qe (n + 5) - (ODVDS + OGvas) + Qo > 0. (1.85)

In a similar way, the condition in order to tunnel an electron out from the island through

junction J;p can be found from

1
Ge (—n + 5) - Vps(CS -+ CG) - CGVGS — QO > 0. (1.86)
The suppression is overcome for | Vpg |> VA = min (2%‘35; 22?}3) in the case that

Vos = 0 and Qg = 0 and n = 0. After this limitation, the drain-source current | Ipg |
rises rapidly with increasing | Vpg |.

A graph explaining the different regions of the Coulomb blockade in terms of energy
barrier diagrams is reported in Figure 1.14.
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Figure 1.14: Theoretical representation of the expected non linear I-V characteristic for
Vas = 0 and Qg = 0 and n = 0 in the case that Cy, = 2C's = 2Cp. The energy diagrams
of the corresponding I-V curve regions along the Vpg range are additionally sketched out.
Adapted from [108].

Coulomb Staircase: When the tunnel junctions are not symmetric (such that either
the capacitances or the tunneling resistances are different), the probability, that an
electron after tunneling the first junction remains in the island and does not have
enough energy to overcome the next junction energy gap, is high.

As shown in Figure 1.15 (b), when Vpg < —e/Cx, one electron tunnels into the island,
the island charge increases by one electron (n = 1) and the Fermi energy in the island
grows by €?/Cs,. In particular, the Coulomb gap of width e¢?/Cs in the density of states
aligns the leads Fermi energy. In this way, no states are available for electrons to travel
into. Hence, a particular feature will display in the I-V characteristics: the Coulomb
staircase.

Assuming for example that the capacitances are still equal but the tunneling resistances
are quite different Ry > R;s, the island remains in a charge state corresponding to the
voltage range for which Equation 1.86 is not satisfied. Under this condition, the current
is approximately controlled by the voltage drop across the second junction. Therefore,

the current increases accordingly by an amount given by

A VD €

Al ~ = .
Rai Cx Ry

(1.87)

An exemplary sketch of the I-V characteristic of a SET, in which the Coulomb staircase

is visible, is given in 1.15 (c).
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In particular, the first step-like increase corresponds to the probability p(n = £1) of
having one excess charge on the island beginning to increase from the state of Coulomb
blockade where the excess in charge is 0. At the same time, the probability p(n = 0)
of having no excess charge decreases. In a similar way for the subsequent steps, the
probability of having two, three, etc excess charges p(n = +2, 3, etc) starts to rise from

zero, meanwhile the no excess charge probability p(n = 0) decreases.

< __ 1

a) Vps =0 b) Vps < Cs c) IDSE
i
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Figure 1.15: The energy diagram of a double tunnel junction with non symmetric junctions
is shown in equilibrium (a) and under an applied bias Vpg between source and drain
(b). Since the second junction needs more energy to be crossed, the electron has high
probability to remain blocked on the island, not having enough energy to overcome the
energy gap of the junction on the right.

Coulomb Oscillations: Through the action of Vgg, the electrostatic potential of the
island is shifted and can be tuned in order to make a tunneling event possible (Figure
1.16(a)). For example, for positive Vg, negative charge is accumulated on the island in
a step-like fashion as sketched in Figure 1.16(b). In this way, an electron can tunnel onto
the island from the source, when the Helmholtz free energy for an electron on the island
is lowered and it compensates E¢:

Ca

AFS_>[ = EC - G—VGS =0. (188)
Cs

The condition leads to the establishment of a threshold voltage

EC (&

Vos = Caoios 200

(1.89)

Hence, unlike a conventional transistor in which the charge increases continuously, the
charge on a SET island increases in discrete steps and this behavior is reflected in the
conductance between source and drain. Moreover, the gate is the only electrode
contributing to the change of electrostatic energy of the island. FEvidence of the

correlation between single charge increase and the observation of Coulomb blockade
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oscillations due to Vg is given in Figure 1.16.

By a small fixed applied Vpg and an increasing/decreasing Vg, a directed current is
measured between source and drain when the condition in Equation 1.88 is satisfied. It
follows that Ips vs. Vigs presents periodically spaced peaks, as shown in Figure 1.16(b).
As seen in Figure 1.16(b), the current increases and decreases periodically in Vizg. The
peak positions are equally spaced in gate voltage with separation AVgs = e¢/Cq. The
increase in gate voltage is the one necessary to add one electron to the island. Between
peaks, the number of electrons on the dot remains a stable integer value. As long as
eVps < kT, the width of these peaks will be limited by thermal broadening and
therefore the periodic behavior smears out at temperatures greater than the energy
width of the Coulomb blockade regime. Additionally, the nth peak multiplied by the
charge of the electron e would be the energy difference between the two states. The

energy change can then be written as

C’GeVG(n)

s +B=Fn+1)— E(n) (1.90)

apart from a constant B. In the equation, E(n) and E(n + 1) are the total energy of the
island with n and n + 1 electrons, respectively.

n ,_
2l ,_/
\ 1 —1 /_/
AFs; =0 J } } >
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| JL A A
a) AFpp e 3e 5e g

26, 2Cg 2C;

Figure 1.16: a) The effect of Vg is displayed in the band diagram of the source-island-
drain system. Applying a voltage Vgs induces a shift on the electron levels inside the
island. An electron is 'pumped’ into/out of the island when the level reaches the Fermi
level of one of the two electrodes. b) The staircase like behavior of the single increment of
the electron number in the island is shown with correspondence to the relative measured
Ips peak for a fixed applied Vpg and an increasing V.
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Coulomb Diamonds: Energy quantization evidence can be observed by measuring the
tunneling current at fixed Vi as a function of Vpg (Figure 1.17).

The combination of the two conditions Equation 1.85, Equation 1.86 and the effect of
Vs creates no-current parallelepiped regions in the Vpg/Vigs plane, known as Coulomb
diamonds.

From the initial shift of the maximum Coulomb blockade region in the I-V characteristic,

the initial charge on the island, )y, can be calculated with the following equation:

Qo = Cg X (Oig — AVasinitial) - (1.91)
As soon as the Fermi energy rises, higher energy levels on the island are overcome and
more current flows since additional channels are established for the electron tunneling on
the island.
When the bias voltage Vpg is symmetric, % = Vs = —Vp, the diamonds will look
squared. For an asymmetric bias, the fours lines corresponding to AF; = 0 and the
charge state n = 0 are plotted in Figure 1.17.
The width of the Coulomb diamond along the Vg axis is e/Cg. On the vertical axis Vpg,

the maximal extension of the Coulomb diamond is +¢./Cs.

—qe (1 Cp
/ @ AVGS,initial: C: (E—E)

Figure 1.17: Sketch of the Coulomb diamond for a SET with asymmetric tunnel
junctions. In the diamond regions tunneling is forbidden by the Coulomb blockade at
low temperatures and no charge is held stable on the island (n = 0). The borders of the
regions are found by setting AF; = 0.
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On the left and on the right of the region in Figure 1.17, there are other Coulomb blockade
regions with exclusive stable charge states on the island (—1, 1 electron and so on). These
blockade regions are indicated in Figure 1.18. In the surrounding regions, more charge
states can exist. Hence, the diamond corners correspond to the single-electron tunnel
through the device, that leads to the suppression of the Coulomb blockade and the relative
current peak observation in the Coulomb oscillations plot.

It is important to notice that the diamonds can look like symmetrical rhombus shaped
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Figure 1.18: Coulomb diamonds plane. n charge states correspond to the different
diamond regions. The diamonds corners coincide with the current peaks of the device.

regions when Cp = Cs and Cg < Cp, Cs. Such a feature corresponds the one reported
in the experimental measurements in the Section 4.2. This information about the device,
can be directly extracted analysing the charge stability diagram.

As it has been shown in Figure 1.17, the diagram linear relations present two slopes:

dVas ar p—0 Cs+Cq’

(1.92)
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dV; C
bs ~ =9 (1.93)
AVas arg_, =0 Cp

In the case of symmetrical blockade diamonds, these lines will cross in the same point.
From equalizing the conditions, the capacitance relations of the device (Cp = Cg), can
be directly acquired. In Figure 1.19, the case of the symmetrical rhombic blockade region
is sketched.

Figure 1.19: Symmetrical blockade diamonds are depicted. The distinctive shape can be
observed only when Cp = Cg and Cy, = Cs+ Cp ~ 2Cp, Cg. This is the case of the SET
devices fabricated in this work, whose electrical behavior is described in Section 4.2.
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Methods and Techniques

Before presenting the main results of this work, it is necessary to provide a description
of how these results have been experimentally obtained. Therefore, in this chapter the
methods and techniques used for the fabrication and characterization of the several
samples are described. The chapter begins with a description of the techniques used for
the fabrication of contact-pads on Si-SiO, substrates applied as platform for the
following nanofabrication step (Section 2.1). The first Section is followed by Section 2.2
describing the main instruments wused for the nanofabrication and the
topographic/compositional analysis. The different sample nanofabrication techniques are
then presented in the following Section 2.3. Finally, in the last Section 2.4, the
characterization techniques used to perform electrical transport and magneto-transport

measurements are discussed.

2.1 Chip fabrication

In this section, the preparation of the chip on which the samples have been nanofabricated
and electrical characterized is described. The chip consists of a Si-SiO, substrate on a
metal pins equipped printed circuit board. Cr-Au electrodes by UV-lithography and DC
magnetron sputtering of Cr-Au in conjunction with lift-off are defined on the substrate.
The metal pins on the board match perfectly the socket adapters in the SEM and in
the 3He-cryostat in order to allow external electrical measurements on the nanofabricated
devices. A description of the contact-pads fabrication follows (Subsection 2.1.1 and 2.1.2).

Afterwards, the chip assembling procedure will be described (Subsection 2.1.3).

2.1.1 UltraViolet-Lithography (UVL)

UltraViolet-Lithography (UVL) is a commonly used micro-fabrication technique to

transfer a geometric pattern from a mask to a wafer surface [109].
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The pristine substrate is coated with a UV-light-sensitive material (photoresist) that is
afterwards exposed to UV light with a specific pattern defined by the photomask. This
technique combined with baking and development treatments allows to engrave the
exposed (for positive photoresist) or not exposed (for negative photoresist) pattern into
the photoresist layer. For the process described in this work, negative photoresist and
two exposure-baking steps have been used in order to obtain a slight undercut and avoid
sharp free standing edges of the further deposited material. Masks used for negative
photoresist contain the negative of the pattern to be transferred and the UV exposure
causes the negative resist to become polymerized and not soluble in the developer.

The technique has been used to fabricate a 24 finger contacts design on the provided
substrates.

The substrates consist of P-doped (100) insulated silicon with a 200 nm thick thermally
grown SiO, layer. The substrates are commercially available (CrysTec GmbH) and their
working surfaces have been epitaxially polished by the supplier. The as-supplied

2

substrates have been cut from wafers to a size of 10x10mm* with a thickness of

approximately 0.625 mm.

7

Heat

pristine substrate 1. Spin coating 2. Tempering

3. Image-wise UV exposure 4. Image reversal bake 5. Flood exposure

Remover

i 17 444344

6. Development Cr/Au film deposition Lift-off

l

Figure 2.1: The UV-lithography process combined with the lift-off of magnetron sputtered
Cr-Au contacts has been accomplished following the depicted steps.
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The UVL process consists of the following procedure steps:

1. Substrate cleaning Firstly, the substrates have been cleaned following a consistent
cleaning procedure in order to remove the protective wax layer left from the supplier. The
procedure consists of sonication in acetone (99.9 %, Merck KGaA) for 15min, in distilled
Delonized (DI) water for 5min and finally in isopropylalcohol (99.8 %, Merck KGaA) for

5 min.

2. Spin coating The cleaned substrate surface has been uniformly covered with a
image reversal polymer-based UV photoresist (AR-U 4040, ALLRESIST GmbH) by spin
coating. During the spin coating process, 1-2 drops of the photoresist are spread evenly
on the substrate that is rapidly spun. The parameters for the spin coating have been:
3s duration at 2000 rotations per minute (rpm), followed by 57s at 6000 rpm. After the
coating, the substrate is treated with two cycles of baking and UV irradiation following

the photoresist information sheet [110].

3. Tempering The first bake is required to evaporate the excess solvent. The baking

is conducted placing the substrate on a hot plate at 85°C for 2 min.

4. Image-wise UV exposure The first UV irradiation (70 mJ/cm?) or image-wise UV
exposure of the substrate is conducted with a Cr mask (on a glass surface) between the
Hg-Xe UV lamp and the substrate. The Cr mask has been accurately aligned and it is
brought in direct contact with the photoresist on the substrate. The used Cr mask has
the positive pattern of the final expected contacts’ structure. The distance between the

fingers in the center of the pattern is 3 pum.

5. Image reversal bake A second bake is needed in negative processes to harden the
exposed photoresist. The amine in the exposed areas reacts with the indenecarboxylic
acid and a cross-linking results in making exposed areas alkali-insoluble. The bake has

been performed placing the substrate on a hot plate at 115°C for 5 min.

6. Flood exposure The second UV irradiation (180 m.J/cm?) is conducted without the
Cr mask. During flood exposure, the alkali-soluble indenecarboxylic acid is formed in the

up to this step unexposed areas. Nevertheless, cross-linked structures remain unchanged.

7. Development Finally, the substrate takes a bath in a solution 2:1 of developer
(AR300-35, ALLRESIST GmbH) and distilled DI water for 60s. Therefore, the
photoresist is removed from the first irradiation unexposed regions and the development

produces a negative image of the Cr mask.
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The interplay of the exposure dose, reversal bake temperature and development time
results in a sharper or less pronounced undercut. Later, Cr-Au thin films are deposited
over the entire substrate, covering both the photoresist and the resist-free areas of the
substrate. This process is described in detail in the next Subsection 2.1.2. In Figure 2.1

the performed lithography and lift-off processes are shown in schematic steps.

2.1.2 DC magnetron sputtering of Cr-Au contacts and lift-off

In this work, Direct Current (DC) magnetron sputtering has been used for the metallic
thin film deposition of the electrical contacts. This technique is a Physical Vapour
Deposition (PVD) manufacturing process that can offer the deposition of high-quality
metal films onto most of common surfaces.

The deposition is a passive film growth mechanism on the substrate of atoms ejected
from a target surface by bombardament with the ions of a localized cold plasma
[111-113]. An important advantage of sputter deposition is that even materials with
very high melting points are easily sputtered.

The sputtering process begins when a substrate (anode), that is going to be coated, is
placed in a High Vacuum (HV) chamber containing an inert gas such as argon and a
negative voltage is applied to a target source material (cathode) that will be deposited
onto the substrate surface (Figure 2.2). The target has high purity and is larger in size
than the substrate in order to improve deposited material uniformity.

A high DC voltage between anode and cathode is applied in order to establish a high
electric field between the two electrodes. The cathode in DC discharge must be an
electrical conductor, since an insulating surface will develop a surface charge that will
prevent ion bombardment of the surface. This condition implies that DC sputtering can
be used to sputter simple electrically conductive materials such as metals. In the electric
field region the gas breaks down to conduct electricity when a certain minimum voltage
(striking voltage) is reached by the glow discharge phenomenon. The breakdown voltage
for a given gas is a function of the pressure in the chamber and the distance between the
anode and the cathode; it can easily be calculated by Paschen’s law [114]. By a large
electric field, the ions of the plasma are accelerated towards the target. The high-energy
impact of the ions on the target material induces neutral atoms, charged atoms and
electrons to be emitted from the target surface by energy and momentum transfer. The
sputtered atoms ejected from the target surface have high kinetic energy (1-10eV) that
allows them to cross the plasma and condense on the substrate, leading to good
adhesion and high uniformity of the deposited film. Moreover, an advantage of DC
sputtering is that the plasma can be established uniformly over a large area, so that a

solid large-area ejection source can be established.
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Figure 2.2: Schematic representation of the DC magnetron sputtering process. In a HV
chamber, an Ar-plasma is generated in close proximity to a metal target by letting Ar in
the chamber and applying an electric potential between the target and a substrate placed
just a few cm away. The positively charged Ar-ions are accelerated towards the target and
sputter off atoms from the target surface. The sputtered atoms will then travel towards
the substrate forming a thin metal film.

In order to increase the efficiency of the target sputtering process and avoid sputtering of
the substrate, the plasma is confined next to the target surface. By using an appropriate
arrangement of magnets behind the target, a magnetic field (200-500 Gauss) is added to
the DC sputtering system that can maintain secondary electron motion in the vicinity of
the target surface. This type of sputtering is called magnetron sputtering. The Lorentz
force exerted on the electrons let them spiral about the magnetic field lines (parallel to
the target surface) so that they have more chance of undergoing an ionizing collision
thus enabling the plasma to be operated at a higher density. As a result of the increased
ionization efficiency, the process can be performed at a lower operating pressure
(typically 1073 mbar compared to 107! mbar) and lower operating voltage (typically
about 500V compared to about 2-3kV) than in the basic sputtering mode [113].

Due to the high collision energy and density, the target can become extremely hot. By
incorporating an appropriate cooling system, the target is cooled down avoiding thermal
damage of the target, the magnets and the substrate as well.

The sputtering yield (S, number of atoms ejected from the target surface per incident

ion) depends on the setup conditions, such as voltage and current (sputter power) at
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which sputtering takes place and on the target and ion characteristics, such as the target
material composition, atom binding energy, energy and angle of ion incidence. The
sputtering yield increases with ion incidence angle up to approx 80° due to the decrease
in the scan depth of incident ions following the relation S o< 1/cosf. The outcome of the
sputtering is the deposition of a set of atomic layers resulting in a thin metal film, whose

thickness depends on the sputtering time.

@ Fine adjustable @ Glowing plasma on Cr

valve target
° :rc:(t::)ry worktable t @ Substrate holder
© Nb cathode | J ©Substrate
O Au cathode (behind)';__ “a NG gr™ - OSubstrate after lift off

© Mask used for second
sputtering step

© Chamber operation
window

O Cr cathode 4
@ Shutter 1 £ —_— 59" @Power supplies

© Turbomolecular @Temperature
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© Rotary pump

Figure 2.3: a) Photograph of the DC magnetron sputtering setup. b) Inset: The inside
of the chamber when the Cr sputtering process is taking place. The substrate will be
turned facing the target as soon as the operator wants to start the metal deposition
on the target. The Ar-plasma next to the target is enlightening the chamber with the
element-characteristic violet plasma glow. ¢) On the left, a substrate after lift-off. The
shadow effect of the sputtering mask used in the second sputtering step is recognizable.
On the right, a substrate with the PET mask before the second sputtering step. d) Power
supply units and controllers of the electrical setup components.

The setup used for the deposition of Cr-Au contacts defined by UVL on the substrates
consists of a custom-built DC magnetron sputtering chamber and the electronic
instruments, such as DC power supplies for the targets, pressure and temperature
controllers. A photograph of the DC magnetron sputtering setup used in this work is
shown in Figure 2.3 (a). The HV chamber made of stainless steel is connected through a
fine adjustable valve to a gas inlet tube for the Ar supply. The chamber is a 6-way
spherical cross where three flanges on the horizontal axis are equipped with 2-inch Cr,

Au and Nb targets of 99.99% purity. The bottom flange is connected to the pumps
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(turbo molecular pump and rotary pump). A movable shutter is placed between the
turbo molecular pump and the rest of the chamber in order to protect the turbine of the
turbomolecular pump from sputtered material deposition. The target is bolted directly
to the cathode body. Behind the target, one magnet is positioned at the central axis
working as one magnetic pole. The other pole is formed by a ring of magnets around the
outer edge of the target. The magnets and the back of the target are water cooled.

On the central vertical axis of the vacuum feedthrough the chamber has a rotary
worktable. The substrate processed by UVL, after being attached on a customized
holder, is positioned on the electrically-grounded worktable at the same height as the
targets. By means of the rotating worktable, the substrate can be positioned directly in
front of the target during the sputtering process and it is maintained at room
temperature. Before sputtering, the chamber has been evacuated in order to reach a
background pressure in the range of 7.5x107%-3.4x 10" mbar. Just before the
sputtering process, the Ar is supplied into the chamber and a direct current voltage is
applied between the cathode and anode by a DC power supply. Since the distance
between the target and the substrate is fixed, the pressure and voltage have to be
adjusted for the sputtering of the different targets.

Because of the weak adherence of the Au layer, a Cr sputtered film is used as adhesive
intermediate layer between the Au layer and the substrate surface. The Cr sputtering
has been conducted applying a potential around -360V at a chamber pressure of
7x1072mbar. At these conditions, the plasma is stable turning into a constant
deposition rate of about 16.5s/nm. For the Au sputtering, a potential around -380 V
has been used. A pressure of 1.6 x 102 mbar has been maintained in the chamber to
reach a constant deposition rate of about 3s/nm. On the same substrate, two sputtering
steps have been carried out. The first one consists of the deposition on the whole
substrate of Cr-Au film having a thickness of about 35 nm. Cr sputtering lasted for 180s
leading to the deposition of about 11nm. Au sputtering has been conducted for 70s
producing about 24 nm of Au film. The second sputtering step has been carried out with
a mask (obtained by a PolyEthylene Terephthalate (PET) transparency film) covering
the central area of the substrate. In this region, the FEBID nanostructures are later on
deposited. On the second step, only Au has been sputtered for 300s leading to the
deposition of about 100 nm Au film.

These two steps have been necessary in order to maintain in the central region of the
substrate about the same height between the electrodes and the very thin FEBID
nanostructures.  The thin electrodes have been particularly crucial to reduce the
mechanical stress of the FEBID deposit region overlapping the electrodes used to
establish electrical contact. Moreover, the thicker Au layer of the contact-pads on the
outer part of the substrate is especially useful during the ultrasonic wedge bonding step
to avoid bonding through to the Si/SiO, substrate. The thickness calibration of the
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sputtered films and the Cr-Au contacts thickness has been confirmed by AFM

investigations.

After the Cr-Au film sputtering, the substrates have been subjected to a lift-off step. It
consists in leaving the substrate in a remover bath (AR 300-76, ALLRESIST GmbH) at
80°C for 2h. During this time, the photoresist under the film get dissolved and the
sputtered metal layer on it is stripped away, whereas the rest of the sputtered film
deposited directly onto the substrate remains intact.

Afterwards, sonication for 15min in a new bath of remover has been carried to reduce
the height of upstanding edges which resulted from lift-off. The remover has been
afterwards rinsed off with DI water and the substrate has been dried with a Ny blow
gun. Finally, the chip has been cleaned in a solution of HoOy and HySOy in a 1:3 ratio

(piranha solution) to remove surface contaminants.

2.1.3 Chip assembly

After the contact-pad preparation, the substrates have been assembled on ceramic board
supports with 24 contact Cu-pins covered with Au. The obtained carrier chip can be
directly mounted in a socket on a custom-built heatable stage adapter for the dual-beam
SEM-FIB and on a 3He-cryostat sample rod adapter. The substrate contacts are
connected to the 24 carrier chip Au-plated contacts by Au wires (Heraus GmbH) having
a thickness of 32 um using wedge bonding, which relies on the application of ultrasonic
power to establish the connection.

The substrates have been secured with screw Cu-clamps on a Cu-block which is fixed on
the board. On the Cu-block and next to the substrate, a temperature sensor Pt-1000
[115] is attached to monitor in situ the temperature during the Pt-C FEBID catalytic
purification and AS-ALD experiments. The Cu-block has been successively screwed
against the copper part of the socket in order to have optimal thermal coupling and the
same electrical ground potential as the dual-beam SEM-FIB stage and of the
3He-cryostat sample rod. The socket is connected via a vacuum feedthrough to the
electrical measurement setup. External switches are connected between the chip
electrodes and the electrical sources in order to force the electrodes to ground when
needed. In this way, in situ electrical measurements can be conducted with external
current /voltage sources on the nanodevices fabricated in the center of the substrate and
connected to the Cr-Au contacts.

In Figure 2.4 (a), a chip on the dual-beam SEM-FIB heatable stage adapter is shown.
The heatable stage adapter can be directly mounted in the center of the eucentric stage
inside the dual-beam SEM-FIB system (Figure 2.4 (b)) and it allows to carry in situ

electrical measurements up to 350°C. By a cable-bus using a feedthrough, the 24 pins
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are connected to the outside electrical measurement setup. In Figure 2.4(c) a calibration

sample is placed on the carrier chip attached to the 3He-cryostat sample rod.

Figure 2.4: a) The temperature-controlled ceramic carrier chip is placed on a heatable
dual-beam SEM-FIB stage adapter. b) The inside of the FEI dual-beam SEM-FIB is
shown. The adapter shown in a) will be placed in the middle of the stage and connected to
the external electrical measurement setup by a cable-bus through a vacuum feedthrough.
c) A temperature calibration sample is attached by a ceramic carrier chip on the *He-
cryostat sample rod.

2.2 Instruments for nanofabrication and
topographic/compositional analysis

Most of the nanofabrication methods described in the following section (Section 2.3) are
based on the use of a SEM and a FIB. In this section, the two instruments and their
functions are described (Subsection 2.2.1). Apart from that, the SEM has been used for
its conventional purpose, such as the morphological investigation of the samples. In the
following subsections, the description of the other analytical techniques used to
investigate the samples is given.

The SEM morphological analysis has been actually combined to a compositional

investigation, such as EDX. The analysis can be directly performed in situ in the
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dual-beam SEM-FIB. The EDX technique is described in Subsection 2.2.2.
Topographic investigations by the use of a AFM are also conducted in order to fully
characterize the samples. The AFM method is described in Subsection 2.2.3.

2.2.1 Scanning Electron Microscope (SEM) / Focused Ion
Beam (FIB)

A SEM is an electron microscope that produces images of a sample by scanning the
surface with a focused beam of electrons. By the interaction of the electrons with the
atoms at various depths within the sample, electrons are emitted from the sample with
different energies and trajectories. These electrons are collected in detectors providing
signals used to produce an image [116, 117].

Beside the conventional use of a SEM as topographical analysis instrument, its rastering
electrical beam is used in the FEBID nanofabrication method, which is described in
Subsection 2.3.1.

The SEM used in this work is equipped with a Field Emission Gun (FEG) in which a
sharply pointed Tungsten emitter (tip radius of about 100 nm) protrudes 250 ym from
the suppressor electrode. The emitter is a Schottky type cathode in which the electrons
are ejected by thermionic emission. The tungsten tip is covered with a layer of
zirconium oxide, which reduces the work function [118]. The source is maintained in
Ultra High Vacuum (UHV) at about 6 x 107! mbar by an Ion Getter Pump (IGP) [119].
The energy and the current of the electron beam can be adjusted from 0.5 to 30keV and
from 1pA to 20nA, respectively. In the vicinity of the anode, the electron beam
cross-section (the crossover) is in the 10-50 um range. In order to produce a sharp
image, the beam diameter has to be smaller. For this reason, one or two condenser and
objective electrostatic/electromagnetic lenses and apertures are used to accelerate,
(de)magnify and converge the electron beam crossover and focus it onto the specimen
surface where finally the beam spot will be about 1 nm to 5nm in diameter.

The lens system consists of a condenser lens, an objective lens, scanning coils and
monopole magnetic immersion final lens. As optical lenses in a light based microscope
are used to change the path of the light in a desired direction, the
electrostatic/electromagnetic lenses in a SEM are used to shape and deflect the
trajectory of the electrons by the action of an electromagnetic field.

The electrostatic lenses consist of electrodes separated by very small distances in order
to generate very high electric fields. Electromagnetic lenses are constructed with
ferromagnetic materials and a tight copper wire wound into a coil producing a magnetic
field with a focal length that can be changed by varying the current through the coil.

The scanning coils are two pairs of electromagnetic deflection coils. They are used to scan
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Figure 2.5: Schematic illustration of the dual-beam SEM-FIB. The two columns present
similar components and they are outlined in the picture. A dual-beam system is a compact
and complete solution for analytic and manufacturing purposes at the nanoscale.
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the electron beam in a raster scan pattern and deflect the electron beam horizontally and
vertically over the specimen surface to construct the image point-by-point and line-by-
line.

An immersion lens can be used to further lower the diameter of the beam and provide
better resolution. It establishes a magnetic field with short focal length in the proximity
of the specimen surface providing a high-resolution SEM mode.

The objective, scanning and immersion coils are embedded in a pole piece made of high
magnetic permeability material that serves to direct the magnetic field. The column, in
which the condenser and objective lens fields act, is evacuated by a second IGP in order to
maintain the vacuum to the 9 x 10~8 mbar range. An exemplary sketch of the dual-beam

SEM-FIB system with the highlighted components is shown in Figure 2.5.

Electron beam and target interaction As soon as the electron beam reaches the
target surface, the Primary Electrons (PE) of the beam will interact with the atoms of
the target generating several interaction products. The main products of the interaction
are Secondary Electrons (SE), BackScattered Electrons (BSE), Auger electrons, and a
variety of X-rays [120, 121]. When the primary beam hits a solid target, elastic and
inelastic collisions are taking place. The elastic scattering processes lead to beam
broadening wia changes in electron trajectory directions, whereas inelastic collisions
manifest as energy losses wvia ionization (secondary electron generation), plasmon
excitation, molecule dissociation, phonon scattering (heat), and characteristic X-rays
emission along the primary electron trajectories with the sequential transfer of energy to
other electrons in the specimen. A representative schematic of the interaction product
generation depending on the distance from the PE beam impact point is given in Figure
2.6.

The incident primary electron beam interacts with atoms having different depth in the
sample depending on the energy of the primary beam and the atomic number of the
sample atoms [122]. The interaction region has typically a droplet-shaped volume with a
depth range up to a few um. The higher the primary electrons acceleration voltage is,
the deeper the electrons can travel in the material and the interaction volume will be
bigger. Moreover, the higher the Z atom number of the atom material is, the sooner the
primary electrons propagation will be stopped in the material and the interaction
volume will be reduced.

The inelastic interaction between primary beam electrons and sample atoms leads to SE
generation and subsequent escape of the SE from the sample into the vacuum. The
high-energy PE, which after inelastic collisions travel into the sample, are finally
escaping the sample material with an energy >50eV. Those electrons are called
BackScattered Electrons (BSE) since they are scattered back in the pole piece direction.

The emitted low-energy electrons, called secondary electrons with a cut-off
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conventionally set to < 50eV, have their origin in the sample.

SE emission arises due to loosely bound electrons in the valence or conduction band of
the sample atoms. There are primarily two kinds of SE generated from the sample
labelled as SE I and SE II. The SE I are generated in the near proximity of the primary
beam point of impact. Differently, the SE II are generated by the BSE away from the
PE impact point. The position of SE II emission depends on the energy cascade and
inelastic interaction that the primary electron is experiencing [123]. In this process,
other by-products as Auger electrons and X-rays are generated. However, only those SE
and Auger electrons, which are within 100nm from the surface, can escape from the
sample and be detected. In addition to SE I and SE II, another type of SE, identified as
SE III, is generated when high-energy BSE, that emerge from the sample, strike the
objective pole piece or the chamber walls and generate SE from these surfaces. These

electrons could introduce a background signal and artefacts in the detector signal [124].

Auger Electrons (AE) 1S
E Secondary Electrons (SE)
Characteristic X-ray (EDX) E ~100nm
-
3 Backscattered Electrons (BSE)
~1 nm s
~500nm
Continuum X-Ray (Bremsstrahlung) /., , o Cathodoluminescence (CL)

"

~1-4 pm

SAMPLE

Figure 2.6: The interaction volumes for generation of SE, Auger electrons, BSE,
characteristic X-rays, continuum X-rays, and Cathodoluminescence (CL) X-rays.

A schematic representation of the generation mechanism of the electrons, that have been
described so far, is available in Figure 2.7 (a). The electrons, that after this interaction
have enough energy to leave the substrate surface have a characteristic energy spectrum.

A typical energy spectrum of these electrons, BSE and SE, is shown in Figure 2.7 (b).

To help the microscopists with the interpretation of imaging, microanalysis and EBL
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Figure 2.7: a) Sketch of the generated BSE and SE from the collision of the primary beam
with the sample. Different types of SE: SE I, SE II and SE III are produced depending
on their generation position with respect to the PE impact position. b) A typical energy
spectrum of electrons emitted from the substrate. Adapted from [121].

5 keV

Figure 2.8: The free software version of CASINO 3.3.0.4 has been used for the simulations
of the interaction volume of beams with the typical PE energies (5 (a) and 20 (b) keV)
on a Si/Si0, substrate as used in this work. 200 of the 1000 primary electrons interacting
trajectories in 5 ym?® substrate have been simulated.
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applications, Monte Carlo simulations have been widely used to predict the propagation
of a primary electron beam in a material. A very successful simulation software of the
electron propagation in materials, CASINO, has been developed by Drouin [125]. The
findings of this simulations field are also particularly helpful for understanding the
deposit formation in FEBID. In Subsection 2.3.1, the deposit formation theory in
FEBID is described.

In Figure 2.8, the simulations conducted with the two main primary beam acceleration
voltages (5 and 20kV) and substrate configuration (Si substrate covered with 200 nm of
thermal grown SiO;) used for the research work reported here are shown. It is possible
to notice how different the size of the interaction volume is in the two cases. For 5kV
(Figure 2.8 (a)), an interaction volume of less than 500 nm in diameter results from the
simulation. Moreover, the rapid color change of the trajectories indicate a quite drastic
energy loss inside the material. On the contrary, the simulated interactions for a 20 kV
primary beam acceleration voltage show a wider spreading of the electron trajectories in
the substrate, reaching almost 5 ym in depth (Figure 2.8 (b)).

The dual-beam chamber is equipped with different detectors, which collect the emitted
products of the interaction of the primary beam with the sample in the vicinity of the
beam hitting point. The different interaction products provide different types of
information about the sample.

For example, in-lens electron detectors can detect SE and BSE that come back to the
primary beam direction. In particular, the in-lens secondary electron detector is used to
detect SE I electrons generated near the upper region of the interaction volume and
therefore they provide direct information of the sample surface. In this case, the SE are
re-accelerated and focused through the electromagnetic objective lens field towards the
in-lens detector. There, they hit a scintillator and generate photons that are finally
directed through a light guide and transferred to a photomultiplier. The obtained
photons will generate signals that after the amplifier action will be analysed by the
computer generating an image.

The in-lens BSE detector is a solid state (or semiconductor) detector. It consists of a
doped semiconductor material (usually silicon) and is placed directly above the sample.
This detector collects the high-energy back scattered electrons. Considering the different
nuclei sizes between heavy and light elements, sample materials with elements composed
of a higher atomic number (Z) yield more backscattered electrons than lower Z elements.
When a high-energy BSE hits the semiconductor material, it generates electron-hole
pairs paying the band gap energy of the silicon (1.1eV). Therefore, the number of
electron-hole pairs generated is proportional to the energy of the incident electrons. The
output current signal is then amplified and analyzed by the computer producing a
compositional map of the specimen.

The Everhart-Thornley detector is positioned near the beam target. It collects the SE,

62



Section 2.2

as they are low energetic electrons generated in the vicinity of the sample surface. The
detector consists of a Faraday grid, a scintillator and a photomultiplier.
Additionally, characteristic X-rays are collected from the specimen by an EDX detector.

An illustrative sketch of the described detectors is shown in Figure 2.9.

Pole Piece

—_— In-lens detector

BSE detector

YD
. 7D
-

EDX dete’c’tor  Everhart-Thornley

detector

Figure 2.9: Basic types of the detectors available in a SEM chamber.

The microscope used in this work is a FEI dual-beam SEM-FIB Novananolab 600. The
instrument consists of a system with both electron and ion beam columns, allowing the
same feature to be investigated using both beams. The FIB is tilted at 38° from the
electron beam column. The source of ions is a Liquid Metal Ion Source (LMIS). Gallium
provides the best combination of low vapor pressure, large atomic number, and ease of
use. Heated gallium flows to the tip of a Tungsten needle where an electric field ionizes
the Ga atoms and causes field emission of the ions. The Gat-gun has adjustable energy
(5-30keV) and current (1 pA-20nA). The FIB column is connected to an IGP which
maintains the pressure of 6 x 1078 mbar.

Beside the source type and the use of different electromagnetic lenses (since the
deflected charge particles are different), the SEM and the FIB are very similar.
Therefore, a detailed description of the FIB operation is omitted for redundancy. The
interaction processes and products resulting from the collision of the primary ion beam
with the sample surface are, beyond the one described for the electron beam, the
ejection of specimen atoms (milling), ion implantation, structural defects creation,
heating, etc. Details about the ion beam interaction with the sample and in particular
its milling effect are provided in Subsection 2.3.4.1. An exemplary sketch of the
components of the SEM and FIB for the dual beam system used in this work has been
already shown in Figure 2.5.

In the chamber the sample is mounted on an eucentric stage which can be translated in
X, y, and z direction as well as rotated around the y- and z-axis, respectively. On the

stage, the sample can be mounted using a special n situ electrical measurement
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adapter. Electrical measurements are also possible on a heatable stage adapter used, for
example, for the catalytic purification of FEBID deposits (Subsection 2.3.1.4) and
AS-ALD experiments (Subsection 2.3.2). Photographs of the electrically heatable stage
adapter and the electrical adapter (without heating option) have been already shown in

Figure 2.4(a) and (b), respectively.

Figure 2.10: a) Inside view of the dual-beam SEM-FIB Novananolab 600. b) Photograph
from the outside of the dual-beam system. Some of the visible options are listed in the
figure.

In addition, the SEM is equipped with four commercial and one custom-built Gas
Injection System (GIS). The custom-built GIS has been used for the catalytic
purification of FEBID deposits (Subsection 2.3.1.4) and AS-ALD (Subsection 2.3.2) to
provide Oy in the proximity of the sample surface. By the use of a turbomolecular pump
and a rotary pump, the base pressure in the chamber is about 3 x 10~7 mbar.

In the chamber a Charge-Coupled Device (CCD) camera, an air plasma generator and a
mass spectrometer are also present. In addition, a Nanomanipulator (NMT) and an in
situ AFM can be mounted in the chamber when needed. Photographs of the inside and
of the outside of the FEI dual-beam SEM-FIB Novananolab 600 used in this work are
shown in Figure 2.10 (a) and (b), respectively. The instrument, thanks to the increasing
available options, has become in the course of the years a very complete and versatile

tool.

2.2.2 Energy Dispersive X-ray (EDX) spectroscopy

EDX spectroscopy is an analytical chemical characterization technique that is conducted
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inside the chamber of a SEM. By using a dedicated detector, characteristic X-rays
generated in the core of the interaction volume of the primary beam with the material,
are collected (see Figure 2.6) [117].

The compositional characterization capability of this analysis is based on the generation
of energetically distinctive X-rays only depending on the material atom with whom the
electron interacts. Every element has a unique atomic structure leading to a unique set
of energies on its electromagnetic emission spectrum.

The principle of this analysis technique is based on the stimulated ejection of electrons
and characteristic X-rays from the sample when the primary electron beam interacts
with the sample atoms. In an interaction, an electron originally positioned in the inner
shell (K shell) of the atom can be ejected. In order to reduce energy, the vacancy of the
ejected electron will be occupied by an electron belonging to a more energetic shell. This
process goes along with the emission of an X-ray having as energy the difference
between the higher energy shell and the lower energy shell. The energy shells are
characteristic for every atom, therefore a precise compositional analysis of the sample
can be obtained by collecting the X-rays ejected from the sample. An additional
Bremsstrahlung energy background signal is present in the energy spectrum. An

exemplary sketch of the described X-ray generation process is shown in Figure 2.11 (a).
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Ejected electron

a) b) 0.60 1.20 1.80 2.40 3.00 3.60 4.20 kev

Figure 2.11: a) X-ray generation process: 1) The energy transferred to the atomic electron
leads to its ejection leaving a hole behind. 2) Its position is filled by another electron from
a higher energy shell and the characteristic X-ray is released. b) A typical EDX spectrum.
Blue line: Bremsstrahlung energy spectrum is shown as additional signal background.

The X-rays are collected by the respective detector and analysed by the
energy-dispersive spectrometer. The X-rays are therefore differentiated in energy and
most of the elements of the periodic table can be detected by this technique. The
quantity of X-rays emitted by each element is reported in an EDX spectrum on the
y-axis as counts. The peak area is therefore directly proportional to the concentration of

the element (mass or atomic fraction). The position of the peaks in a EDX spectra is
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described by the empirical Moselay Law [126]. As a result, information about elemental
composition and relative concentration in the specimen region on which the primary
electron beam is focused are directly extracted. In Figure 2.11 (b), a typical EDX
spectrum, that has been collected on a 1.5x1.5 um? purified Pt FEBID structure with
5keV accelerated electron beam, is shown.

As typical beam parameters, 5kV and 1.6nA have been used for the measurements
reported in this work. Depending on the beam energy applied, only some elements can
be detected. For this reason, the beam energy used for the analysis should be at least
greater than twice the energy of the characteristic X-rays of the material under
examination in order to detect a certain element. The use of a small acceleration voltage
for the EDX analysis ensures near-surface generation of X-rays. In this way,
compositional investigations on nanostructures with limited thickness on a substrate can
be conducted.

An EDAX Genesis 2000 EDX spectrometer, that is mounted directly to the FEI
dual-beam SEM-FIB NovaNanoLab 600, has been used for the analysis. The X-rays
ejected from the sample are collected by an X-ray detector in close proximity to the
sample (Figure 2.9). The Si(Li) detector is a p-i-n device formed by lithium drifting of
p-type silicon. The semiconductor crystal needs to be cooled to cryogenic temperatures
with liquid nitrogen. Cooling the detector minimizes noise and increases the peak
resolution. Moreover, the low temperature increases the life time of the detector, since
Li diffuses towards the surface at room temperature, degrading the material over time.
The X-rays are converted into voltage signals by electron-hole pairs generation in the
semiconductor crystal. The signals are then processed by a pulse processor that removes
noise by averaging the incoming signal. The output from the pulse processor is passed to
a multi-channel analyser for data display. The energy range of the spectrum is divided
into the channels and the respective X-rays energies are assigned to them. The data is
displayed in the EDAX software as a spectrum showing the number of X-rays (counts)
assigned to each energy channel [127].

EDX measurements have been particularly useful during the optimization of the FEBID
and AS-ALD combined technique. The compositional monitoring of the deposited,
purified and sequentially grown material gave direct proof of the effectiveness of the

process. The results of these analysis are shown in Subsection 2.3.2.

2.2.3 Atomic Force Microscopy (AFM)

AFM is a topography imaging technique with nanometer resolution [128]. The method
is based on the scanning action of a probe - cantilever - on the surface of the

investigated nanostructure and on the feedback loop used to adjust parameters needed
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to image the surface. By using attractive and repulsive interaction forces between the
few atoms attached to the cantilever tip and the sample atoms (which are located as
close as 0.1-100nm), the profile of a sample can be mapped in the x, y and z direction.
The sharp tip of the cantilever (5-10nm radius) is scanned over the sample surface and
it can be either in contact with the sample (static or contact mode) or it oscillates in
close proximity to the surface of the sample (dynamic or tapping mode). When the
cantilever tip is close to the sample, it experiences an attractive force. Then, the force
becomes repulsive at a certain point. In particular, there are three main contributions as
attractive forces. These are the short-range chemical force, the van der Waals force and
the electrostatic force. On the other hand, repulsive forces are Pauli exclusion and
electron-electron Coulomb interaction forces. Whereas the effective ranges of these
forces are different, one of them is dominant depending on the cantilever distance from
the sample surface.

Static mode is the original and simplest mode to operate an AFM. The possible
configurations of static mode are operation in constant force and in constant height. In
constant force mode, the cantilever deflection is the feedback parameter and the force
can be estimated by using Hooke’s law. In constant height mode, the probe maintains a
fixed height above the sample and there is no force feedback. Constant height mode is
typically used in atomic resolution AFM.

In the dynamic mode, the cantilever is driven with a sinusoidal motion at a fixed
excitation energy by a piezo-actuator. The cantilever behaves as a damped spring or a
single harmonic oscillator vibrating close to its resonance frequency. Typical resonance
frequencies, due to the small size of these cantilevers, are in the kilohertz up to
Megahertz range. The interaction of the tip with the sample changes the effective spring
constant of the cantilever altering the cantilever’s vibrating amplitude, phase and
resonance frequency. These changes are used as feedback parameters. Because the
cantilever operates at resonance and interacts with the sample as the probe taps’ along
the surface, it is a non-invasive method in comparison to contact imaging modes in
which direct contact between cantilever tip and sample can deform the sample surface
and/or the tip.

In order to detect the cantilever bending motion at a specific location (x, y), optical
deflection techniques are commonly used. A laser beam from a Laser Diode (LD) is
focused on the back side end of the cantilever, and the reflected beam is aligned at the
center of a Position Sensitive Photo Diode (PSPD). When the cantilever is bent, the
beam path is shifted and generates the intensity difference between the upper and lower
photodiodes (A-B signal). This signal is fed to a Proportion-Integration (PI) controller
to control the bending angle of the cantilever through a z-piezo-actuator. An illustrative
sketch of the AFM principle and of the described operation modes is shown in Figure
2.12.
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In this work, an EasyScan 2 (Nanosurf) AFM has been mainly used in dynamic mode to
measure the thickness of the FEBID seed layers and of the AS-ALD grown
nanostructures. In particular, the used dynamic mode is an Amplitude Modulation
mode of Atomic Force Microscopy (AM-AFM), which uses the oscillation amplitude as
feedback parameter [129]. The substrate and the AFM have been isolated from the
environment by a vibration isolation platform and an acoustic isolation coverage. FEx
situ high-resolution AFM measurements on AS-ALD nanostructures have been also
conducted with a Nano Wizard 3 Ultra (JPK) available in the group of Prof. Dr.
Alexander Heckel in the Institute for Organic Chemistry and Chemical Biology, Goethe

University, Frankfurt am Main, Germany.
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Figure 2.12: On the left, explanatory graphical representation of the AFM working
principle and setup. On the right, descriptive sketch of the AFM operation modes.

2.3 Nanofabrication techniques and optimizations

This section describes the nanofabrication methods employed in this work.

Firstly, the section reports the nanofabrication technique that has been mostly used:
Focused Electron Beam Induced Deposition (FEBID, Subsection 2.3.1). Secondly, the
section covers the techniques that have been used in combination with FEBID, such as
electron irradiation of Pt-C FEBID deposits and catalytic purification of Pt-C FEBID
deposits (Subsubsection 2.3.1.4). A separate Subsection (2.3.2) is dedicated to a more
complex technique: AS-ALD on purified Pt FEBID seed layers.

Finally, the methods, which are required together with FEBID and its combined
techniques for the fabrication of the nanosystems investigated in this work, are
introduced. For instance, drop casting nanoparticle deposition (Subsection 2.3.3) and

ion etching by Gat and Ar™ (Subsection 2.3.4) are presented.

68



Section 2.3

2.3.1 Focused Electron Beam Induced Deposition (FEBID)

In the last decades, the rapid growth of nanotechnology and the increasing demand of
controlled fabrication of nanostructures ignited the interest in FEBID. Curiously, the
idea of FEBID originated from the observation of unwanted hydrocarbon contamination
deposits during routine sample examination with the electron beam and it has been
limited for a long time to lithography mask reparation.

Thanks to its high flexibility, FEBID provides direct-write synthesis of functional
structures with complex patterning geometry and nanometer resolution on (and with) a
wide variety of materials [20, 81, 130].

FEBID can be considered as a local electron-beam induced CVD with the
decomposition of a gaseous precursor caused by the interaction of the electron-beam
with a solid substrate.

The process takes place in the vacuum chamber of a SEM or a Transmission Electron
Microscope (TEM). The molecules of a precursor are brought in close proximity to a
substrate by the small capillary of a GIS. The energy, which is transferred from the
electron-beam (scanning the substrate surface) to the adsorbed precursor gas molecules,
dissociates the precursor into a volatile and non-volatile part. On the substrate, the
non-volatile fragments pile up causing local material growth, whereas the volatile
fragments desorb from the surface and are pumped away from the chamber.
Sub-nanometer resolution of FEBID deposits has been reached with TEM [131-133]. On
the other hand, the minimal resolution reported for FEBID in a SEM on a bulk
substrate is 3nm [134, 135].

Most precursors that are used for FEBID have been designed as CVD precursors. A
group apart is formed by those precursors based on the carbonyl (CO) group, such as
Fe(CO)s, Coy(CO)s, Mo(CO)g, W(CO)g, HCo3Fe(CO)y2, etc. Furthermore, the
increasing interest on the technique encourages the research of suitable FEBID
precursors and the deposition of binary metal alloys by the simultaneous or cycled use of
two precursor gases [136-139]. An extensive list of FEBID precursors has been compiled
by Silvis-Cividjian [140].

Depending on the precursor, final deposits allow a diverse range of applications such as
nanolithography [141, 142], lithography-mask repair [143, 144], protection coverage for
TEM investigations [145], fabrication of attachments in mechanics [146], nano optics
[147-149], magnetic applications [150-153], tunable disordered systems [15], functional
scanning probe microscopy tips fabrication [154, 155], superconductor material
deposition [156, 157], atomic layer seeding [6, 158], nanoscale stress-strain sensors
assembly [159, 160], or gas and humidity sensors fabrication [161, 162]. Moreover,
FEBID applications portfolio increases every year with new challenging creative ideas.

The deposition process can be described as an interplay of the surface physical
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mechanisms of the molecules and the electrons interaction with the material (substrate
and precursor molecules) [163] and is based on three physical/chemical processes:
substrate-precursor — molecule  interaction, electron-substrate  interaction  and
electron-precursor molecule interaction. The description of these processes will follow in

the next paragraphs.

Substrate-Precursor molecule interaction: At the beginning of the FEBID process,
the precursor molecules physisorb on the substrate where four key processes are assumed
to determine the surface density of adsorbed molecules here considered for cylindrical

symmetry, N(r,t) [2, 20, 163]. The four processes are:

1. Adsorption from the gas phase governed by the precursor flux J, the sticking

probability s and coverage N/Ny, where Ny is the maximum monolayer density,

2. Surface diffusion from the surrounding area to the irradiated area governed by the

diffusion coefficient D and the concentration gradient,
3. Thermally-induced desorption,

4. Electron-stimulated desorption of the physisorbed molecules after a residence time

7 (depending on the materials and temperature of precursor and substrate),

5. Molecule dissociation followed by desorption of volatile organic ligands. This process
is governed by the electron flux profile f(r) and the energy-integrated dissociation
cross-section o. More details on the decomposition factor are given in the following

paragraph Electron-Precursor molecule interaction.

Figure 2.13 gives a graphical overview of the FEBID process and the described adsorption
mechanisms. Hence, the molecule adsorption rate 9N /0t for Lagmuir regime (i. e. max.

one monolayer) is:
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Electron-substrate interaction: At a second stage, the electron beam rasters the
substrate surface and a deposit is formed. The precursor molecules can be dissociated by
many species of electrons which happen to circulate in their proximity. For this reason,
it is important to understand how the deposition process is influenced by the spatial and
energy distribution of the electrons involved in the process.

In the dedicated paragraph of Subsection 2.2.1, the different products originating from

the primary beam interaction with a substrate have been described and in Figure 2.7 all
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the electrons involved in the interaction are graphically indicated (a) with their energy
spectrum (b). Moreover, the simulations shown in Figure 2.8 of the interaction volume
depending on the PE energy show how large the electron back-emission surface from the

substrate is.

Electron beam

@ Precursor molecules

I

() Next position of the molecule
& FEBID deposit
'\’_“,' Volatile organic ligands

Figure 2.13: Illustrative representation of the FEBID process. Precursor molecules are
supplied by a GIS and physisorb (1) on the surface. There, they are diffusing on the
substrate surface (2). Some of them will desorb by thermally- (3) and/or electron-induced
processes (4). As a result, a solid deposit will form on the substrate position scanned by
the electron beam and volatile ligands will be released (5). The beam is scanning the
substrate surface following a strategy described by the patterning parameters. p, and p,
are the line spacing and step size, also known as pitch in z and y direction, respectively.
Figure inspired by [20].

Electron-Precursor molecule interaction: The emitted electrons, crossing the
substrate-vacuum interface with a suitable energy to dissociate the precursor molecules,
break the molecules that physisorb in their proximity and the deposit forms on the
substrate. Many studies have been carried out to elucidate the specific type of electrons
responsible for the dissociation of surface adsorbed molecules and the following
deposition [82, 130, 164]. An important piece of information has been gained through
Monte Carlo simulations and experiments. In particular, they gave an exhaustive
explenation of the complex physical phenomena involved in the deposition taking into

account factors such as the electron flux as well as their spatial and energy distribution,
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the cross-section of the precursor as a function of electron energy, the precursor
residence time and the electron-beam-induced heating [164-169]. From these results, the
important role of the secondary electrons in the deposition rate and also in the spatial
distribution and resolution of the deposits has been demonstrated.
In brief, the model assumes second-order kinetics of molecule dissociation by electrons
[163]. The probability that an electron induces the scission of a bond in a precursor
molecule depends on the electron energy and is generally expressed as a cross-section
o(E). Its calculation is a complex matter and it has been studied for different precursors
extensively [81]. From the electron-impact dissociation cross-section and Equation 2.1, it
is possible to derive the deposition rate R(x) in units of molecules per unit area per unit
time at any site on the surface situated at a distance z from the incident point of the
primary beam. R(x) is governed by the formula
Eo
R(z) = N(z)o(E)f(E,x)dE (2.2)
0

as provided by [170].
o(E) is experimentally found to show a maximum at a certain energy in the range of a
few tens of eV. In this range of energy, cross-sections for dissociative electron-molecule
interactions are observed for many FEBID precursors [130, 171]. At the same time, the
distribution of secondary electrons has a maximum in the same range of energy (Figure
2.7 (b)) resulting in secondary electron interactions to be the main cause of precursor
molecules dissociation. It is important to mention the work of van Dorp [172], who
reported a detailed study on the electron-induced dissociation cross-section of the
FEBID precursor Me3PtCpMe used in this work.
For FEBID, the whole electron relevant energy range causing molecular fragmentation is
1 meV (slowed-down SE) up to keV (PE, FSE and BSE). The different electron-molecule
interaction processes taking place in FEBID can be summarized as shown in Table 2.1.
In FEBID, DEA processes are most efficient close to the SE energy peak resulting in the
deposition of very stable neutral fragments [164]. The ratio of relevant secondary
electrons and precursor flux, in conjunction with precursor residence time and diffusion
coefficient determine the precursor density on the growing surface. The precursor
density controls the growth regime. Accordingly, the FEBID deposit composition and
morphology depends on different types of growth regime.
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Process type Electron-molecule interaction
Elastic scattering e (Fy) + AB — AB + e (Ey)
Vibration Excitation (VE) e (Ey) + AB — AB(v) + ¢ (Eyes)
FElectronic Excitation (EE) e (FEo) + AB = AB* + ¢ (Ees)
Dissociative Electron Attachment (DEA) e~ + AB — A* + B~

Neutral Dissociation (ND) e +AB - A*+ B* + e
Dissociative lonization (DI) e +AB — A*+ BT +2e”
Bipolar Dissociation (BD) e +AB — A+ Bt +e”

Table 2.1: Electron-molecule interaction processes relevant for FEBID [171]. E, is
the PE kinetic energy and F,.; is the residual kinetic energy of an electron after the
process. The neutral ground state (AB) is depicted along with the volatile state of
the molecule (AB(v)). Anionic dissociated molecule parts (A*/~, B¥/~), electronically
excited molecule states (AB*) and neutral ions (A®, B®) are obtained as products from
the different interactions.

The FEBID growth regimes can be mainly divided into two extremes: (1) the Mass
Transport Limited (MTL) regime, in which more potentially dissociating electrons are
available than precursor molecules and (2) the Reaction Rate Limited (RRL) regime in
which the situation is reversed and the abundance of precursor molecules on the surface
is higher compared to potentially dissociating electrons [2]. For an optimal geometrical
and compositional uniform structure deposition, it is important to tune the FEBID
writing parameters such as dwell time, pitch, refresh time, precursor temperature and
beam current [173, 174].

Finally, an exemplary representation of the different type of electrons involved in the
deposit formation is given in Figure 2.14 (a). Depending of where the electrons reach
the interface with vacuum, a material deposition is initiated at that place. The deposit
(and related co-deposit) formation dependence from the SE II and BSE generation
region is described according to [175, 176]. The SE II and BSE originated in the deposit
(SE II-D and BSE-D) mostly cause the broadening of the structure on the top volume.
On the other hand, SE II and BSE generated from the substrate (SE II-S and BSE-S)
are mostly responsible for initial deposit and co-deposit formation. In addition, also
other electrons as Forward Scattered Electrons (FSE) produced by forward scattering of
PE in the growing deposit can generate indirectly other deposition events.

In Figure 2.14 (b), a sketch in section view of a deposit is shown where the deposit
areas, which are formed by the interaction of precursor molecules with SE originating
from different target regions, are highlighted. The initial material deposition is initiated
from the interaction of SE and BSE, that are generated in the substrate and reach the
surface-vacuum interface, with the precursor molecules found in their proximity. This
material builds the inside of the FEBID deposit (red region). As soon as the deposit
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increases its volume, the PE strike first on the deposit generating there SE, BSE and
FSE and afterwards they reach the substrate. The further deposition of material on top
of the deposit itself is then generated both from the interaction of precursor molecules
with the electrons leaving the deposit and from the substrate (grey region). In this way,
material deposition can continue mainly on the deposit itself or in its vicinity forming a

co-deposit.

primary electrons
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Figure 2.14: a) The different type of SE, BSE and FSE generated from the FEBID deposit
and the substrate are shown. b) Exemplary sketch of the deposit formation. Colors are
used to highlight the deposit volumes which are obtained by the interaction of physisorbing
precursor molecules with SE and BSE arising from different regions. Adapted from [175].

2.3.1.1 Technical parameters of the writing process

The growth rate, composition, and structure of FEBID deposits are influenced by
several parameters that govern the writing process and can be set from the SEM
operator. They are the primary-beam energy or acceleration voltage Fy (1-30keV), the
beam current I (5pA - 24nA), the dwell time tp (50ns - 100ms) as the time for which
the electron beam is held stationary on a particular point of the surface, the pitch p,, p,
(1-100nm) (Figure 2.13) as the distance between the center of neighboring dwell points
in x and y direction, and the passes as the number of loops for which the writing
pattern is repeated, ny,.

There are other important parameters that influence the writing process: the
refresh /replenishment time ¢, that is the time period for which the writing is paused
between two successive loops, the writing strategy for the pattern (e.g. raster or
serpentine), the writing strategy for multiples patterns (e.g. parallel or sequential
writing) and parameters influencing the flux of the precursor such as the heating
temperature of the precursor Tp,ecursor and the (vertical and planar) distance between
the GIS and the target position. In this work, the FEBID fabrication strategy and setup
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reported in the experimental sections, are described by the previously listed writing

parameters. When not specified, an isotropic pitch (in x, and y) has been used.

2.3.1.2 (C5H,CH3Pt(CH3)s Precursor

In the present work, CsH,CH3Pt(CHs)s or MesPtCpMe(IV) (Me: methyl, Cp:
cyclopentadienyl), Trimethyl(methylcyclopentadienyl)platinum(IV) has been used as
organometallic precursor for Pt deposition in FEBID and AS-ALD. The molecular

structure of the precursor is shown in Figure 2.15.

Figure 2.15: The molecular structure of C5H,C H3Pt(C' H3)s obtained by Jmol [177], an
open-source Java viewer for chemical structures in 3D.

This Pt-based precursor has been popular for CVD and ALD [178, 179] applications
since pure platinum films can be obtained from it [180], whereas FEBID structures
created from the same precursor lead to a Pt content of 16-26 at.% [82, 83].

Studies about the interactions between metal orbitals and orbitals of the ligand can
provide valuable insight into how organometallic molecules react after electron
stimulation or higher temperature [181]. The dissociation process for MezPtCpMe in
FEBID strongly depends on the beam energy. Moreover, environmental factors like
residual gas in the process chamber and the associated partial pressures of the precursor
gas have a strong influence on the final deposit composition.

The dissociation of the parent compound due to electron interaction results in the
reduction of platinum atoms and the evolution of gas phase methane and hydrogen while
polyhapto unsaturated hydrocarbon ligands result in incorporation of carbon atoms
from the m-bound ligand into the deposit [182]. Moreover, from single electron-molecule
collision studies involving Me3PtCpMe, Engmann et al. [183] traced the loss of a single

methyl group as the primary fragmentation channel in a DEA process expressed by the
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Equation:
MX+e - [MX|™"—> M+ X" (2.3)

It results in Pt atoms aggregating to fcc nanocrystals (diameter: 2-3nm) in competition
to reticulation (network formation) of the organic ligand fragments. The carbon
reticulation reactions can result in a chemically and mechanically very stable amorphous
hydrogenated carbon network providing 1 nm scale distance between the metal grains
[13, 163]. Namely, the amorphous-carbon network surrounds the metal nanocrystals and
limits their aggregate size. Therefore, the presence of the carbon contamination
negatively impacts the electronic and optical properties of the deposited material for
most applications.

In the last years, big efforts have been dedicated in finding new approaches to control
the electron-initiated chemistry of precursor molecules that enables a complete
dissociation. In the case of Me3PtCpMe, experiments of Pt-C FEBID [13, 184, 185],
simulations of Pt-C FEBID [166, 167, 176] and mass spectrometric detection
experiments for dissociation cross-section determination [172, 182] have been done in
order to understand the process and improve the metal content in the deposits. As a
matter of fact, the research about the best writing parameters to reach the highest
Pt-concentration has been carried out leading to contradictory results. According to
Plank et al. [186], the dwell time, beam energy and defocus have little effect on
resistivity and composition. On the other hand, Botman et al. [187] have shown an
improvement of Pt concentration, based on increasing the beam current. The differing
results suggest that the process conditions such as partial precursor pressure and
residual gas contribution of the process chamber have a strong influence on the final
deposit composition [20]. This conclusion has to be taken into account for further

improvements of the technique.

Technical characteristics: The precursor consist of white/transparent crystals (98 %,
CAS Number: 94442-22-5 Merck KGaA). It has high volatility, since its vapor pressure
has been estimated to be about 0.54 kPa at 373 K and its melting point is 23°C at a vapor
pressure of 0,071 hPa [188]. The molecular weight is 319.31 amu.

For the FEBID process, the precursor is treated with vacuum heating at 44°C inside an
Omniprobe GIS for circa 60 min prior to deposition in order to convert this compound into
a gaseous state. The precursor in gaseous state has been injected into the dual-beam FIB-
SEM chamber by means of a capillary with 0.5 mm inner diameter at a tilt angle to the
substrate surface of circa 74°. The capillary has been held at a distance of 100 um, both
vertically from the substrate surface and horizontally from the center of the SEM field of
view. The substrate is maintained at room temperature since it has been demonstrated

that the deposit chemical composition is independent of substrate temperature or electron
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fluence [189]. The composition of the FEBID deposits as deduced from EDX analysis has
been 24 at.% of Pt and 76 at.% of carbon, which is typical for the used setup [4].

2.3.1.3 Proximity effect (Co-deposit formation)

The ability to interconnect different nanostructures is crucial to nanocircuit fabrication
efforts. Despite FEBID’s ability to generate a range of different nanostructures for
nanolithography and prototyping applications, FEBID is not without its shortcomings.
It is well-known that although FEBID provides very defined structures, it has the
disadvantage of yielding an inner and outer co-deposition halo in close proximity to the
defined structure caused by precursor dissociation beyond the incident beam location
[131, 135, 190, 191].

Different studies [175, 176, 192] have shown that these broadening deposition effects
have been mainly caused by substrate related BSE and SE II (BSE-S and SE II-S). An
example of this effect can be seen in Figure 2.14. In addition, Schmied and collaborators
[176] found that the shape of the inner and outer halos depend on the primary beam
energy. Their crucial outcome can be summarized saying that intermediate primary
energies (as e.g. 20kV) can lead to significant edge broadening as a consequence of
substrate related backscattered electron contribution resulting in distinct plateaus
around the intended deposit. An exemplary sketch of those effects is given in Figure
2.16.

It has been suggested in order to avoid proximity exposure by BSE and SE, to use thin
substrates such as carbon or silicon nitride membranes, which transmit primary
electrons without large inelastic energy loss. Alternatively, the use of very small
exposure times and high accelleration voltages on bulk samples should be preferred.
These conditions will reduce the volume of SE next to the incident point, since only SE
produced near the surface will be able to escape the surface. The most probable escape
depth A of SE is independent of the primary electron energy (as long as Ey > first
ionization energy), it is proportional to the first ionization energy and approximately
inversely proportional to the electron density of the element [193]. Furthermore, high
primary beam energy generates minimal BSE-related proximal deposition due to the low
BSE yield and the large BSE radius.

In the present work, we used bulk substrates for which only increasing the primary
beam energy is beneficial to avoid co-deposit formation. A strategy compromise had to
be found between the use of short or long dwell time in combination with multiple or
few passes, respectively. The best strategy suited for the different type of application
has been therefore evaluated in order to avoid ’smudge’ or charge drift effects on the
final structure.

For the fabrication of the conducting nanostructures presented in the experimental
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sections, the proximity effect in Pt-C FEBID has been a major drawback. As a matter
of fact, in Appendix C.1, it is underlined that co-deposit between FEBID electrodes can
lead to leakage currents. Nevertheless, in Chapter 4 the successful use of localised
Art-etching to erase co-deposit formed in conjunction with the Pt-C FEBID of a dot,
which has been used as island for the fabrication of functioning SET devices, is
proposed. The localized Art-etching provides a slight erosion of the dot and its
surrounding. Consequently, it produces the eradication of undesired charge trapping in

localized states near the nanoisland.
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Figure 2.16: Exemplary sketch of co-deposit formation depending on the primary beam
energy. The striped area represents the ideal deposit shape expected from the defined
pattern. Adapted from [176].

2.3.1.4 Post-growth treatments of FEBID deposit from C; H,CH3;Pt(CHj);

precursor

Despite the flexibility and processing capabilities of Pt-C FEBID from MesPtCpMe
precursor, some significant drawbacks limit the scope of its current applications. One of
the major limitations is that the nanostructures contain organic contaminations
resulting in relatively high resistive material (p ~ 107 uQ2em) [21, 187]. The high
material resistivity prevents the direct application of such deposits as nanoelectrodes
[194].

Several developments over the last decade have brought significant progress into
advancing the conductivity of Pt-C FEBID deposits from MezPtCpMe. The different

curing methods can be separated in post-growth techniques and in situ parallel
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treatments. On the one hand, post-growth methods comprise pulsed laser light exposure
[195], electron beam post-growth irradiation [15, 21, 196, 197], annealing (300°-500°C)
with Og exposure, air or H-radicals reactive atmosphere [4, 198, 199] and a combination
of the listed methods at a lower substrate temperature (120°C) [200] or even at room
temperature [5, 201, 202]. On the other hand, in situ parallel treatments consist of
simultaneous supply of Os and Pt precursor in one step [3, 202] and laser-assisted
deposition [203].

In the following paragraphs, the two methods employed in this work to improve the
conductivity of FEBID deposits from the Me3PtCpMe precursor are described. They

comprise electron beam post-growth irradiation and post-growth catalytic purification.

Post-growth electron beam irradiation of Pt-C FEBID deposits The first
experimental evidence that the Pt-C FEBID material changes its conductivity upon
post-growth electron beam irradiation has been given by Schwalb et al. [159]. In their
study, the scientists offer a direct application of this material property demonstrating
that the sensitivity of strain-sensor elements fabricated by FEBID employing
MesPtCpMe depends on the electrical conductivity of the elements. Later on, Porrati
et al. [21] and Sachser et al. [15] offered accurate studies about the change of
conductivity for as-grown FEBID structures and gradually post-growth e-beam
irradiated structures up to the maximum irradiation dose 6.72 uC ym=2. The results of
Sachser et al. are adapted in Figure 2.17. With their work, the scientists demonstrated
how delocalization effects due to tunneling and the tendency for localization can be
finely tuned from insulating to metallic behavior by using the post-growth electron
irradiation. The remarkable result has been the obtained wide range of conductivity
tunability of the electron irradiated Pt-C FEBID material. In the results reported, the
samples’ conductivity at room temperature varied over three orders of magnitude
ranging in absolute values from 16 2 ' m™! to 1.25 x 10° Q' m™1.

The criterion described by Moebius [204] to analyse the logarithmic derivative of the
conductivity w = dino/dInT has been used in order to reliably distinguish the
transition between metallic and insulating behavior. Moreover, they observed that the
change of the structures’ resistivity at room temperature varies over three orders of
magnitude reaching 800 uf2cm.  This remarkable result has been attributed to
microstructural changes of the deposit matrix. As TEM [205] and Micro-Raman [206]
investigations proved, the matrix tends to be subject to a continuous carbon loss,
graphitization and formation of bigger crystallites by coalescence. Accordingly, the
number of sp? hybridized carbon bonds (1s — 7*, graphite) increases at the expense of
sp® bonds (1s — ¢*, diamond) [207]. Therefore, the increase of electrical conductivity is
attributed to the improved inter-grain tunnel coupling due to an effective reduction of

the tunneling barrier height as consequence of the matrix graphitization. The carbon
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loss is ascribed to an electron beam-induced reaction of carbon with residual oxygen gas
and/or water vapor present in the SEM chamber and to an induced diffusion of the few
embedded Oy molecules in the deposit, that reacting with the amorphous-carbon matrix,

are finally leaving the surface of the deposit as CO [208].
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Figure 2.17: a) Normalized temperature-dependent conductivity curve for Pt-C FEBID
deposits irradiated with an increasing dose up to 6.72 uC um~2. b) Representative example
of the logarithmic derivative w = dIno/dInT trend of the samples reported in (a). The
characteristic trend evolution of w allows to distinguish for samples in the MIT whether
the material tends to behave more as an insulator or a metal. Samples exhibiting a
cusp-like trend tend to have a metallic behavior. Adapted from [15].

For thin structures and high irradiation dose, a complete carbon loss has been observed
by Frabboni et al. [197]. In their work, they explained that even local heating and
knock-on effects on the organic matrix are assisting the carbon loss process [209, 210].

It is important to point out that an irradiation treatment, that would promote metallic
behavior, on large areas (several microns) would cost several hours. Furthermore, high
irradiation doses may induce structure broadening and degradation of the lateral
resolution.  For this reason, the application of such a treatment to increase the
conductivity of Pt-C FEBID devices is limited.

In this work, post-growth electron beam irradiation has been employed in order to
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increase the conductivity of a Pt-C FEBID dot used as island for SET fabrication. By
the use of different irradiation doses (1 and 3 uC pum™2) the tunnel coupling strength
inside the island and between the leads has been tuned so that the effect of the island’s
electronic granularity on the SET device performance could be studied. The results of
the described application are reported in Section 4.3.

Because of the versatile option to measure in situ the resistance of the deposits, the
irradiation could be started/interrupted by using the output pin of the source meter
connected to the BNC connector of the SEM beam-blanker as soon as a defined time or
resistance value is reached. Consequently, the source meter can be programmed to send
a digital 1/0 signal to the OUT pin connected to the beam-blanker. In particular, an
interesting application of the programmable source meter and beam blanker
functionality during the irradiation process is that as soon as the source meter measures
a user defined resistance value of the probed structure, a I/O signal is sent through the
OUT pin to the beam blanker that electrostatically blanks the electron beam and
interrupts the irradiation. This function is particularly useful for step-like or long
irradiations. For short and very accurate irradiation doses, such as the one required for
the irradiation step on the Pt-C FEBID island in the SET devices, the measurement and
the blanking is too ’slow’ in comparison to the speed of the irradiation effect. For this
reason, defined irradiation doses have been used for the fabrication of Pt-C
FEBID-based SETSs. Details of the electron irradiation application on Pt-C FEBID SET

islands are given in Subsection 4.1.4.

Catalytic purification of Pt-C FEBID deposits The catalytic purification of
Pt-C FEBID structures developed by Sachser at al. [4] has been used in this work for
the fabrication of pure Pt-nanostructures employed in two separate projects. Firstly, the
purified Pt FEBID nanostructures have been used as functional seed layer templates for
the following AS-ALD process (Subsection 2.3.2). Secondly, the purification of Pt-C
FEBID nanostructures has been used in order to obtain in situ metal bridge leads
between the pre-patterned Cr-Au contacts defined by UVL and the randomly placed
nanoparticle assemblies deposited on the surface of the chip substrate from a Au-NP
solution by drop casting (Subsection 2.3.3). The electrical characterization of the
assemblies built by Au-NP dropcasting and electrical contacting with purified Pt FEBID
contacts can be found in Chapter 3.

This purification technique uses the catalytic activity of Pt in combination with O,
exposure and high substrate temperature to oxidise the carbonaceous component of the
deposits. In addition, in situ conductance measurements during the purification process
have been used to monitor the progress of the process.

For the purification process, the substrate, on which Pt-C FEBID nanostructures have
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been written, has to be heated to 150°C inside the dual-beam FIB-SEM chamber. This
temperature has been reached by employing a heatable stage adapter equipped with
electrical contacts mounted onto a ceramic carrier chip allowing for temperature control
of the sample in the range of 22-350°C (Figure 2.4 (a)). After the FEBID process, a
pause of 2h has been introduced to pump the residual precursor molecules from the
system. At a later time, the temperature has been increased with a rate of 2°C/min to
150°C. A multi-channel gas injection system with an end inner diameter of 0.5 mm and
automated valve control [211] has been brought in close proximity to the substrate
surface to provide a localized Oy exposure on the FEBID deposits. The Os needle has
been kept at an angle of 26° to the sample surface, at a distance of 100 um above the
sample and of 100 um from the SEM center of view. The Oy has been provided on the
sample surface in a pulsed fashion. Every pulse was lasting for 5 min followed by a pause
of 5min in which the oxygen has been pumped from the system. During the O,
exposure, the chamber pressure has been increased to 1.5 x 107> mbar. The total
duration of the purification process has been 160 min and deposits in an area of up to
about 2 x 10° um? got purified in parallel. The final resistivity of the structures is
79.5 u2cm [4], which is about a factor of 8 larger than that for bulk Pt (10.4 u2cm
[35]). The low resistivity is a remarkable achievement considering that the initial FEBID
seed layer has a chemically purity of only 24 at.% of Pt.

The increase in conductance during the process has been monitored in a 4-pole
configuration on one of the nanostructures subjected to the process (SEM picture of the
structure is shown on the inset of Figure 2.18 (a)). The purification process runs until
the conductance reaches a plateau, which electrically validates the purification of the
structures. In Figure 2.18 (a) a typical conductance measurement result during the
described purification process is shown. From the curve analysis, it is possible to follow
the chemical reaction steps occurring during the process. For the first 1-2 oxygen
exposures, we can observe that the conductance increase associated to the Os exposure
is rather low. This effect can be traced back to the small ratio of exposed Pt grains on
the surface of as-grown Pt-C FEBID structures. Later, a strong conductance increase
can be observed after every oxygen exposure during the pauses. During these periods,
the catalytic properties of Pt enable the chemisorption of oxygen, leading to the
thermally activated oxidation of carbon at the Pt-C interface. It follows that the CO
molecules are released from the deposit. In the final stage, the conductance saturates.
This result can be explained by the fact that in the case of a thin deposit, it gets
entirely purified or generally the CO desorption is hindered by chemisorbed oxygen
blocking the CO molecules attempt to leave the inner level of the deposit by the small
channels between neighboring Pt grains. The process results in the removal of the
carbonaceous matrix and a pronounced volume reduction with a densification of the

Pt-C FEBID structures and their evolution to pure nanoporous Pt structures (Figure
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2.18(b)). Although, the definition of the structures after the purification is maintained,
the deposits are very thin and porous. For this reason in this work, a subsequent step,
namely AS-ALD, has been used to add pure Pt layers onto the metallic FEBID-based
nanostructures (Subsection 2.3.2). The purity of the final Pt structures has been also
demonstrated by EDX compositional analysis. The results are reported in Figure 2.23 as

metal content improvement proof of the fabrication technique promoted in this work.
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Figure 2.18: a) Overview of the measured time-dependent electrical conductance curve
during the catalytic purification process at 150°C and lasting for 160min. Inset:
magnification of the first purification cycles and SEM image of the probed structure.
After the Oy exposure of the third cycle, the conductance shows a rapid relative increase
of 85%. b) SEM image of a Pt deposit after purification. The nanoporous morphology of
the purified samples is clearly visible.

2.3.2 Area-Selective Atomic Layer Deposition (AS-ALD) on
purified Pt FEBID seed layers

In the last decades with the growing complexity of nanodevices, big effort has been
devoted in the development of innovative nanomanufacturing approaches that could
offer dimension control and material purity, ideally in conjunction with scalability.
Techniques as EBL, microcontact and nanotransfer printing serve the purpose having
mainly the drawbacks of many processing steps and the use of chemical solutions that
can lead to compatibility issues with sensitive surfaces [212-214].

ALD, on its own, is a process for depositing highly uniform and conformal thin films by
alternating exposures of a surface to vapors of two chemical reactants which chemisorb

on the surface [215]. This succession of different gas-exposures on the surface of the
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nanostructures represent one ALD cycle that normally deposits a monolayer or less of
material.

Pt ALD relies on surface nucleation generated by catalytic reactions allowing the
deposition of pure Pt by subjecting the substrate to alternate exposures of Pt precursor
(MezPtCpMe) and Oy flux. In this way, pure and low resistive (12.2+0.3 u2cm) Pt
films are deposited with submonolayer accuracy of the film thickness but without
intrinsic control of the film growth in lateral dimensions [179, 216]. It follows that, Pt
ALD is not a suitable technique for contacting applications.

In order to promote AS-ALD, approaches based on masking by resist films [217] or
self-assembled monolayers [218] are mostly used. However, the use of resist materials
and different chemicals can lead to compatibility issues with sensitive surfaces and
elongate the nanofabrication time. For this reason, the use of a method involving no
other chemicals use was driving the choice to conduct maskless AS-ALD in this work.

In this regard, AS-ALD on Pt-C seed layers has been introduced by Mackus and
collaborators [158, 219-221] as low-invasive and highly versatile new bottom-up
methodology for area-selective fabrication of pure Pt thin film growth on isotropic
nanoscale.

In this work, in situ AS-ALD has been employed on purified Pt FEBID nanostructures
for the fabrication of functional metal nanostructures [6]. Differently from most other
AS-ALD methods, the combinatorial FEBID-ALD approach relies on locally stimulating
catalytic Pt ALD growth instead of using masking techniques for specific area
deactivation. Thus, the combination of FEBID and AS-ALD merges the advantages of
both techniques, such as the high-resolution patterning capability of FEBID and the
high-purity deposition of Pt layers with good thickness control of AS-ALD.

In the setup used, the in situ ALD technique is a fully automated process. Moreover, in
situ electrical conductance monitoring during the AS-ALD cycling process has been used
to optimize and control with high accuracy the course of the process. A description of
the conductance monitoring technique and the informations that can be obtained from
it, such as height increase and preservation of selectivity, is presented in Subsection
2.3.2.4.

The multistep technique consists of:
1. Pt-C FEBID of structures.
2. Catalytic purification. The Pt-C FEBID structures result to be C-free.

3. Pt AS-ALD on the Pt FEBID used as seed layers. Pt layers are grown on the

structures.

In Figure 2.19 the whole fabrication process is represented. As initial step in the

AS-ALD of Pt, the substrates have been subjected to a prior treatment (piranha
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cleaning) in order to avoid that any impurity present on the substrate surface could
initiate platinum growth, becoming a favorable nucleation point during ALD.
Afterwards, rectangular-shaped FEBID seed layers have been written in high-resolution
mode bridging pre-patterned Cr-Au electrodes. In order to guarantee stable electrical
contacts during the AS-ALD experiments, conductance monitoring has been always
done on purified FEBID seeds written with a dose of 3.45nC pum~2 using electron beam
parameters: 5keV (beam energy), 1.6nA (beam current), 20nm (pitch), 1us (dwell
time) and 3000 passes. This structure has been also taken as monitoring reference in the
previous catalytic purification step. In addition, the same monitoring and electrical
properties analysis have been conducted on seed layers written at lower doses in the
range 0.2-0.9nC um~2 using as beam parameters: 5keV (beam energy), 400 pA (beam
current), 10nm (pitch), 100 us (dwell time) and the respective calculated number of
passes. The next step consisted in purifying the FEBID seed layers for later use in the
AS-ALD process with the method described in the previous Subsection 2.3.1.4.

.

Pt-C FEBID deposition 0,-purification

‘

Pumplng
Q@

Pt-pulse Pumplng 0,-pulse

Figure 2.19: Schematic of the fabrication process steps used in this work to obtain pure Pt
structures for nanoscale electrical contacting purposes. Initially, Pt-C FEBID structures
are deposited. Subsequently, the catalytic purification described in Subsection 2.3.1.4 is
conducted. Finally, cycle-fashion AS-ALD is carried out using purified Pt FEBID deposits
as seed layers.

The ALD has been performed selectively on the Pt FEBID post-treated nanostructures
inside the dual-beam FIB-SEM FEI Nova Nanolab 600 at a temperature of 250°C. The
purified Pt FEBID structure is used as seed layer defining the desired lateral Pt thin
film shape for the following Pt ALD process using Me3PtCpMe and Oy as reactive
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gases. For the AS-ALD inside the dual-beam FIB-SEM chamber, the same gas injectors,
that are used for the Pt-C FEBID and the catalytic purification steps, have been
employed for the corresponding Pt precursor and O, exposures. For the ALD process,
the capillaries have been adjusted to 100 um and 300 um vertical distance to the
substrate surface for the Os- and Pt-GIS, respectively. The pressure of the chamber has
been kept stable to 1x107° and 1.3 x 10 °mbar during the Pt and O, pulse,
respectively. A typical ALD cycle consists of 1 min Pt precursor dosing, followed by
1 min pumping, 1 min Oy exposure and again a pumping step of 1 min. These times have
been then modified in the self-optimization process. As a result of the localized process,
Pt ALD growth was taking place on an area of about 300um?, whose diameter is
determined by the flux profiles provided by the gas injection system for the precursor
and oxygen flux, respectively.

In Figure 2.20 (a) a SEM image and a 3D reconstructed vision (in the inset) of the two
inserted capillaries is shown. In addition, an investigation of the intensity and direction
of the Pt precursor and O, flux has been conducted, in order to estimate the ALD
process area (Figure 2.20 (b)). For the flux simulation of the two pipes, the software
developed from Friedli [222] has been used. The parameters used for the simulation are:
number of molecules (10°), angle and vertical distance between exit surface of Pt-GIS
and substrate surface (57° and 300 um), angle and vertical distance between exit surface
of O2-GIS and substrate surface (26° and 100 pm).

Figure 2.20: a) SEM image of the GISes configuration during the course of the AS-ALD
process. The center of the substrate is the target of both GIS exposures. Inset: 3D sketch
of the capillaries and substrate setup created with the open-source 3D software Blender
[223]. b) The SEM picture reported in (a) is shown with the relative gas supply simulation
performed with the software developed from Friedli [222].
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In addition to the fabrication and conductance monitoring development of the combined
technique, the electrical properties of the obtained nanostructures have been investigated
in situ in the chamber of the dual-beam FIB-SEM at room temperature and inside a 3He-
cryostat. In Appendix A, the results of the low-temperature electrical characterization of

the obtained structures are reported.

Chemical reactions of Pt Atomic Layer Doposition (Pt ALD) In the last years,
numerous research groups continued to study extensively the complex Pt ALD surface
reaction mechanisms [179, 224-228]. The following reaction mechanism has been proposed
for the oxidative decomposition of MesPtCpMe in the temperature range of 200-350 °C
for the related ALD process [179, 224]:

Pt(s) + Oz(g9) = Pt — O, (2.4)

CsHyCH3Pt(CHs)3(g) + Pt — O, — Pt(s) + COs(g) + HyO(g) + other byproducts (2.5)

The Pt-O, species represents oxygen that is adsorbed on the platinum surface and reacting
with Me3PtC'pMe releases CO2, HyO and possibly other byproducts (as presented in the
equation). However, because of the limited amount of oxygen in the adsorption layer,
the ligands may not be completely oxidized. The remaining hydrocarbon species are then
oxidized during the following pauses. After complete oxidation of the ligands, a new layer
of adsorbed oxygen should thus form on the platinum surface. This cycle is then repeated

during the film growth. In Figure 2.21 the described reactions are graphically shown.
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Figure 2.21: Sketch of the reactions taking place during a Pt ALD process. The deposition
of Pt atoms in every ALD cycle is mainly assisted by COy and H,O gaseous emission.
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Extending the process analysis, Kessels et al. [225] describe with higher complexity the

possible reaction mechanism at 300°C:
2 MesPtCpMe(g)+3O(ads) — 2 Mes PtCpMe(ads)+CHy(g)+COo(g)+ H20(g) (2.6)

2 Mey PtCpMe(ads) + 24 O2(g) — 2 Pt(s) +30(ads) + 16 COz(g) + 13 H,O(g)  (2.7)

By balancing the carbon containing volatile reaction products, approximately 1 C-atom
per precursor molecule has been found to be on average removed during the precursor
pulse. This occurs through combustion of the ligands by chemisorbed oxygen producing
COs and Hy0, as well as through the production of CH,, with an observed CH,/CO,
ratio of 1:1. During the subsequent O, exposure step, the remaining hydrocarbon

ligands, that constitute 87% of the precursor carbon, are combusted by O, gas.

Compositional analysis of the fabricated structures The compositional
evolution of the structures after the different steps of the combined fabrication technique
has been investigated with EDX. EDX analysis and relative compositional results have

2 structures written by an 5keV accelerated electron

been conducted on 1.5x1.5um
beam with a beam current of 1.6 nA, using dwell time 1 us, pitch 20 nm and 6000 passes.
The structures have been investigated by EDX (collecting at least 2000 counts on Pt
peak) after deposition, after purification and after 120 ALD cycles. From the EDX
spectra comparison in Figure 2.22, it is directly possible to observe how dramatically the
relative C and Pt compositional peaks of a structure as deposited (a) and at the end of
the AS-ALD (b) changed. In the spectra, Si and O peaks are visible but their
compositional amount have not been taken into account by the addressed analysis of the
Pt/C ratio. Those Si and O peaks appear also different in the spectra because after the
catalytic purification the deposit lost in volume and the EDX measurement on the
structure after AS-ALD collects more signal from the substrate. It follows that after
deposition, the material consists of 24.3at.% of Pt and 75.7at.% of C. The reversed
compositional situation is observed as soon as the material is purified. The purified
structure shows 75.9at.% of Pt and 24.1at.% of C. The presence of C is related to the
deepest deposit layer that did not get purified since the structure is relatively thick
(150nm). After 120 cycles of ALD, the amount of Pt indeed slightly improved with
79.3at.% of Pt and 20.7at.% of C. These results are graphically summarized as
histogram plot in Figure 2.23.
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Figure 2.22: EDX spectrum of a structure written by FEBID with the MesPtCpMe
precursor as deposited (a) and after catalytic purification and 120 cycles of Pt AS-ALD (b).
It is noticeable how the Pt/C ratio turns over between the two spectra. The unidentified
peaks belong to Si and O (substrate).
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Figure 2.23: Compositional results of EDX measurements after every step of the combined
fabrication technique: after deposition, after purification and after AS-ALD. A drastic
change in the Pt/C ratio can be observed between the first two steps. After ALD, the
structure shows a smaller improvement of the Pt content. The corresponding EDX spectra
after deposition and after AS-ALD are shown in Figure 2.22.
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Final structures To give an idea of a typical structure fabricated by the multistep
technique, in Figure 2.24 a SEM image of Sample 1 is shown. Sample 1 has been written
with a FEBID dose of 0.9nCpum~2, subjected to catalytic purification and to 153
AS-ALD cycles. After the catalytic purification the sample thickness has been about
7nm. The 153 AS-ALD cycles have been conducted with a stable chamber pressure
during O, exposure of 1.3 x 107° mbar. Sample 1 presented an average final thickness of
11.7+ 1.5nm. As it can be noticed in the inset of Figure 2.24, the final structure is not
smooth and a significant Root-Mean-Square (RMS) roughness of 3.2+ 0.5nm has been
measured in the central area of 550x150 nm?. This roughness value is significantly
larger than for Pt layers grown in dedicated ALD reactors whose RMS roughness is
reported to be around 0.6-0.8 nm after 153 ALD cycles on Si substrates with an initial
RMS roughness of 0.3nm [216, 229]. The roughness of the obtained samples is a
consequence of the initial roughness of the purified Pt FEBID seed layer used for the
AS-ALD. In accordance with the results of Sachser and collaborators [4] about the
purified Pt FEBID structures, the carbon removal from the FEBID deposit matrix,
promoted by the catalytic purification, leads to the formation of pores. These cavities at
the end of the conducted AS-ALD are likely not totally filled.

Cr/Au
contact

Figure 2.24: SEM image of the 6-probe structure (Sample 1) obtained after the AS-
ALD whose monitoring is shown in Figure 2.33. Inset: AFM image of the corresponding
location, that is highlighted in the main SEM picture. The roughness of the structure
is related to the formation of deep pores during the previous catalytic purification step.
The Figure is reported with permission from [6].

In addition, the "bump’ effect is also visible on samples that have been very thin (about
2nm) at the beginning of the AS-ALD process (FEBID dose 0.3nC um™2), but that
have been subjected to more ALD cycles (400 cycles). In Figure 2.25 AFM
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measurements of the last mentioned structure are shown. This result shows that it is not
possible to reach smooth structures with this technique in the available setup. Even on
very thin samples, which are subjected to a high amount of cycles, the nanostructure
surface cannot be filled up by the AS-ALD of Pt-layers. It is worth mentioning that
further increase of the number of ALD cycles is not recommended, since it extends even
more the duration of the ALD process (already lasting more than 26 hours for 400 ALD

cycles) and increases the probability of unselective growth.
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Figure 2.25: a) AFM measurement of a sample written with a FEBID dose of 0.3nC pm ™2

and subjected to catalytic purification, followed by 400 Pt ALD cycles. b) Height
distribution of the region selected in (a). The height of the sample is not homogeneous.
¢) With a masking filter the 'bump’ character of the structure morphology is highlighted.
d) Profile measurements of the grains, that are highlighted in (c), show that the measured
clusters have similar dimension and relative height.

The room-temperature resistivity of the material is 12.2 4 0.3 u2 cm. This value is quite
comparable to the resistivity of Pt also fabricated in situ by AS-ALD (1142 uf2cm)
[220] or in a dedicated ALD reactor (13 £ 1 uf2cm) [216] and to the bulk resistivity of Pt
(10.4 u2cm) at 215K [35]. The resistivity value of the obtained samples have been

calculated using SEM and AFM measurements of the sample volumes and taking the
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nanoporous morphology for the very thin layers into account. The electrical

characterization of the obtained structures is presented in Appendix A.

2.3.2.1 Area-Selective Atomic Layer Deposition (AS-ALD) development in
the dual-beam FIB-SEM chamber

Generally, ALD is run in dedicated reactors, in which the reactants exposures can be
precisely carried out and inert gas purges (e.g. Ar pulses) are executed between the
precursor pulses in order to avoid interaction among the different reactants. In this way,
high pressures (1-10mbar), high substrate temperatures (150-350°C) and short time
cycles (less than 1s) can be used to run an efficient and fast ALD process on several
substrates (50-500 substrates) [230].

Since ALD is a common technique used for thin film production on free surfaces,
different conditions have to be established to trigger the selective deposition of material
on mask-less regions. In the case of AS-ALD with FEBID fabricated seed layers, the
selectivity is determined by the unbalanced condition of the catalyzed promotion of Pt
deposition reactions on already prepared Pt-structures against the inability of Pt to wet
the oxide surface of the substrate (SiOy) [231, 232].

Previous studies on the nucleation process taking place at the beginning of ALD have
shown that on SiO, the ALD initiates as island growth (Volmer-Weber) and it is mainly
influenced by substrate temperature, O, flux [215, 233, 234] and the presence of
impurities/defects which act as favorable nucleation points and will influence the overall
growth behavior.

It must be considered that a dual-beam FIB-SEM chamber has setup limitations that
make the establishment of a Pt AS-ALD process challenging. The substrate temperature
of 250°C used during the AS-ALD process is the maximum stable temperature reachable
with the available setup and it has been chosen following the results of Erkens, Knoops
and collaborators [216, 235]. The scientists demonstrated that the growth of platinum is
relatively constant between 250-300°C.

Impurities that work as favorable nucleation points have been avoided dipping the
substrate in a piranha solution of HoO, and HySO4 with 1:3 ratio before inserting it in
the dual-beam FIB-SEM chamber.

As it has been reported in literature [216, 236], Pt ALD can be conducted in a defined
substrate temperature and Oy flux range, the so called ’ALD window’ [215].

In the case of AS-ALD on Pt FEBID, Mackus and collaborators [158, 219-221, 236]
pursued extensive studies of the area-selective platinum growth on the FEBID seed
layers explaining that the selectivity is depending on the different type of surface
reactions taking place on the seed layers and on the surrounding dielectric material.

Moreover, the scientists found correlation between the area-selective character of the
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metal growth and both, seed layer thickness and O, flux. With regards to the gas flux
dependence of the Pt growth, in the experimental work reported here, a strong influence
of the Pt flux on the growing process has not been noticed. On the contrary, the
significant effect of the Oy flux on the Pt growth during AS-ALD has been confirmed.
Therefore, for AS-ALD the O flux has been dosed with particular care and pauses have
been introduced to pump the system between the different reactant exposures.

In this work a fine tuning of the optimal Os flux for the used setup has been performed.
The O, flux has been controlled indirectly measuring the base pressure of the SEM. The
i situ conductance measurement on the seed layers has been used as monitoring
method to collect a direct feedback on conductance variations driven by the O,
exposure. In this way, an optimization of the growth conditions and direct control of the
selective growth can be carried out (details are given in Subsection 2.3.2.4). The
extracted height increase observed in the given setup is in the range Ah = 0.2-04 A
per cycle. The height increase varies depending on the different growth conditions. This
result has been confirmed by ex situ AFM thickness measurements.

The best base pressure value induced by the O, flux for which stable and selective
AS-ALD has been obtained in the used setup is 1.3 x10~°mbar. It has been observed
that varying this value by 20 % is enough to strongly slow down the growing process or
to promote Pt deposition all over the substrate. In addition, the pause between the
precursor and Os exposure has been also found to be crucial for the process. In the
present study, it has been observed that due to too short pauses between the different
gas exposures, the nucleation of Pt during the ALD has been promoted on the area
directly subjected to the Pt flow.

Following the results of Mackus et al. [221], a characterization of the minimal FEBID
dose of a Pt purified deposit to promote AS-ALD has been carried out in the available
setup. The researchers found that the minimal Pt FEBID dose necessary to have enough
Pt in order to start ex situ catalytic ALD growth on the FEBID seed layers is

2nC um=2.

In the experiments reported in this work, it has been observed that in a
sample written with a FEBID deposition dose of 0.4nC um~2, in which current was not
flowing at the beginning of the process, electrical contact grew during the AS-ALD and
it has been well monitored by the in situ conductance measurement performed during
the AS-ALD process. In Figure 2.33 (b) the result of this observation is reported. In
addition, also samples written with a lower dose (0.3nCpm~2) and not conducting
before the AS-ALD, have shown at the end of the process to be conducting. Therefore, it
can be assessed that in the used setup purified structures written with a minimal writing
dose of 0.3-0.4nC um~2 have enough nucleation material to initiate AS-ALD growth.

In Figure 2.26 a series of deposits subjected to 250 cycles of ALD is shown. The deposits

2

have been written with a dose in the range 0.1-0.5nCpum™=. From the BSE overview

image (a), a bright ~ 2pum halo of co-deposit in the vicinity of the deposit is
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recognisable. The Pt originated from FEBID co-deposit initiated Pt ALD growth.
Studying the minimal FEBID dose necessary to initiate ALD growth is important in
order to preclude the growth of Pt on co-deposit during ALD and perform AS-ALD just
on the FEBID structures. In particular, in Figure 2.26 (b) a remarkable contrast change
can be noticed between the deposits written with a dose of 0.2nCum~2 and
0.3nC pum~2, respectively. The increase of brightness is an indication of an increased Pt
amount. Indeed, FEBID deposits written with a minimal dose of 0.3-0.4nC um~2 had
enough Pt to initiate electrical contact during the AS-ALD (see Figure 2.33(b)). The
difference in the FEBID minimal dose founded by Mackus et al. [221] and the one
reported in this work depends on the different setup parameters (temperature, O, flux,
pause duration, etc) and the different type of initial structures (Pt-C FEBID and Pt
purified FEBID structures, respectively).

Figure 2.26: a) BSE detector image of Pt purified FEBID deposit written with dose
0.1,0.2,0.3,0.4,0.5nC ym~—2 (from left to right) and subjected to 250 cycles of ALD. The
BSE image gives information on the material composition. The bright ~ 2 ym halo around
the structures is Pt co-deposit. b) SE detector image of the single deposits. A remarkable
contrast change is apparent between the deposits written with a dose of 0.2nC pum~2 and
0.3nC um~—2, respectively. The grey lines are the border of the area subjected to previous
snapshots.

Cluster-like Pt ALD growth by e-activation on chemically treated substrate
areas It is worth mentioning that unselective Pt ALD growth has been experienced
during the research of the best process conditions. Substrates, on which the central

Cr-Au contacts have been fabricated with EBL, have been subjected to a fast
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cluster-like Pt growth during Pt ALD. In particular, it has been observed that in the
substrate central region Pt nucleation has been promoted. This region has been SEM
photographed before the ALD process. By an SEM picture, the photographed area is
exposed to a dose lower than 1 pC um™2. This final effect could be directly dependent on
the presence of EBL resist residue that has been activated from the electron irradiation
of the SEM picture.

In Figure 2.27, optical and SEM images of a substrate, on which the Pt deposition
during ALD has not been area-selective, are shown. The area, on which the most Pt
deposition took place, has been the region subjected to the direct Os flux. This
deduction is confirmed by the precursor flux simulations performed with the molecule
flux simulation software from Friedli [222] and shown in transparency on Figure 2.27 (a).
From the image contrast and EDX analysis, it has been confirmed that the material
clusters are made of Pt. Moreover, sharp edges of material delimit the areas that have
been subjected to SEM imaging at the end of the purification procedure and before
starting the ALD process. For the process a chamber base pressure of 1.7 x 1075 during
the Oy exposure and a pause of only 15s between the two reactant exposures have been
used. Therefore, it can be deduced that the fast Pt cluster-like deposition during the
first cycles of Pt ALD has been initiated by both the high O, flux and the e-activation

of chemical residues.

Figure 2.27: a) Optical microscope image of the substrate. The O, flux incidence area,
simulated with the GIS simulator software from Friedli [222], is shown. The simulated
data confirms that on the area subjected to the Oy exposure, fast cluster-like Pt growth
during ALD has been promoted. In the inset a SEM image of the same substrate is
shown. b) Optical image close up on the center of the substrate. Sharply delimited areas
on which Pt growth has been promoted can be observed. Those areas have been, before
the ALD process, SEM photographed. Inset: SEM closeup of the selected area. The
optical microscope and SEM images are mirrored along the vertical axis.
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2.3.2.2 HexaMethylDiSilazane (HMDS) primer

With the intention of optimizing the Pt ALD process and suppress the ALD growth on
the substrate surface besides the Pt FEBID purified seed layers, not only the Oy flux
during the process has been reduced but an attempt to deeply clean and prime the
substrate surface before writing the seed layers has been made.

After Cr/Au have been fabricated on the surface of a Si/SiOq substrate (details about
the technique can be found in Section 2.1), the substrate has been etched in a piranha
solution (HyO4 : HSO, = 1:3) in order to remove organic or metallic impurities from
the surface substrate. Afterwards, = HexaMethylDiSilazane (HMDS) -
(CHs3)3SiN HSi(CHjs)s has been deposited on the substrate in order to turn the surface
from hydrophilic to hydrophobic and prime it for the next fabrication step.

HMDS is commonly used on semiconductor surfaces to bond the Si-atoms of the
molecule to the O-atoms of oxidized surfaces (in this case SiOg), releasing ammonia
[237].  HDMS is mainly used in semiconductor industry to make chip surfaces
water-repellent. It builds non-polar methyl groups on the substrate surface and improves
the surface photo-resist wetting and adhesion properties. However, more interesting uses
for the study presented in this work are including HMDS deposition as pre-treatment
step for ZnO ALD on glass substrate [238]. This step elongated the initial ALD growing
delay. Moreover, HMDS has been used as prime step before FEBID deposition of Au (by
Au(CO)CI precursor) [239] and Pt (by MesPtCpMe precursor) [200].

The HMDS deposition has been conducted with HMDS vapor in a custom-built vacuum
chamber. A photograph of the constructed reaction chamber is shown in Figure 2.28 (a).
The reaction chamber has been built in order to recreate the process conditions of a
HDMS oven [237]. A metal reservoir has been filled with HMDS (HexaMethylDiSilazane
reagent grade >99%, Sigma-Aldrich) in an inert atmosphere (N flowbox). The reservoir
has been connected to the chamber with a manual valve. The chamber has been
pumped to a pressure of about 3 x 10~°mbar. The substrate has been heated by
thermal radiation and reached a stable temperature of 90°C. The temperature has been
measured with a Pt-1000 sensor in the proximity of the substrate (max. 5mm apart).
The substrate has been subjected to a dehydratation bake followed by the HDMS
deposition. The HMDS vapor has been introduced inside the chamber by opening the
manual valve. HDMS should then chemically bond with the substrate surface as a
monolayer. The substrates were hydrophobic after the process (as it is possible to be
noticed from Figure 2.28 (b)). The substrates after the HMDS have been contacted on
the carrier chip and directly inserted in the SEM. By the SEM investigation, it has been
discovered that HMDS has been not deposited homogeneously on the substrate surface.
Circular stains could be found on the substrate. A SEM picture of the stains is shown in

Figure 2.28 (c). Nevertheless, a fabrication process attempt has been carried out.
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FEBID deposits have been written between the Cr-Au contacts in the center of the
substrate and the structures have been subjected to catalytic purification and Pt ALD.
The fabrication parameters used for this run (such as O, flux, Oy exposure time, pause
duration after a gas exposure, distance of the GIS to the substrate, etc) have been the
optimized parameters to achieve AS-ALD. It quickly became clear that not only the
HMDS step was not improving the selectivity of the ALD process but it has been even
counter-productive. In Figure 2.28 (d), it can be noticed that, also in this case,
e-activation effects drove Pt clusterization. The regions subjected to a short electron
irradiation by a SEM picture, that has been taken after the purification step and before
ALD, present an high density of Pt clusters after only 5 Pt ALD cycles.

As a consequence of the unsuccessful attempt, the use of HDMS prime has not been
further pursued. As it has been speculated for EBL processed substrates (Figure 2.27),
it can be considered that also HMDS (as EBL resist rest) promotes a fast Pt cluster-like
formation during Pt ALD on regions that have been briefly activated by electron
irradiation by SEM pictures. This result furthermore underlines the effort that is
requested by the establishment of AS-ALD in the available setup and it points out how

crucial the interplay of the process variables are.

Figure 2.28: a) Photo of the custom-built HMDS chamber. b) Two Si/SiO, substrates
after the piranha solution cleaning step (on the left) and after the HMDS deposition (on
the right). The substrate surface after the HMDS is hydrophobic. ¢) SEM picture of the
uneven HMDS deposition on the chip surface. Stains of HMDS are recognisable (indicated
in the picture with blue arrows). d) SEM picture of the HMDS-treated chip subjected to
few (5) Pt ALD cycles. A Pt cluster-like deposition on e-activated regions is visible. A
similar effect has been observed on chips fabricated with EBL (Figure 2.27 (b)).
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2.3.2.3 Co-deposit by ALD

Fabrication tests have been conducted to evaluate the AS-ALD method as fabrication
approach for high-resolution SET nanostructures. In order to obtain well-defined
structures, high acceleration voltage, such as 20keV, and a small beam current of 150
pA have been used during the FEBID process. In addition, for the FEBID writing
process a low number of passes (5), long dwell time (1ms) and relative small pitch
(5nm) ensured high lateral resolution of the seed layer. The FEBID deposition yield at
so high beam acceleration is lower than the one reachable with smaller acceleration
voltages (as e.g. HkeV). This effect has been well described by De Teresa et al. [13]).
For this reason, a higher FEBID writing dose (about 15nC pm™2) than the initial dose
used for the common AS-ALD process (0.2-0.9nCum~2 by 4keV and 400 pA beam
parameters, for the samples fabrication previously described in the main Section 2.3.2)
has been employed in order to obtain 4 nm high purified seed layers. The writing
pattern parameters and the geometry has been uploaded in the software patterning
engine of the FEI dual-beam FIB-SEM software in a bitmap format. After catalytic
purification, AS-ALD has been conducted for 120 cycles with exposure times Os- 60s ;
pause - 20s ; Pt precursor - 20s ; pause - 20s. The base chamber pressure during O,
exposure has been maintained at 1.8 x 107> mbar. The GIS and substrate configuration
has been the same as described in Subsection 2.3.2. Several patterns have been written
with the same dose but different design (different size of the gap between the
electrodes). AFM measurements confirmed that about 3nm of Pt have been grown on
the seed layers.

In Figure 2.29, SEM pictures (a)(b)(c) and the respective AFM measurement (d) of a
SET shaped nanostructure are shown. A co-deposit halo is directly recognizable from
the change in contrast of the region. The affected area is a disk of about 7 pum radius
around the pattern. Such a wide halo is a consequence of the high acceleration voltage
used. Details about the primary beam energy dependence of co-deposit formation in
FEBID can be found in Subsection 2.3.1.3.

It is possible to notice that the halo is darker after deposition (Figure 2.29 (a)) and
lighter after Pt ALD (Figure 2.29 (b) and (c)). This brightness change in the SE
detector picture has to be traced back to the co-deposit compositional change in the
different fabrication steps. After deposition the co-deposit consists mainly of C. On the
contrary, after Pt ALD the co-deposit lost C and Pt-atoms initiate Pt ALD growth,
resulting in higher electron collection from the Everhart-Thornley detector and therefore
showing high brightness. A closeup of one structure indicated in (b) is shown in (c).
The use of optimized beam parameters leads to high-resolution structures. For the same
structure, an AFM measurement is shown in (d). It is important to point out that,

during the SEM picture, a carbon layer from the residual chamber atmosphere gets
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deposited on the structure. A trace of this layer can be recognized in the respective
AFM measurement in Figure 2.29 (d). In the 3D view, it is evident how the interaction
of the AFM cantilever and the different materials is producing an AFM artefact showing

the picture region as it would be below the substrate level.
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Figure 2.29: SET design test structures written with Pt-C FEBID. SEM picture of the
structures (a) after deposition (b) after 120 ALD cycles with high O flux exposure. In
light blue is indicated the point on which the EDX measurement reported in Figure 2.30
has been conducted. c¢) Closeup of the highlighted structure in (b). d) AFM measurement
of the structure in (c¢). The structure has a thickness of about 7nm. A compositional
AFM artefact shows the area subjected to the picture (c) as sunk into the substrate.

An EDX measurement has been conducted on a 1.5x1.5um? region indicated in light
blue in Figure 2.29 (b), collecting about 5500 counts and using 5keV and 1.6nA as
beam parameters. The result of the EDX measurement is reported in Figure 2.30. The
compositional analysis yields to 58.1 at.% of O, 39. at.% of Si, 2.2 at.% of Pt and 0.5 at.%
of C. The 2.2 at.% of Pt is attributed to the Pt FEBID co-deposit layer grown with ALD
on the substrate surface.

This test have shown again that the O, flux used in the Pt ALD has been too high
(1.8 x 10~° mbar SEM chamber base pressure during O, exposure) and unselective Pt

ALD growth has been initiated on the co-deposit. It is important to remember that Pt
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AS-ALD has been obtained with a chamber pressure during Oy exposure in the range
1-1.3 x 10~®mbar. However, it can be noticed that the structures maintain the typical
lateral high-resolution feature of FEBID structures written with the optimized beam
parameters. This result encourages the use of the combined technique for

high-resolution nanofabrication.
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Figure 2.30: a) The EDX spectra and the quantified material composition (b) on the light
blue indicated point of Figure 2.29 (b). The investigated location is 1 pm apart from
one of the nanostructures. 2.2 at.% of Pt has been detected at this location, proving that
enough Pt-atoms, which are present in the FEBID co-deposit, worked as seeds for Pt ALD
growth.

However, the establishment of a nanogap between two patterned contacts is the key
challenge for SET fabrication. By using electrical measurements, the electrical isolation
of structures written between two Cr-Au contacts (nearby the test structures shown in
Figure 2.29) has been investigated in order to assess if the Pt co-deposit next to the
defined structure established electrical transport channels. The structures have been
written and subjected to the same purification and Pt ALD process as the
nanostructures shown in Figure 2.29.

The test structure has been written in a 'narrow constriction’ fashion with 40 nm
distances between the contacts in the pattern design. An SEM picture of the structure
with the respective closeup is shown in Figure 2.31. The final gap between the contacts
can be estimated from the inset in Figure 2.31 to be about 30 nm.

An interesting behavior of the structure has been observed taking I-V characteristics
inside a 3He-Cryostat at 2 K. Switching to different slopes can be observed in the -V
characteristics reported in Figure 2.32 (a). This feature is typical for Quantum Point

Contact (QPC) effects. In literature [240], experimental and theoretical studies predict
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and confirm that the conductance through a single Pt atom would be quantized in units
of Gy = 2¢?/h, the conductance quantum. In the performed measurements, an unspecific
peak of the extracted conductance slopes has been found around the not integer value of
1.35 Gy (Figure 2.32 (b)). This result could be connected to the formation of Pt atomic
chains enhanced by the presence of Pt atoms in the narrow constriction. Therefore, it
would be reasonable to expect that electromigration could drive the establishment of Pt
atomic chains. However, the peculiar feature in the I-V characteristics could also be
connected to a bad contact interface between the Au contacts (about 35nm high) and
the very thin Pt nanostructures (about 7nm) or it can be traced back to the different
working functions of the two materials (Au and Pt). This interface issue of very thin

purified FEBID structures is also discussed in Appendix C.1.

Figure 2.31: SEM picture of a nanostructure written between two Cr-Au contacts. Inset:
closeup of the gap region. At the end of the Pt ALD, the final gap between the two
patterned tips is estimated to be about 30 nm. The interface regions, which are responsible
for the bad physical contact between the Cr-Au electrodes and the Pt nanostructure, are
indicated with red arrows.

As a consequence of the nanofabrication method limitations and having considered the
time requested to optimize the fabrication process for such a high-definition demanding
nanostructure, as can be a SET, it has been decided to dedicate a separate project to
the challenge of fabricating high-resolution nanostructures with this technique [241]. A
dedicated ALD reactor is better suited for the optimization of Pt AS-ALD instead of the
precious FEI dual-beam FIB-SEM system available in the research group. The results

obtained in this work serve as basis for this follow-up project.

101



Chapter 2

= __Histogram of the quantized conductance in mukiples of 7

[[A]
T
\

G=2¢/h

se 7] L 1 . 1 . 1 . 1
) 0,006 0,004 0,002 0 0,002 0,004

VIV]

Figure 2.32: a) I-V characteristics of the nanostructure shown in Figure 2.31. The
measurements have been conducted inside a 3He-Cryostat at 2 K. Different slopes have
been observed and summarized in the histogram in (b). The most frequent slope has been
found at the value of 1.35 Gy. For QPC, the conductance is quantized in units of Gj.

2.3.2.4 In situ electrical monitoring of AS-ALD

The possibility to perform in situ conductance measurements during FEBID and
post-growth processes also at elevated temperature proved to be a key element for the
characterization of the deposited material and for the monitoring of optimization
processes on FEBID structures [15, 157, 174]. Considering these results, the application
of electrical conductance monitoring for metal thin film growth has been considered to
be a promising method for collecting a precise feedback of the growing metal
nanostructure volume which, as an effect, generates a relative increase of electrical
conductance. In [6], the AS-ALD monitoring technique developed in this research work
is described in detail.

The conventional monitoring techniques used for ALD growth and thin film growth are,
among others, UV spectroscopy [242], (spectroscopic) ellipsometry [243-245], X-ray
photoelectron spectroscopy [246] and X-ray reflectivity [247, 248]. However, these
monitoring techniques, in contrast to the monitoring technique proposed here, cannot be
applied for nanostructures with lateral nanoscale dimensions. A further advantage of the
conductance monitoring technique is that, in comparison to the common techniques
where the average height increase is obtained dividing the final film thickness over the
time of the ALD cycles, the in situ conductance monitoring is directly tracing the
conductance evolution with sub-cycle time resolution. This conductance variation is
directly correlated to the reactions which are taking place on the seed layer during the

different reactant exposures, as well as the morphology and the thickness of the growing
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sample. As a consequence, the conductance monitoring technique stands out for its
versatility on providing direct and valuable information on various aspects of the
growth, such as height increase and preservation of selectivity. Moreover, the advantage
of an accurate time resolved feedback on the process evolution allows to evaluate the
process in order to adaptively modify the nanofabrication factors. In particular, it has
been demonstrated in [6] that a growth optimization can be done thanks to the direct in
situ monitoring in a semi-automatic fashion where the conductance variation caused by
different cycling time parameters is used as input to a genetic algorithm (GA) that
yields improved cycling times for the ALD process.

The AS-ALD monitoring technique based on the electrical conductance measurement
has been performed connecting the investigated structure in a 4-probe configuration by
using a Keithley 2400 source meter and an Agilent 34420A nanovoltmeter. To improve
the signal-to-noise ratio and to avoid electrical high-field breakdowns, AC 4-probe
differential measurements have been performed with a Stanford Linear Research lock-in
amplifier (SRS830) and a shunt resistor.
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Figure 2.33: a) AC (for Sample 1) and DC (for Sample 2) conductance measurements by
in situ electrical monitoring as a function of the number of AS-ALD cycles. b) Detail of
Sample 2 time dependent conductance curve at initial stage. After the twelfth cycles, the
establishment of electrical contact can be observed. c) Close look of the curve’s linear
region in (a) about the 63 cycle region. The action of the different reactant exposures is
detectable in the conductance measurement with typical step-like features.

Examples of the conductance measurement taken during an Pt AS-ALD process are given

in Figure 2.33. AC and DC conductance measurements of Sample 1 and Sample 2 are
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shown, respectively. Sample 1 has been written with a FEBID dose of 0.9nC ym~2 and
Sample 2 with a FEBID dose of 0.4nC um~2 in order to provide a seed layer. After the
catalytic purification, Sample 1 and Sample 2 had a thickness of about 7 nm and 2 nm,
respectively. After 153 AS-ALD cycles, for which the chamber pressure during the O,
exposure has been kept stable to 1.3 x 10~° mbar, Sample 1 presented an average final
thickness of 11.7 & 1.5nm. In the Pt AS-ALD process of Sample 2, a higher O, flux
has been used, maintaining the pressure of the chamber at 1.8 x 10~° mbar during the O,
exposures. SEM and AFM images of Sample 1 have been shown in Figure 2.26.

The variation of conductance taking place during the different steps of the AS-ALD cycling
process do not only give information about the status of the process but also about
various aspects of the growth such as electrical contact establishment, height increase and
preservation of selectivity. By analysing the conductance measurements of Sample 1 and
Sample 2, a detailed discussion about the information that can be extracted from the

curve evolution is provided.

Process trends derived from the time-dependent electrical conductance
measurement Information about the growth phases taking place during an ALD can
be obtained by trend analysis of the time-dependent electrical conductance
measurement.

Liang and collaborators [249] have shown that ALD consists of different phases, such as
initial nucleation, grain coarsening and vertical thickening. In particular, these phases
can be traced by the in situ conductance monitoring curve, which is characterized by
different slopes corresponding to different growth regimes. An example of this is visible
in Figure 2.33 (a) for Sample 1, where the orange dashed lines underline the slope
changes during ALD. As a matter of fact, the height increase can vary over time, in
particular for ultrathin films. Considering the different processes taking place during the
formation of ALD monolayers, it is worth notice that during the initial nucleation of Pt
grains on the porous Pt seed layers, a filling up of the voids rather than a simple
thickening of the structures is occurring. Consequently, during the first cycles film
height growth can be inhibited or slowed down. For example, from the tendency of the
conductance measurement of Sample 1 in Figure 2.33 (a), it can be observed that the
curve is characterized by an initial delay corresponding to the nucleation process on the
very thin seed layer. In this regime, the conduction electrons are predominantly subject
to scattering at grain boundaries [250] and film surface [251-253].  The initial
nonlinearity of the conductance versus ALD cycles data is most probably attributed to
point-contact effects and electron tunneling between the growing islands on ultra-thin
seed layers.

After the initial small conductance increase, a linear trend is established lasting for 50

cycles. After the first linear regime, a second linear regime is initiated, most likely due
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to a transition between island coalescence and film thickening. Finally, in the last ALD
cycles of the in situ conductance monitoring for Sample 1, a nonlinear growth is
detectable. It corresponds to loss of selectivity and it is a consequence of the prolonged
exposure to the oxygen flux. Details about the loss of selectivity driven by Oy exposure
is given in the following dedicated paragraph.

Another interesting feature of the conductance monitoring technique is that the
conductance measurement can give high-resolution feedback of the establishment of
electrical contact. An example of that is shown in Figure 2.33 (b) for Sample 2. The
sample is insulating at the beginning of the ALD process. After the 12th Pt AS-ALD
cycle (2880s) a current path is established and the sample becomes conducting. The
conductance monitoring is then very useful to control electrical contact establishment
driven by the proceeding growth of Pt on the monitored seed layer and, in general, of

metallic materials on granular surfaces.

Conductance gain per Pt AS-ALD cycle as direct feedback of material growth
The determination of the height increase of Pt AS-ALD cycles can be directly calculated
from in situ conductance monitoring knowing the geometry and the resistivity of the
grown material.

A linear increase of the conductance during the ALD cycling is the special signature of
constant growth during the process. The height increase can be, for example, extracted
for Sample 1 in the linear regime of the conductance measurement during the Pt AS-
ALD. An extracted closeup of the curve is given in Figure 2.33 (c). The step-wise ALD
growth regime is linear, the height increase per cycle is constant and it can be accurately

determined from the associated conductance increase AS employing the equation:

_IxASxp

Ah
b

(2.8)

where p is the resistivity of Pt, and [ and b are the length and width of the sample,
respectively. A linear regression of the in situ data allows the direct extraction of the
ALD growth for a single deposition run. A height increase in the range Ah= 0.2- 0.4A

has been calculated for the setup used in this work.

Direct feedback for process optimization The monitoring gives a direct feedback
on the process evolution and allows the researcher to evaluate the process in order to
adaptively modify the nanofabrication factors. ~ Moreover, in [6] it has been
demonstrated that a growth optimization can be done thanks to the direct in situ
monitoring in a semi-automatic fashion where the conductance variation caused by
different cycling time parameters is used as input to a Genetic Algorithm (GA) that
yields improved cycling times for the ALD process.
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In Figure 2.34 two sequential conductance curves are shown in black and red during
purification and Pt AS-ALD at 300°C. During the elapsed time reported, different
process parameters have been tested and the relative change in conductance has been
evaluated as a feedback to reach a set of best performing parameters ensuring a stable
and high conductance increase per ALD cycle. Initially, the conductance evolution is
traced during an Os-purification treatment (O - 1min, pause - 1 min). Afterwards, the
AS-ALD process with 1min cycle time (Oy - 15s; pause - 15s ; Pt precursor - 155 ;
pause - 15s) and O, flow induced chamber pressure of 8 x 10~%mbar for 105min has
been conducted. In order to test the influence of a higher O, flux, the AS-ALD process
with 1min cycle time has been continued with an Oy flux induced chamber pressure of
1.3 x 107> mbar. Finally, different reactant exposure and pause durations have been
tested. It can be noticed that a higher Oy flux drives an increase in conductance. Using
a longer cycle time, for which every reactant exposure and pause last for 1min,
promotes also in this case a higher conductance gain over time and allows to monitor in
high-resolution the effect of the reactant exposure. For instance, the optimized AS-ALD
process has been performed with 4 min cycle time (O - 1min ; pause - 1min ; Pt
precursor - lmin ; pause - lmin) and Oy flux induced chamber pressure of
1.3 x 107 mbar.

The final tested parameters have been selected as standard since the increase in
conductivity associated to a cycle has been well recognisable from the particular
step-like behavior (clearly visible in the inset of Figure 2.34), the conductance increase
during the following 20 AS-ALD cycles has been stable and the highest for the tested set
of parameters. Obviously, better parameters can be found. In [6], a direct automatic
optimization of the exposures and pause durations has been shown based on the
application of a Genetic Algorithm (GA) of the feedback associated to the induced
conductance change. However, the loss of selectivity is a risk that has to be taken into

account for long and/or high O, exposures.

Loss of selectivity driven by high O, flux From the in situ conductance
monitoring during the AS-ALD, a direct feedback of a change of the Oy flux is provided
and the process can be optimized maximizing the relative conductance increase. In
Figure 2.34, for example, it can be noticed how the conductance slope increases as soon
as a higher O, flux is applied during the Pt AS-ALD.

Moreover, it has been observed that when the O, flux has been increased and the
chamber of the dual-beam FIB-SEM has been maintained during the Oy exposure at a
pressure higher than 1.3 x 10~°mbar or after longer O, exposure, the conductance
increase suddenly becomes faster, indicating the loss of Pt growth selectivity. In Figure
2.33 (a), it can be observed that although Sample 2 had a lower starting thickness of the
seed layer but higher Oy flux has been provided to the substrate surface during ALD in
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comparison with sample 1, it reached a higher conductance in a shorter period of time
and developed a sharp change in the slope. On the other hand, Sample 1 shows for the
last ALD cycles an abrupt change in slope, too. The loss in selectivity is then caused by
higher and/or longer Oy exposure.

Therefore, it can be summarized that with longer Oy exposure (Sample 1) and/or higher
O, flux (Sample 2), the risk of parasitic Pt nucleation is enhanced and the formation of
additional current paths leads to a non linear increase of the conductance. The change
in the conductance clearly shows the effect of metal deposition taking place on the

non-seeded part of the substrate.
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Figure 2.34: As an example of an optimization process, two sequential conductance
measurements (in black and in red) are shown. Initially, the Pt-C FEBID structures
have been catalytically purified. Afterwards Pt AS-ALD has been performed changing
the process parameters: O, flux and exposure/pause duration.

Trace of chemical reactions proceeding Other important informations which can
be deduced from the conductance monitoring are about the surface reactions taking
place during the reactant exposures. These results can help to complete the study on
the Pt ALD surface reaction mechanisms which have been extensively discussed by
numerous research groups [226, 227, 230, 254]. From the detail of the ALD cycle

step-like behavior of the conductance measurement shown in Figure 2.33 (c), it can be
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deduced that the initial conductance drop generating the characteristic step-like shape is
due to the chemisorbtion of Os on the catalytic Pt surface of the seed layer. More
specifically, during the O, exposure the catalytic combustion leads to a reduction of
electron density at the Pt surface [220, 230, 254] and dehydrogenates the precursor
ligands on the Pt surface [220, 255, 256]. Later, the conductance increases as Pt atoms
reorganize on the surface getting attached to the existing layer. The following pumping
cycle is important to allow the reactions to saturate on the Pt surface and prepare the
surface for the following Pt precursor adsorption. During the Pt precursor exposure and
following pumping time, the molecules adsorb on the Pt surface providing ligands
exchange between hydroxyl groups and methyl ligands. During this process, a slight

increase in the conductance is observable.

It is important to underline that the conductance monitoring technique and the GA
approach for self-optimization using the in situ monitoring are rather broadly applicable.
For instance, Mackus, Hsu, Kaloyeros and collaborators [220, 257, 258] have shown that
the catalytic action of Pt seed layers can be used for AS-ALD of other metals, like
palladium and copper, making the technique eligible for different type of contacting
applications, for example carbon electronics, for which palladium with its high work
function and good wetting interactions with nanotubes is well suited [259]. Moreover,
the method could be used for other non-selective metal deposition techniques [260] since
the time-resolved feature of this growth monitoring is certainly preserved. Other
applications can be forseen using the conductance monitor signal to stop the growth
when a certain thickness has been reached and/or when the formation of an electrical
contact has to be detected with high-resolution in time and conductance. For instance,
this monitoring technique can be very useful when ALD is performed on a seed layer
with nanopores and trenches, e.g. on highly porous aerogels [261-263] and on ordered
nanoporous membranes and silica for biomedical applications [264-266]. If trying to
contact sensitive nanoelements, like carbon nanotubes [220] and in the fabrication of
microcontacts for fuel cells, hydrogen storage and pollution control applications, this

method can be used in order to reduce Pt loading, thereby reducing the cost [267-269].

2.3.3 Nanoparticle drop casting

One of the approaches based on FEBID for the fabrication of SE transport devices
(array and SET devices) has been carried on by the use of Au nanoparticle (Au-NP)
assemblies as fundamental building blocks of the final device. Pt-purified FEBID
structures, obtained with the Pt catalytic purification described in Subsection 2.3.1.4,
have been used as bridge leads to connect the Cr-Au electrodes and the well-ordered

Au-NP assemblies randomly distributed on the center of the SiO, substrate. Details of
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the whole fabrication process are provided in Chapter 3. In fact, ligand capped-NP are
ideal building blocks for two- and three-dimensional cluster self-assembled superlattice
structures, in which the particles are arranged with long-range translational and even
orientational order [270].

The Au-NP used for this approach have been provided by the group of Biophotonics of
Prof. Parak at Philipps Universitat Marburg [271]. The Au-NP have been synthesized
following a kinetically controlled seeded growth strategy via the reduction of HAuCly by
sodium citrate [272]. The NP size is 12.5nm in diameter. In order to avoid
agglomeration, the Au-NP have been coated with thiol-terminated polymers
(thiol-PEG). The thickness of the PEG shell depends on the molecular weight of the
polymer. For the Au-NP used in this work HS-PEG-COOH polymers (MW 10kDa) have
been used, providing in solution a ligand elongation of 12nm. A picture of the received
solution and a TEM image of the Au-NP are presented in Figure 2.35 (a) and (b),

respectively.

12 nm

HS ~ 0 —(CH:CH:0)wy OH .
a) © b) .. —

Figure 2.35: a) Picture of stock 1: concentration of 12x10° Au-NP/uL of DCM. Schematic
of one nanoparticle with the PEG ligands attached on its surface. b) TEM image of the
Au-NP received from the group of Biophotonics of Prof. Parak at Philipps Universitéat
Marburg [271].

The excellent solubility of PEG-SH in DCM and the dual properties of PEG molecules
as both hydrophilic and hydrophobic molecules allow the molecules to rapidly cover the
surface of the nanoparticles in DiChloroMethane (DCM), (CHyCly), resulting in efficient
phase transfer without nanoparticle aggregation.

The NP have been received in a bottle, in which after complete drying, 1 mL of DCM
has been added, reaching a concentration of 12x10° NP/uL (stock 1). A picture of stock
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1 is shown in Figure 2.35 (a). The characteristic red color of the Au-NP of this size is
well recognisable.  Different concentration stocks have been prepared for the two
different applications (array and SET device fabrication) and will be later described in
this subsection.

A micropipette with filter tips allows to provide a volume in the range of 0.1-2.5 uL. of
the solution. A droplet of 0.5 ul of a NP-concentration stock has been dropped onto the
center of a SiO, substrate with Cr-Au contacts defined by UVL in order to deposit the
NP in the area where the Cr-Au contacts have a small distance between each other
(3 um). A sketch of the drop-casting method and SEM view of the dried solution drop is
visible in Figure 2.36 (a) and (b), respectively.

As a consequence of spontaneous solvent evaporation (1-5s) the droplet leaves behind
fractals-stain-like rings of material with lace-like patterns or clumps of particles in the

inner region (Figure 2.36 (c)).

Figure 2.36: a) Sketch of the drop-casting method. b) SEM picture of the dried solution
drop on the center of the substrate. c¢) Closeup on fractals-stain-like rings of material.
These effects and the non-uniform mass distributions of drop-deposited nanoparticles are
consequences of the several mechanisms taking place during droplet evaporation.

These non-uniform mass distribution and the morphology of drop-deposited
nanoparticles are consequences of the evaporation kinetics, fluid convection and particle
interactions with the liquid-air interface, from which nanoparticles nucleate and grow.
At the molecular level, driven intermolecular forces drive the spontaneous gathering of
molecules into a well-defined and stable structure. The van der Waals (vdW) force is the
fundamental driving force, guiding the self-assembly process. The vdW forces are the
residual attractive or repulsive forces originating from electromagnetic fluctuations due
to the incessant movements of positive and negative charges within all types of atoms
and molecules. The electrostatic force also plays an important role in the self-assembly
process. If the nanoparticles are modified with protonation molecules, the electrostatic
interaction leads to the aggregation of nanoparticles [273-275].

The self-assembly mechanism has been described by O’Mahony et al. [276] as an
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equilibrium process by the simple Gibbs free energy equation:
AGSA = AHSA — TASSA (29)

where if AGg4 is negative, self-assembly is a spontaneous process. AHg4 is the enthalpy
change of the ©process and is primarily determined by the potential
energy /intermolecular forces between the nanoparticles. ASg4 is the change in entropy
associated with the formation of the ordered arrangement. The organization is
accompanied by a decrease in entropy. Under constant temperature conditions, the inner
energy gain must be larger than the term associated with entropy loss. In this way,
self-assembly in a closed system is the result of free energy minimization and
establishment of an equilibrium state.

Another point worth mentioning is that the film thickness depends, in principle, on the
volume of dispersion used and on the particle concentration, both of which can be easily
varied. However, other variables affect the film structure such as how well the solvent
wets the substrate, evaporation rate and capillary forces associated with drying [277].
As a result, this self-assembly mechanism can yield monolayers with long-range ordering
that are compact over macroscopic areas, despite the fast evaporation process. The
self-assembled lattices contain defects and dislocations which form during the assembling
process and, in general, defects are never completely avoidable.

During the drop-casting deposition of nanoparticles for this work, differences in the fast
evaporation rates across the substrate or concentration fluctuations led to variations in
film thickness and/or internal structure. As a consequence, NP hexagonal arrays with
domain sizes not larger than 1um have been formed. This result matches well the target
of the SET fabrication, where just one nanoparticle positioned between the Pt FEBID
purified leads is needed.

Drop-casting does serve as a quick and accessible method to generate thin films on
relatively small substrates and has a strong preference for forming monolayer films.
Therefore, it stands out as an excellent candidate for the fabrication of technologically
necessary ultra-thin film materials for sensors, plasmonic devices, magnetic storage and
drug deliver media [278-282].

Initially, two additional NP solutions have been prepared in order to have a diluted
solution suitable for the SET fabrication. Stock 2 has been prepared from 0.5 uL. of
stock 1 into 150 mL of DCM reaching a concentration of 4x10* NP/uL and for every
drop-casting event a solution (stock 3) of 0.5 uL of stock 2 in 1mL of DCM has been
prepared. Hence, a droplet of 0.5 uLi of stock 3 with 10 NP/uL has been deposited on
the substrate. Stock 3 has been disposed of after use. As it is visible from Figure 2.37(a)
it has been quite difficult to find the nanoparticles on the substrate and charge drift
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during the FEBID writing would make it impossible to localize the nanoparticle in the
middle of the FEBID contact patterns with a resolution of 1-2 nm.

Consequently, solutions with a significantly higher concentration have been prepared.
For the NP lattice fabrication, 0.5uL of stock 1 has been diluted in 0.3 mL of DCM
obtaining 2x107 NP /uL (Solution A) delivering on the center of the substrate about 107
NP in 0.5 uLL droplet located on the substrate center. By use of Solution A, long chains
and rounded domains of ordered assemblies have been formed. A SEM picture of the

obtained assemblies from a droplet of Solution A is shown in Figure 2.37 (b).

Figure 2.37: a) SEM picture of few outlined Au-NP resulting from the drop-casting of
stock 3 (10 NP/uL). b) SEM picture of the substrate after Solution A (2x107 NP/uL)
has been dropcasted on its center. The high NP-concentration leads to the deposition of
few micrometers large NP assemblies. ¢) SEM picture of the resulted contacted structures
by Pt purified FEBID leads. The results of the electrical characterization of this type of
devices are reported in Chapter 3.

For the SET fabrication, 0.5uLs of stock 1 has been diluted in 1 mL of DCM obtaining
6x10% NP/uL (Solution B). 2x10% NP have been then delivered on the center of the
substrate in 0.5 uL. droplet of solution B. With this method, smaller assemblies form
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on the substrate surface. These NP-groups can be more easily recognised (than single
particles) in the SEM view and contacted with FEBID.

In the obtained assemblies the PEG ligands serve as spacer between the particles leading
to a perispheral distance between the nanoparticles in the range of s =8-10nm, see
individual assemblies in the SEM picture in Figure 2.37 (b). This distance is slightly
lower than the elongation of the ligands in solution (12 nm) probably as a consequence of
the drying in air. A SEM picture of one NP assembly contacted with Pt purified FEBID
leads is shown in Figure 2.37 (c¢). Despite the elevated temperature in the post-growth
treatment, we did not observe any degradation or position change of the Au-NP in the

assemblies.

2.3.4 Ion etching techniques

Ion etching is a physical dry etching technique used to remove material by exposing the
material to a bombardment of ions and create high aspect ratio structures. In this
section two different in situ ion etching methods are described. FIB milling (Subsection
2.3.4.1) and localized Ar*-etching (Subsection 2.3.4.2) have been used in combination
for this work in order to fabricate SET devices (Chapter 4).

Depending on the interaction between the ions and the atoms of the target surface,
different effects can be observed, such as sputtering, swelling, redeposition,
backscattering, implantation and amorphization of the near-surface layers. When
enough momentum is transferred from the impinging ions to the target nuclei, one or
more atoms overcome their surface binding energy and can be freed from the surface or
get dislocated meanwhile the impinging ion is deflected. Ions can also penetrate into the
lattice and become trapped as their energy gets dissipated. This effect is called ion
implantation, and it depends mainly on the mass, energy and the angle between the

surface normal and the trajectory of the colliding ions.

2.3.4.1 Focused Ion Beam (FIB) etching by Ga*"-beam

A FIB setup is a scientific instrument that resembles a SEM. However, while the SEM
uses a focused beam of electrons to image the sample in a HV chamber, a FIB setup
uses a focused beam of ions instead. For this reason, the two instruments use different
type of source and optics. Details about the FIB used in this work can be found in
Subsection 2.2.1.

FIB uses a closely focused beam of ions to form a scanning ion probe. The position and
timing of the ion beam exposure are controlled by a pattern generator, which defines the
fabrication strategy. The technique has maskless design machining capability, spatial
resolution in the nanoscale and accessible integration capacity [283]. However,

manufacturing throughput may be low since the direct writing nature of the process
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undermines large-scale efficiency by high-dose FIB applications. The interaction of the
primary ions with the atoms of the target sample is now discussed.

The Gat-ions strike the sample with high energy (typically 30keV). The ion-sample
interactions result in sputtered atoms from the surface, whereas ions are implanted into
the top few nanometers of the sample surface, causing amorphization [284, 285]. In
addition, a series of other effects occurs, such as backscattering, excitation,
amorphization, sample heating and other chemical reactions. A representative sketch of
the process is reported in Figure 2.38. Differently from the electrons in an electron gun
with the same charged particle energy, the ions in a FIB have considerably higher mass
(Ga atomic mass=69.723 amu and e atomic mass=5.488x10"*amu) and their

sputtering power on the sample is several orders of magnitude higher than for electrons.

@ Ga-lon

@ Neutral Atom

¢ Secondaryion
Secondary electron

@ Dislocated atom

4~ Phonon

Figure 2.38: A schematic description of ion-matter interaction mechanisms. The
interaction between the energetic ions and the nuclei or electrons of the solid material
can produce a variety of physical and chemical phenomena. Some of the interaction
results are listed in the picture.

The sputtering yield assesses the efficiency in material removal and is defined by the

equation [81]:
_ Number of sputtered atoms

Y (6) = (2.10)

Number of incident ions

The sputtering yield strongly depends on the angle 6 between the surface normal and the
direction of the ions. However, other variables such as masses of ions and target atoms, ion
energy, target temperature, and ion flux affect the sputtering yield. In addition, during
sputtering, redeposition takes place into the sputtered region of a portion of the ejected
atoms. Thus, it is difficult to control and estimate the amount of material actually removed
by sputtering. FIB is extensively used in nanoscale machining/engineering applications
such as TEM lamella sample preparation, etching of nanostructures [286], deposition [81]
and doping [287].
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In our setup, a Gat-ion beam with 30 kV acceleration voltage and 10 pA current has been
used to etch the cross-region of the contacts defined by UVL in order to obtain a basic SET
design with two gates [14]. The smallest gap size, that has been proven to be electrically

isolated with the used setup and the mentioned FIB parameters, has been about 50 nm.

2.3.4.2 Art-polishing by Beam Induced Polishing and Sputtering (BIPS)

A novel in situ Ar ion milling process has been used for the last step of the
FEBID-based SET device fabrication described in Chapter 4.

The technique is based on the local modification of the sample surface provided by a
static beam of low-energy Ar™ ions [288]. Its applications are numerous, two of them are
polishing of the top surface of a sample from the Ga-doped layer and from the
redeposited material after Gat-FIB operation. Moreover, it can be used to clean a
sample from residual hydrocarbons or FEBID co-deposit material [14, 289].

The setup consists of a Beam Induced Polishing and Sputtering (BIPS) system installed
in the dual-beam FIB-SEM used for this work (FEI Nova Nanolab 600) by Thermo
Fisher Scientific. By use of a Tungsten capillary with an inner radius of 17.5um, a
localized Ar flow has been provided in close proximity to the sample. In the above
mentioned application (Chapter 4), the substrate has been tilted by 45° from the
e-beam axis, maintaining 100 um distance in the vertical direction from the Ar gas
nozzle. A bias of 100V has been applied between the sample surface and the Ar nozzle.
The Ar flux is ionized by scanning the e-beam over a slit previously cut with the
Ga™-FIB close to the nozzle aperture. In this way a plasma spark is initiated. A sketch

of the setup is shown in Figure 2.39.

e-beam

100 vV
Figure 2.39: Schematic setup representation of the in situ localized low-energy Ar™-

polishing. The field defined by the distance sample-nozzle and the applied bias induces
acceleration of ions towards the sample surface. Adapted from [288].

The area affected by the milling is a disc-like field whose width can be tuned with the
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applied bias and distance to the substrate. This region is easily adjustable by changing
the nozzle-to-sample distance. In Figure 2.40 (a), the Ar nozzle and the milled area on a
Cr-Au electrode are visible. A close-up of the highest milling intensity and its halo is
shown in Figure 2.40 (b).

Figure 2.40: a) SEM picture of the nozzle and the substrate. The red arrow indicates
the slotted hole, on which the electron beam is scanned during the polishing step. The
orange arrow points to the scratch caused by the slight collision between the nozzle and
the substrate during the nozzle-substrate distance (100 um) arrangement procedure. Blue
and green arrows indicate the inner and outer milled area, respectively. b) Closeup of the
milled area. The milled halo diameter extends over approximately 80 pm.

Figure 2.41: a) SEM picture of a Pt-C FEBID structure. A dark grey halo can be
recognised in the area around the structure. This halo is undesired co-deposited material.
b) SEM picture of the structure in (a) after Ar-etching. The co-deposit halo is removed.
Moreover, the structure has been slightly milled.

This technique has been used in the present work to polish and erase the co-deposit
associated with the Pt-C FEBID fabrication. The co-deposit has been found to be the
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main cause of stray capacitance and background charges compromising the electrostatic
environment and the consequent functioning of devices fabricated with FEBID. The
detrimental effects associated with the co-deposit are reported in Appendix C.

An example of the Art polishing treatment of a Pt-C FEBID structure is shown in
Figure 2.41. The co-deposit halo (dark grey) generated by FEBID with MesPtCpMe
precursor is covering the area around the defined structure about a few pum. By using
the Art-polishing step after the deposition, the co-deposit halo apparently is removed
and the structure has been slightly thinned out by the process.

2.4 Electrical and magneto-transport

characterization measurements

The characterization of samples with regard to their electronic transport behavior has
been conducted at room temperature in situ inside the dual-beam FIB-SEM or at low
temperatures inside the 3He-cryostat. Different types of electrical measurements have

been conducted on the various samples described in this work and are here listed:

e Current vs. voltage characteristics (I(V)) have been used to measure the
resistance of ohmic samples or to study the evolution of the Coulomb blockade

depending on temperature and gate voltage (V) for NP assemblies and SET devices.

e Current vs. temperature (I(T)) and Voltage vs. temperature (U(T))
measurements have been conducted on NP assemblies and AS-ALD samples,
respectively. These measurements are particularly useful to understand the nature

of the electrical transport taking place in the samples.

e Voltage vs. magnetic field (U(B)) measurements of the Hall-voltage and
high-resolution magneto-conductance measurements have been performed to gain

information about the charge carries mobility and transport mechanism.

e Current vs. time (I(t)) measurements have been carried during catalytic

purification and AS-ALD as monitoring measurements of the processes.

Depending on the resistivity of the samples investigated, voltage-driven Direct Current
(DC) and current driven Alternating Current (AC) measurements have been conducted.
It is worth mentioning that most of the samples studied in this work are very highly
resistive (for example as deposited Pt-C FEBID and contacted nanoparticles arrays have
a resistivity in the range of 10" uQcm). In this case, the samples are measured with a
DC setup since reversing polarity induces capacitance-voltage hysteresis.

For tunnel junction-based systems, like NP arrays, SET and narrow constriction, the
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electric field strength becomes very high for such small dimensions and it can lead to
electric arcs that may destroy the samples. For this reason, the electrical properties of
the previously mentioned samples have been studied by using highly sensitive source
meters in order to monitor sample currents not higher than a few nA. A Keithley source
meter (model 2400), a Keithley two-channel source meter (model 2636A) and a Agilent
34420A nanovoltmeter have been used in the dual-beam FIB-SEM and 3He-Cryostat
setups. AC measurements have been performed with a Stanford Linear Research lock-in
amplifier (SRS830) and a selectable shunt resistor.

The 2- and 4-probe techniques have been used in DC current mode. The 4-probe
technique has been preferred to directly detect the voltage drop produced by the sample
and eliminate the contacts’ contribution. However, due to the chip configuration and
knowing the measured resistivity of the setup, mostly 2-probe measurements have been
carried out with negligible contact resistance contributions.

For the samples subjected to AS-ALD, two particular AC differential monitoring
methods and high-resolution AC electrical magneto-transport measurements in bridge
configuration are described in Subsection 2.3.2.4 and in Appendix A, respectively.
Special attention is given to these two methods since they are not standard techniques

and they have been developed in the laboratory during this work.

2.4.1 3He-cryostat system for electrical and magnetic

measurements

For the sake of electrical characterization of materials and devices with particular
features only observable at very low temperatures, the use of cryogenic systems is
necessary. Depending on the temperature range being investigated, various cryogenic
systems such as continuous flow cryostats, storage dewars, sorption pumped systems,
dilution refrigerators and nuclear demagnetization systems can be used [290].

In this work, the investigation of single-electron phenomena and the
temperature-dependent electrical characterization of AS-ALD nanostructures have been
conducted in a 3He-cryostat.

The 3He-cryostat by Oxford Instruments is equipped with a vacuum sealed Inner
Vacuum Chamber (IVC), a Variable Temperature Insert (VTI) (HelioxVTI), active
sorption pumps, superconducting coils and electrical cables through the IVC providing
the possibility to measure electrical and magnetic properties of samples in the whole
temperature range from room temperature down to 300mK [291]. In Figure 2.42, a
representative sketch of the used *He-cryostat with its most important parts is shown.
The cryostat has an external vacuum chamber that acts as a thermal insulation shield

for the inner part of the cryostat from the outside. Inside the vacuum chamber, there is
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a *He-bath containing superconducting coils. These coils can generate a magnetic field
of up to 9 T. The pumping line of the cryostat is connected to a rotary pump which can
pump *He from the He-bath to the IVC closed *He line through a needle valve. In
addition, the rotary pump is connected to a lambda cooler. The lambda cooler is used
to enhance the operation performance of the superconducting magnet that usually
operates in liquid helium at 4.2 K. The lambda cooler pumps the He in its coils, which
are immersed in the He-bath, leading some of the *He in the coils to evaporate and reach
temperatures near the lambda point (approximately 2.17 K). In this way, the lambda

cooler leads eventually to cooling the surrounding liquid, which sinks down cooling the
“He below the coils.

3He
reservoir

Outer vacuum shield
High Vacuum Insert (HVI)
Needle valve

Cone seal

Sorption pump

1 K pot pick up tube
Liquid *He-bath (4.2 K)
Pump line

1K pot

Lambda point refrigerator coils
3He pot

Carrier chip
Superconducting magnet coils
Convection of liquid *He

OREOOOOCEAEEEOOE

Inner Vacuum Chamber (IVC)

Figure 2.42: Schematic drawing of the 3He-cryostat used in this work. The particularity
of this cryo system is that the *He gas is safely stored within the Heliox insert at all
times. In this way, the sample in the insert can reach 0.3 K and no 3He refill is needed.
The components of the system are indicated in the picture.
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The sample is introduced in the middle of the coils inside an IVC that can be evacuated
to guarantee thermal isolation from the surrounding or, contrary to the previous purpose,
He gas can be inserted inside this volume and act as heating/cooling medium. The sample
is mounted to the base of the *He pot placed at the end of the sample rod in vacuum.
In order to establish the best thermal coupling between the sample and the *He pot, the
back of the carrier chip (made of copper) is screwed and firmly pressed to the copper piece
on the base of the 3He pot. A photograph of a calibration sample attached to the cryostat
sample rod is shown in Figure 2.4 (c).

In the 3He pot, there are two temperature sensors, a ruthenium oxide and a cernox sensor
used for controlling the temperature in the low-temperature mode and high-temperature
mode, respectively. The IVC is then sealed by a greased cone seal and pumped. In order
to faster cool the insert, a small amount of *He gas (approximately 1 cm?) at Normal
Temperature and Pressure (NTP) is allowed into the IVC. The insert may then be cooled
by lowering it slowly into the liquid helium reservoir. A schematic diagram of the cooling
process is shown in Figure 2.43 (a). The different components are then underlined in
Figure 2.43 (b), in which a picture of the inside of the IVC (sample rod) is shown.

In the HelioxVTI a 1 K pot is present. The 1 K pot is cooled to < 2 K by pumping *He from
the 4He-bath through a pick-up tube and the “He flux is controlled by a programmable
needle valve through a pipe inside the 1K pot. Mounted to the 1K pot, an exchange
gas sorption pump is used to trap the *He gas inserted in the IVC for fast cooling. The
temperature of the 1K pot is monitored by a ruthenium oxide sensor. Additionally, a
sorption pump for the 3He is fixed in the middle of the HelioxVTI. It consists of three
cylinders with active charcoal, used to store or release *He depending to the temperature.
In the 3He sorption pump, an Allen-Bradley temperature sensor is installed.

At the top of the HelioxVTI, 2.7 L of 3He gas is stored at a pressure of approximately 2 bar
(absolute) into a self-contained storage vessel. This approach avoids waste of the valuable
gas. The operating temperature range of the insert is from base temperature to 300 K.
However, when the insert is attached to the cryostat body, the maximum temperature is
limited by the heat exchange between the liquid helium bath and the IVC. In this case,
the upper limit has been observed to be around 170 K.

The insert uses two separate modes of operation, a low-temperature mode (when the
3He pot temperature is lower than 1K) and high-temperature mode (when the *He pot
temperature is higher than 1 K). When the 3He pot temperature is lower than the one of
the 1K pot, the insert runs as a conventional sorption pumped *He insert.

Above 1K, the 3He pot is heated directly. The temperature is controlled using a Mercury
ITC temperature controller, which automatically balances the heater power against the
cooling provided by the *He flowing through the 1 K pot. Once the 1 K pot temperature
has cooled below 4.2K, the 3He charge must be condensed into the 3He pot. This is

achieved by the 3He regeneration procedure. By warming the 3He sorption pump to
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a temperature ~ 30K, the 3He is completely released from the sorption pump. The
procedure can last up to 1h. In the meantime, the 1K pot is pumped and the needle
valve is opened to allow a slight flow of “He. The 1K pot cools to below 1.5K. As a
consequence, the 3He is free to condense into the small tube in the 1K pot region and
runs down to cool the *He pot.

After approximately 20 minutes most of the gas is condensed into the *He pot at about
1.5K. At this point, the 3He sorption heater is switched off. The sorption pump cools
down reducing the vapor pressure above the liquid *He and letting the *He pot cool
further. The lowest temperature ever achieved in the 3He pot has been 267 mK for 10h
before the temperature rose again, since no more liquid *He has been left inside the 3He
pot. Intermediate sorption temperatures are used to achieve stable sample temperatures

between base temperature and 1K without applying heat to the 3He pot.

3He sorption pump

T=30K T<3K

R Needle valve for -]
(outgassing) T~ 1K pot ~— (pumping)

1K pot '
and coil
condensing

SHe ™ ~—— pumped

by sorption pump

liquid *He collects

15K EIT liquid *He
at1l.

- o pot e A at base
a) ™ temperature

Figure 2.43: a) Operation principle of a sorption pumped *He insert. Adapted from [291].
b) Photograph of the sample rod as the IVC is opened at room temperature. Inset:
Closeup of the insert part in which the *He is condensing. The indicated components are:
1) 3He sorption pump: a pair of charcoal sorption elements; 2) the 1K pot; 3) ‘He gas
sorption pump; 4) the *He pot.

2.4.1.1 Temperature dependence of electrical conductivity

The investigation of the electrical conductivity dependence on temperature allows the
researcher to investigate the characteristic conductivity properties of materials such as
metals, semiconductors and superconductors. For example, impurities, cristallographic
defects, phonon scattering and magnetic domain effects can be traced back as peculiar
features in the material’s temperature dependence of the electrical conductivity [35].

In this work, the analysis of the temperature dependence of the electrical conductivity of
NP arrays (Chapter 3) and AS-ALD grown FEBID-based nanostructures (Figure 2.33)
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has been a powerful tool to understand which transport mechanisms are at play in the

samples from the observed conductivity trends.

2.4.1.2 SET circuit

The SET characterising measurements are Coulomb stability and Coulomb oscillation
diagrams that are described in detail in Chapter 4. In order to conduct the measurements,
a Keithley two-channel source meter (model 2636A) has been used in the configuration
reported in Figure 2.44. I-V characteristics have been conducted sweeping the voltage

until a defined limit in steps meanwhile the current has been sensed.

’gs
—
Vgs = Car Ca2
— S D
Rs,Cs Rp,Co
| | ’ds
b) = V' -

Figure 2.44: Schematic description of the SET circuit in the SEM picture of Sample A
(Chapter 4). The Figure is used with permission from [14].

For Coulomb stability diagrams, a fixed Vj, has been applied when at the same time V4
has been swept and the respective current measured. Coulomb oscillation plots have been
drawn for fixed Vs, measuring I4s when Vi has been swept. The characteristic features
that are obtained by testing a functioning SET are sketched in the subsection dedicated
to SET in the Theory Chapter 1.5.2 in Figure 1.18. Experimental measurements are
reported in Chapter 4.
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2.4.1.3 Alternating Current (AC) electrical magneto-transport

measurements in bridge configuration

For the characterization of the AS-ALD nanostructures,  high-resolution
magneto-transport measurements have been conducted in a bridge configuration using a
Stanford Linear Research lock-in amplifier(SRS830), a SR560 differential preamplifier
and a ratio transformer as variable element of the bridge to null the signal at H = 0 [6].
The measurements have been performed at constant temperature.

The standard canceling technique has been successfully used to measure the very small
resistance increase, AR, due to localization and electron-electron interaction effects in
Pt wires and Ag films with reduced cross-sectional areas [292, 293].

In this work, the use of this technique is necessary to measure the anti-localization
effect, which without filtering and amplification, would be completely masked by
background noise. The setup used to perform the measurements is shown in Figure 2.45.
The lock-in amplifier was sending 1077 A as input at 537.6 Hz and measures the signal
and noise of the output. The shunt resistor had a resistance of 9.99 M() and the ratio
transformer has been set to the resistance value of the sample at 0T (R(0)). The
voltage across the sample produced by the excitation current i, V(B) = i R(B), is
measured subtracting the reference voltage that is equal to the zero-field voltage across
the sample, V(0) = ¢ R(0) obtaining the differential resistance AR(B):

V(B)— Vo =iR(B) —iR(0) =i AR (2.11)

The resulted small signal (2/100000) is then amplified x100 and the frequencies in the
range 3-30kHz are filtered. The measurements carried out with this technique are

reported in Appendix A Figure A.1 for Sample 1.

2.4.1.4 Hall effect measurements

In order to characterize the charge carriers of the nanostructures subjected to AS-ALD,
Hall effect measurements have been conducted. The electric setup consisted of a
Stanford Linear Research lock-in amplifier (SRS830), a SR560 differential preamplifier
and a ratio transformer to null the signal at H = 0. The setup is almost the same as the
one used for magneto-transport measurements. In Figure 2.45, the dashed green line
indicates the different electrical connection for the Hall effect measurements. The

measurements have been performed at constant temperature.
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Figure 2.45: Schematic representation of the setup circuit for magneto-transport and Hall
effect measurements. The dashed green line represents the electric configuration for the
Hall effect measurements. Adapted from [293, 294].
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Single-Electron transport in

Au-nanoparticle arrays contacted by
Pt-FEBID purified electrodes

In the present chapter, the electrical transport properties of packed arrays of
Au-nanocrystals combined with Pt-contacts, which have been realized by FEBID and
subjected to a post-growth purification process, are presented.

As described in Subsection 2.3.3, the NP arrays consist of monolayers of thiol-PEG
ligated gold nanoparticles (diameter=12.5nm), synthesized and deposited by
drop-casting from solution onto Si/SiOy substrates in close proximity to lithographically
defined gold electrodes. The Au-NP arrange in triangular lattices with domain sizes up
to 1lum. The ligands serve as mechanical spacer between the particles. After the
drop-casting and individuation of a suitable group of NP after SEM investigation, this
domain of nanoparticles has been contacted by Pt-C FEBID and later, the assembled
structure has been subjected to a catalytic purification. A SEM overview picture (a)
and a closeup (b) on an exemplary contacted NP array are given in Figure 3.1.

In particular, in order to contact the gold electrodes to the NP arrays, Pt-C FEBID
deposits have been written applying the precursor MezPtCpMe. The FEBID
nanofabrication technique has been presented in detail in Subsubsection 2.3.1.4. Due to
the typical low metal content and residual organic fragments in the deposits, the Pt-C
FEBID contacts have been treated with the catalytic purification technique developed
by Sachser [15]. This purification method has been described in Subsection 2.3.1.4. By
using the post-growth treatment, the Pt contacts lost their carbonaceous matrix and
became metallic (with a residual resistivity about 50.54 €2 cm) and suitable to be used
as electrodes. It is important to notice, that the arrangement of the nanoparticles in the

arrays is not affected by mechanical changes connected to either the oxidation or
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high-temperature treatment (250°C). Evidence of this can be found in Figure 3.2, in
which the array chosen for Sample A is shown before and after the purification
treatment of the FEBID electrodes. The separation, s = 10nm, that is created by the

nanoparticle ligands, is maintained.

Pt purified FEBID elongations

Figure 3.1: a) SEM overview of a Au NP array sample contacted by Pt-C FEBID. The
FEBID leads have been purified following the Pt catalytic purification procedure described
in Subsection 2.3.1.4. b) Closeup of the well-ordered NP assembly between the Pt purified
FEBID contacts.

Figure 3.2: a) SEM picture of the Au-NP assembly which for form, dimension and order
has been selected to be contacted. b) SEM picture of the same assembly after Pt-C FEBID
catalytic purification of the electrical elongations. The contacted NP array is referenced
as Sample A. ¢) SEM overview of Sample A. The NP array has been contacted by Pt
FEBID purified leads in a 4-probe configuration to the next Cr-Au UVL pads.

Samples Four samples are presented in this section: Sample A, B, C and D.
Sample A and Sample B have been defined on the same substrate and their contacts

have been written with the same FEBID parameters. An acceleration voltage of 5kV at
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a beam current of 98 pA with a pitch of 2nm, a dwell time of 1 us and 50 passes have
been used for the FEBID process. The deposition dose of the contact elongations has
been 2.45nC/um?. AFM measurements, which have been conducted on the sample after
executing electrical measurements inside the 3 He-cryostat, showed that the height of the
contacts was 19 + 2nm. Sample A has been created contacting an array found in the
middle of the substrate, for which 4 leads have been written on the far ends of the array
by Pt-C FEBID to the next Cr-Au UVL contacts. The distance between the FEBID
contacts has been set to 200nm. Due to co-deposit expansion (during the deposition
process) and lateral shrinking (during the purification treatment), the final separation is
about 160nm. In Figure 3.2 (c¢), a SEM overview picture of Sample A after the

purification treatment is shown.

7Sarmple C

Figure 3.3: a) SEM picture of Sample A (a), Sample B (b), Sample C (¢) and Sample D
(d). In (b), (c) and (d) closeup SEM pictures of the contacted NP arrays are given as
insets. An overview picture of Sample A is given in Figure 3.2 (c).
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Sample B is defined directly contacting an ordered array between two Cr-Au UVL
contacts. From one of the contacts, a metallic elongation has been fabricated using Pt-C
FEBID. In this way, a reduced FEBID co-deposition on the NP array has been achieved.
The separation between the FEBID and the UVL contact has been set to 250 nm. The
co-deposit halo and the shrinking effect (of the electrode deposited with FEBID)
reduced the separation to roughly 230 nm.

Sample C has been assembled on the same substrate as sample A and Sample B. An
array found between the gap of two neighboring gold contacts has been electrically
contacted to one side elongating one UVL electrode with a FEBID deposit and to the
other side directly using the neighboring gold electrode as electrical lead for the NP
array. The FEBID contact has been written with half the dose of Sample A and Sample
B, ie. 1.245nC/um?  AFM measurements conducted on the sample after executing
electrical measurements inside the 3 He-crystat, showed that the height of the Pt purified
FEBID electrodes was about 12 nm.

Sample D has been created on another Si/SiOy substrate. An NP array has been
contacted by using Pt purified contact elongations from two Cr-Au UVL contacts. The
FEBID contacts have been written with a slightly different dose of 3.23nC/um? and
using a dwell time of 0.250 us. The separation gap between the contacts during the
FEBID writing process has been set to 200nm. The finally obtained separation has been
approximately 180nm. The height of the purified FEBID electrodes has been found to
be 19 + 2nm by AFM measurements.

SEM pictures of the described samples are given in Figure 3.3.

Electrical measurements In order to analyse the electrical transport occurring in the
array of nanoparticles, the capacitance and the charging energy of one nanoparticle, has
been calculated.

The nanoparticles can be approximated as spheres. In the case of an isolated nanoparticle,

the capacitance and the charging energy are obtained from Equations 1.2 and 1.3:
Co, = 4mege, R = 2.712aF (3.1)

and ) )
e e

Eo, = = =0.029eV 3.2
oy 2Cy,  8mepe R ¢ (3:2)

where R = 6.25nm is the radius of the nanoparticle and ¢, = 3.9 is the dielectric constant
of the silicon oxide of the substrate [295]. In addition, the capacitance and the charging
energy of the nanoparticle in the array can be theoretically calculated taking into account

the single NP capacitance and the cross-capacitances. The capacitance and the charging
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energy of the single NP can then be approximated using 1.27 and 1.28:

R(R
Co, = dreoe DS 4 aorar (3.3)
and
Fop = —© © _0.018eV (3.4)
“2 7 Qreoe, R(R+s) '

where s is the separation between neighboring particles, s = 10 nm.

In case the effect of the cross-capacitances is considered, the calculated capacitance and
charging energy differ from the previous following the relations: Cj, = 0.615Cj, and
Ec, = 1.611 E¢,,. However, in the described system the nanoparticles are separated
enough to not expect significant cross capacitances.

It is important to remember what Elteto and collaborators demonstrated [57] regarding
the coupling capacitance theory which is reported in Section 1.3: when d._./R > 3
(where d._. is the center-to-center distance) the correction of the single nanoparticle
conductance as a result of coupling to nearest neighbors becomes lower than 10%. In the
arrays presented in this work, the nanoparticles are separated enough (d._./R = 3.6)
and capacitance coupling can be ignored.

From the work of Samanta and collaborators [77] a barrier height of E, ~ 2.45eV [296]
can be assumed for the thiol ligands. Using this energy gap in Equation 1.56 the
resistance of the tunnel junction can be calculated. The equation yields an astronomical
value of resistance when F, ~ 2.45eV and s = 10nm are used. From this result, it can
be concluded that the electrical tunnel transport among the nanoparticles proceeds via
the SiO, substrate as dielectric mean instead of the molecular ligands. The ligands keep
the nanoparticles apart from each other and they are not adding states next to the

Fermi energy.

FEBID deposit

Au-electrode Au-NPs array

"4
il
-|I.|.

Figure 3.4: Circuit and geometrical schematic of the samples. The electrical properties of
the samples have been investigated by using a DC source meter outside the HV chamber
of the dual-beam FIB-SEM and of the *He-cryostat.
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The NP arrays are measured in a 2- and 4-probe configuration by DC measurements.
A

Details about the instrumentation and measurements are given in Section 2.4.

schematic of the system circuit is shown in Figure 3.4.

3.1 Current-voltage characteristics at

low-temperature

The purpose of this section is to discuss the particular feature of a sharp Coulomb
blockade behavior of the I-V characteristic observed for the Samples A, B, C and D.
Unfortunately due to ElectroStatic Discharge (ESD) occurring on the substrate,
Samples A, B and C were destroyed after the measurements shown in this section. It
follows that no other I-V characteristic can be shown at other temperatures for these
samples. For Sample D, the evolution of the I-V characteristic with temperature is
shown and discussed in the Subsection 3.2. At very low temperature (circa 0.270 K),
Sample A, B and C show non-linear current-voltage characteristics, with a well-defined

threshold above which the applied bias has to be raised for conduction to occur [39].
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Figure 3.5: I-V characteristics of Samples A, B and C at circa 0.270 K. Sample B and
Sample C show a sharper Coulomb blockade region in comparison to the one of Sample
A. The current has been measured sweeping the voltage up and down between -0.15 and

0.15V to not overcome 1nA as current limit.
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In Figure 3.5, the I-V characteristics of Samples A, B and C are shown. The diode like
[-V curves of the three samples show different threshold voltages and slightly different
slope of the increasing current when the voltage overcomes the threshold voltage.
Considering that the increase of the current can be approximated with Equation 1.35 to
I ~ Io(V = V;)¢, the value Csamprea = 2.67 £ 0.03 and V;(0)sampea = 0.055 £ 0.004V
from a powerlaw fit y = a(x — b)° has been calculated for the curves measured with
decreasing voltage. These curves are marked as "down” and dashed lines in Figure 3.5.

The I-V characteristics of Sample B and Sample C are more similar to each other and
the coefficient of the power-law and threshold voltage extracted from the fit are:
Csampie B = 5.52 £ 0.04, Csampiec = 3.46 £ 0.05 and V;(0)sampre 5 = 0.061 = 0.003 'V,
Vi(0)sampiec = 0.037 £0.002 V. The I-V characteristics of Samples B and C are shown in
detail in Figure 3.6. In the inset, a semi-log plot of the I-V curve is shown in order to

better recognise the different power coefficients by a linear regression.

I, nNA

——— Sample B|]
Sample C|]

I v v I v
-0.05 0.00 0.05 0.10
u,v

Figure 3.6: I-V characteristics of Samples B and C for decreasing voltage. Inset: Semi-
log plot of the positive voltage range. With dashed lines, the value of (, extracted from
Equation 1.35 for the corresponding sample, is reported.
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3.2 Current-voltage characteristics of Sample D at

different temperatures

The I-V characteristics of Sample D shows sharp Coulomb blockade behavior at 270 mK
up to 20 K. The temperature evolution of the I-V characteristics of Sample D in the
temperature range 0.270-75 K is shown in Figure 3.7.

—m—270mK | —%— 10 K|+
——08K | 15 K| -
—4A— 15K | —*—20K| 4
v 25K | —# 30K]|
—9—4K | 50K

7K | —+—75K| |

0.1 0.2

Figure 3.7: Temperature evolution of the I-V characteristics of Sample D. The
measurements have been conducted inside the *He-Cryostat described in Subsection 2.4.1.
Inset: Semi-log graph of the I-V curves. With dashed lines, the values ( = 5 + 1 are
indicated corresponding to the power-law coefficient of Equation 1.35. The slope of the
curves remains roughly the same for the I-V characteristics in the range 0.270-20 K.

Above about 20 K, the electrons overcome the charging energy due to thermal fluctuations
and the arrays behave as an ohmic junction. In the inset of Figure 3.7, a semi-log plot
of the I-V curves is shown. In this way, it can be easily noticed that the slope of the the
curves remains roughly constant and the temperature-independent exponent extracted
from the fit of Equation 3.1 is ( = 5+ 1 for the wide temperature range between 0.270 K

and 20 K. As a consequence, the high-current powerlaw part of the I-V curves can be
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mapped onto each other by voltage shift. Evidence of this behavior is shown in Figure

3.8.
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Figure 3.8: The I-V curves of sample D for positive voltages at different temperatures
have been shifted on the voltage axis in order to visually show that the slope of the curve
is approximately maintained and the curves collapse on one. Inset: original I-V curves

measured between 0.270 K and 20 K.

The temperatures at which the I-V measurements have been conducted and the respective

threshold voltages extracted from the powerlaw fit of Equation 3.1 are listed in Table 3.1.

The threshold voltage can be determined for the I-V characteristics in the temperature

range 0.270- 15 K for which a well-defined Coulomb blockade is recognizable.

Temperature [K] | V; [V]
0.270 0.071
0.800 0.072

1.5 0.061
2.5 0.066
4 0.055
7 0.045
10 0.034
15 0.024
20 0.009

Table 3.1: The extracted values of V; are reported for the I-V measurements (Figure 3.7)
conducted at different temperatures in the range 0.270 K- 20 K.
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3.3 Temperature dependence of NP array electrical

conductance

The samples described in this work show a distinctive single-electron charging trend in
the temperature-dependent electrical conductance curve. The conductance S follows a
simple activated Arrhenius behavior 1.12 in the highest temperature range. This electrical
behavior crosses over into stretched exponential form described by Equation 1.36 for
the lowest temperatures and it echoes ES-VRH. The temperature-dependent data of the
electrical conductance for the four samples are shown in Figure 3.9, in which Arrhenius fits
(S(T) = Soexp[—U/kgT]) of the high-temperature tendency are displayed with dashed

lines next to the respective curve.

14 ' -
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Figure 3.9: Semi-log plot of the normalized temperature-dependent conductance of
Samples A, B, C and D over T~!. The fits of the activated Arrhenius behavior
S(T') = Spexp|—U/kgT] are shown for the corresponding curve with dashed lines.

From the slopes of the semi-logarithmic plot, the characteristic energy U can be found.
The U values, which have been extracted from the logarithmic fits on the respective range,

are reported in the following table:
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Arrhenius fit S(T') = Syexp|—U/kpT]

Sample | Temperature range (£3) [K] | U (£0.0004) [eV]
Sample A 153 - 50 0.0217
Sample B 295 - 14 0.0056
Sample C 290 - 18 0.0157
Sample D 111 - 53 0.0267

Table 3.2: From the Arrhenius-like fits shown with dashed lines in Figure 3.9 the extracted
U values for the corresponding sample.

The same curves can be displayed in a semi-logarithmic plot (Figure 3.10), in which the

x axis is 7%, Also in this graph, the slopes of the curve, extracted from a logarithmic

fit, can give direct indication of the characteristic temperature TS
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)
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Figure 3.10: Semi-log plot of the normalized temperature-dependent conductance of

Samples A, B, C and D over 7793,

The fits of the stretched exponential behavior

S(T) = Sy exp[—TF°/T]"/? are shown for the corresponding curve with dashed lines.

The corresponding span temperature range and the extracted T;”® are reported in the

table:
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ES-VRH fit S(T) = Sy exp|[-T,F%/T)"/?

Sample | Temperature range (£3) [K] | TFS (£0.4) [K]
Sample A 60 - 10 40.5
Sample B 14 -4 31.9
Sample C 24 - 12 77.1
Sample D 290 - 40 81.7

Table 3.3: From the stretched exponential fits shown with dashed lines in Figure 3.10,
temperature range and extracted T¥° value are reported for the corresponding sample.

The temperature ranges, for which the T;F¥ values have been extracted, for Samples A,
B and C are quite small. Therefore, drawing conclusions based on these findings has to
be carefully considered.

In Figure 3.10, it is possible to notice that at different low temperatures the conductance
reaches a plateau. The measurements have been taken with constant voltage through
the entire temperature range in order to not induce charge and temperature shifts. The
applied voltage has been selected in order to monitor the wider and most stable range of
current difference for the sample.

The measurements shown in this work have been taken from room temperature cooling
down to 0.270 K. The plateaus correspond to the probed current achieving the resolution
limit of the source meter. The localization length for the low-temperature range, &, can
be derived from Equation 1.37. The derived values of the localization length are reported
in Table 3.4.

§ = TraoaTE

Sample | localization length, £ [nm]
Sample A 295
Sample B 375
Sample C 155
Sample D 146

Table 3.4: Calculated values of the localization length ¢ using the extracted T,;P¥ values
reported in Table 3.3.

3.4 Discussion of the results

A direct relation among charging energy, number of particles involved in the transport,
geometry and threshold voltage of the Coulomb blockade of the arrays observed in I-V
curves is expressed by the Equation 1.34: V} 4rqy = aN E¢, already presented in Section
1.3. From the calculated charging energy of the Au nanoparticles (Ec = 0.018 /0.029 €V)
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and from the rough estimation (from the samples images) of the number of nanoparticles
(N* = 6 — 11) in the triangular array involved in the transport, a threshold voltage,
Vi(0) = 0.025 — 0.072V from the samples images, is expected. This result is good
in agreement with the threshold voltage extracted from the fit I ~ Io(V — V;)¢ of the
experimental I-V characteristics at 0.270 mK of the four samples described in this work.
In Section 1.3, it has been described that Equation 1.3: U ~ veV;(0), in which v =
0.2 — 0.5, connects the measured high-temperature Arrhenius-type activation energy U
to the array threshold voltage. From the energy gap derived by the Arrhenius fit of the
temperature dependence of the electrical conductivity and the threshold voltage at T ~ 0,
V;(0), the v coefficient of the arrays can be extracted. The values for U, V;(0) and v are
reported in the following table:

S(T) = Syexp|—U/kgT] ; [ ~ I,(V = V)¢ ;v = %
Sample | U (£0.0004) [eV] | eV;(0) (£0.003)[eV] v
Sample A 0.0217 0.0554 0.39
Sample B 0.0056 0.061 0.092
Sample C 0.0157 0.037 0.42
Sample D 0.0267 0.071 0.38

Table 3.5: U, V;(0) and v values extracted from the temperature-dependent conductivity
curves of the relative samples.

Except for Sample B, all of the other samples (Sample A, C and D) yield v ~ 0.4. This
result indicates that coherence has been found between the measured high-temperature
Arrhenius-type activation energy U and the threshold voltage and moreover, it is
consistent across three of the four samples.

In the cotunneling scenario, it has been described in Equation 1.41: I ~ V% ! that there
is a straightforward relation, ¢ = 25*—1, between the slope of the [-V curve overcoming the
Coulomb blockade and the number of junctions j* involved in the hopping transport. It
follows that the derived j* value from the ( coefficient extracted from the I-V characteristic

fit are:

(=27 -1
Sample ¢ J*
Sample A | 2.67+£0.03 | ~ 3
Sample B | 5.524+0.04 | ~ 6
Sample C | 3.46 £0.05 | ~ 3
Sample D 541 ~5

Table 3.6: ¢ and j* values are extracted from the I-V curve slopes.

The derived values of j* as number of junctions involved in the electrical transport are

smaller than the number of the sequential junctions of neighboring nanoparticles, which
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can be estimated from the sample images (6- 11 nanoparticles). This result suggests that
the current can flow by means of sequences of cotunnel events. In the theory section, it
has also been described that j* could be derived from Equation 1.39, where j* follows a
dependence on temperature like: j* oc /T

Sample D is the only sample for which a temperature dependence of the I-V curves
could be investigated. The I-V characteristics show that the temperature has a very
small influence on (. This weak temperature dependence of ( has also been observed by
others [55, 57, 62]. Elteto and collaborators [57] explained that this weak temperature
dependence of the nonlinear response implies that arrays are much more robust and
forgiving to disorder as compared to systems with a single threshold that might be
significantly affected by their local environment. The local potential is then affected by
temperature and the transmission probability of single barriers is weakly modifying the
overall array behavior. However, Tran, Beloborodov and collaborators [16, 26] observed
and described a temperature dependence of the non-linear slope of the I-V characteristics
and from this observation Equation 1.39 has been obtained.

Nevertheless, it is apparent (Figure 3.8 and Figure 3.7) that the shape of the I-V
characteristics remains almost unaffected by temperature. The change of the threshold
voltage has been reported in Table 3.1 and visually displayed in Figure 3.11. Evidence
of the roughly constant I-V characteristic slope is shown in Figure 3.8, in which the -V
curves measured at different temperatures are shifted in voltage to overlap one another.

A polynomial (1st order) fit of the data, y = A + Bz has been carried out following
the Equation 1.44: Vi(T) = V4(0)[1 — nT]. The fit coefficients A = V;(0) = 0.069V and
B = —nV,(0) = —0.0031 £+ 0.0002 V/K have been obtained. From B, the average of
charging energies in the array, Ec = 0.027eV is derived. Considering the classical and
general formula of the charging energy of a metallic sphere (Equation 1.3), it follows that
Ec = 0.027 eV is the charging energy of a nanoparticle whose radius is R = 6.9nm. This
finding is only 2.2% away from the actual nanoparticles radius (R = 6.75nm). Thus, the
temperature dependence of the measured threshold voltage provides evidence that the
effective electrical transport occurs at higher temperatures by single-electron transport
between neighboring nanoparticles. On the other hand, it has been observed that in the
low-temperature range, Sample D (as also Samples A, B and C) shows an ES-VRH like
behavior in the temperature dependence of electric conductance. It can be speculated
that R- and s- disorders in the nanoparticle array are responsible for the ES-VRH trend
observation. In this picture, charge carriers have a higher probability of hopping across
distant sites. This behavior has been proved to be a distinct signature of grain size
nonuniformity in some disordered materials [297].

The large value of the derived localization lengths in Table 3.4 is close to the separation of
the FEBID designed electrodes. Typical values for weakly coupled particles are £ < 2R.
This result could suggest that there is a reduction of the barrier heights between the
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nanoparticles and that charge carriers can hop between distant sites even covering almost
the complete array length.

The conclusion that can be drawn from these fundings is that at high temperatures the
electrical transport in the nanoparticle arrays resembles the one in well-ordered arrays
by next-neighbor tunneling and Arrhenius-like behavior in the temperature-dependent
conductance curve is observable. But as soon as the temperature decreases, the cotunnel
range increases and a crossover to ES-VRH-type transport is taking place with effectively

reduced barrier height.
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Figure 3.11: Temperature dependence of threshold voltage in the I-V characteristics of
Sample D. The I-V curves and the extracted threshold voltages of Sample D at different
temperatures are reported in Figure 3.7 and Table 3.1, respectively. A linear fit (y =
A + Bx) of the data can be performed. The slope, following the results of Parthasarathy
and collaborators [55] (Equation 1.44), can give direct information of the average charging
energies in the array. See text for details.

Simulations of the I-V curves have been conducted with SEMSIM [298]. SEMSIM is an
adaptive multiscale Simulation program for single-electron devices. Attempts to simulate
the electron transport behavior of a NP array in combination with the co-deposit effect
have been performed. Two types of simulated capacitance networks have been tested and
the results have been compared to the I-V characteristics of Sample D at 0.270 K. The
first system simulation consists of a network of tunnel junctions as capacitance-resistance
system (4x4) in series with a resistor (type a). The second simulated system comprises

of two parallel capacitance-resistance networks (3x3) in series with a resistor (type b).
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The systems can be simulated with the software in which information about junction
resistance and capacitance and node charges are provided in a parameter fit. The two

simulated systems are shown in Figure 3.12.
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Figure 3.12: On the left, a sketch of the two types (Type a and Type b) of simulated
capacitance-resistance systems by SEMSIM [298]. On the right the respective description
file of the different tunnel junctions (capacitance-resistance) and single offset charges are
displayed. For Type b two different junctions groups are describing the two different 3x3
tunnel junction matrices and they are outlined with red circles in the file part shown.

Two simulations (2, 3) for system type a and one simulation (4) for system type b are
shown in Figure 3.13.

The simulated curves have quite different shapes outside the Coulomb blockade region.
It is expected that good agreement between simulations and experimental data can be
achieved by suitable model system and parameter selection. The improvement of these
simulations is beyond the purpose of this analysis. However, describing these rough
simulations aims to highlight that adaptive simulations of the measured system can help
to understand the electrical behavior of complex arrays in which the transport can be
the result of the convoluted interplay of different effects.

In the present case, the transport among nanoparticles remains the prevailing electrical

transport interaction.
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Figure 3.13: Two simulations (2, 3) for type a system and one simulation (4) for a type
b system have been conducted. The parameters defining the system are reported on
the left. The obtained I-V characteristics simulations are shown in comparison with the
experimental I-V curve measured for Sample D at 0.270 K. The simulations yield quite
different shapes of the I-V curve as soon as I # 0. It is foreseen that with further
improvement of the simulated system a good match with the experimental data can be
accomplished.

It is worth mentioning that in general the ES-VRH behavior has been observed in small
temperature range for which the current has been very small and near to the lower current
limit, maybe already compromising the measurements’ truthfulness. The plateau of the
conductivity curves observed in Figure 3.10 has to be traced back to the current reaching
the lowest current limit measurable with the source meter. Therefore, the current values
of the I-V characteristics of Sample D at lower temperature are more reliable than the
ones measured during the continuous temperature dependence of current at fixed applied
voltage (0.01 V). At the same time, Sample D is the only sample for which the ES-VRH
behavior can be found over a larger temperature range and almost covering the complete
temperature range investigated. The observation of ES-VRH can be explained as an effect
of the disorder generated from the nanoparticle radius and separation disorder. However,
the properties of the array prove to be robust enough to show single-electron transport
through the nanoparticles.

It is important to say that a consistent number of arrays has been analysed during the
research work (17) and their description is not included in this work because they showed
simple metallic behavior (no Coulomb blockade in the lowest temperature range) or, on
the contrary, they were not showing any tunneling current. In the first case, the co-deposit
of the Pt FEBID contacts has been enough to provide favorable current percolating paths

through the array producing ohmic electrical contact between the FEBID contacts. For
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the second case, as a consequence of the FEBID deposit shrinking effect resulting from the
purification treatment, the post-treated electrical FEBID deposits have been too porous to
serve the scope of being the electrical elongation of the Cr-Au UVL contacts. However, the
samples presented in this work have been the result of a FEBID contact dose optimization.
The investigation served to find the right dose and patterning strategies which could
provide enough Pt-material to supply a continuous electrical connection through the whole
deposit elongation and, on the same time, being just enough in order to not compromise
with the co-deposition of Pt the single-electron transport between the nanoparticles.

It follows that the co-deposit interference in the single-electron transport of NP arrays
contacted by FEBID-based contacts is a factor that could have a significant effect.
Moreover, the co-deposit effect has the complexity to be not topographically uniform
since the Pt-grains in the co-deposit are different in size and their density is higher in
proximity to the FEBID deposit border. Therefore, its presence increases the complexity

of understanding electron transport in the analysed NP arrays.

3.5 Conclusions

The present study of NP arrays provides evidence of single-electron charging effects
in temperature-dependent measurements of the electrical conductance. The electrical
transport mechanism is indicated by the Arrhenius-like behavior and the Coulomb
blockade observation in the I-V characteristics. Arrhenius behavior has been found over
a wide temperature range for selected samples (Figure 3.9) and is typical for low-disorder
granular metals.

Moreover, the extracted activation energy U of the Arrhenius-like behavior shows a strong
match with the threshold voltage extracted from the I-V characteristics fit. The same
accordance is kept for three of the four samples presented.

As a further result, the shape of the I-V characteristics of Sample D is weakly affected by
temperature. The threshold voltage at different temperatures is shifted linearly towards
smaller threshold values. The threshold vanishes and the nonlinear, Coulomb blockade-
type I-V characteristic changes to ohmic behavior near zero bias once the temperature
exceeds T* > 30 K. From the linear temperature dependence of the threshold voltage,
confirmation has been found that the size of the grains participating in the single-electron
transport agrees very well with the actual size of the nanoparticles. From this result, it is
possible to speculate that the increase in the local potential disorder, which is generated
from the nanoparticle radius and separation disorder, it is confirmed by the ES-VRH-like
behavior for the low-temperature dependence of electrical conductance, but it is still not
strongly affecting the single-electron transport through the nanoparticles. However, the
co-deposit is a FEBID technique-related drawback that in the described FEBID deposit
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application can have a considerable intruding effect in the single-electron transport within
NP arrays as soon as the dimension of the array is becoming smaller. Evidence of this

issue is reported in the next Section.

3.6 Single-Electron Transistor device fabrication by

using Au-NP as island

The promising results obtained from the NP arrays encourage to use the same fabrication
technique for the SET device assembly. Small groups of 2-3 nanoparticles, like the ones
shown in Figure 3.14 inset 1, have been selected to be the center of the SET Pt-C FEBID
pattern for the source-drain-gate design configuration. Pt-C FEBID deposits have been
used also in this application as elongations of the UV-lithography defined contacts. The
FEBID structures have been later subjected to the catalytic purification described in
Subsection 2.3.1.4.

Since the SEM image is subject to a small drift in the patterning process, the selection
of a small group of nanoparticles ensures that at least one of them can be found in the
middle of the gap between the source and drain leads. Figure 3.14 shows one of the
structures obtained. The corresponding I-V characteristic depicted in Figure 3.15 recalls
the typical Coulomb staircase of not symmetric tunnel junctions. However, the current
behavior for negative applied voltages differ considerably from the corresponding positive
voltages. The odd behavior of the I-V measurement has been observed several times
(3). Unfortunately, sweeping the voltage for a larger range (-0.7-0.7 V) caused electrical
failure of the structure.

Although the particular I-V feature has been observed just for the structure presented
in this section, this type of structures so far have not shown a clear and reproducible
trend. It can be speculated that the involvement of more than one nanoparticle in the
tunneling process and/or the participation of the Pt co-deposit disguise the tunneling
among source, nanoparticle and drain. As a matter of fact, the most of the SET-like
structures fabricated with the described method showed metallic behavior down to the
lowest temperature reached with the *He-cryostat (about 0.270 K).

The Pt co-deposit is a consequence of the FEBID technique itself, giving the formation
of trapped charges around the island promoting cotunneling effects that short the single
electron transport through the island. Unfortunately, in the course of the Pt-FEBID
based contacts optimization that guarantees that the leads are thick enough and without
critical cracks in their porous topography, the minimal dose ensuring metallic leads is
already enough to lead to Pt co-deposit over a few tens of nm (FEBID contacts separation
in the SET configuration), disturbing the single-electron charging effect between the

leads and the nanoparticle in the center.
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Figure 3.14: SEM picture of a SET-like structure obtained by using Au-NP as SET islands
and Pt purified FEBID deposits as elongations to the Cr-Au UVL contacts. Source, drain
and gate contacts as indicated. Inset 1: Example of the Au-NP groups that have been
selected as center of the SET Pt-C FEBID pattern design. Inset 2: Closeup of the gap
between the source and the drain lead is shown. T'wo nanoparticles are recognisable in the

contacts separation. However, other grains are visible in their surrounding as consequence
of Pt FEBID co-deposition.

& 1K ‘ ]

-0.4 -0.2 0.0 0.2 0.4
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Figure 3.15: [-V characteristic of the sample shown in Figure 3.14. The electrical
measurement has been conducted in a 3He-cryostat at 1 K. The I-V curve resembles the
trend of a Coulomb staircase. However, the current behavior does not show symmetric
step shape along negative and positive applied voltages.
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A ’stitching’ technique of writing in separated steps has been used. In this way, better
resolution and less pronounced electrostatic beam shift have been achieved in order
to better match the group of nanoparticles in the middle of the contacts. First the
elongations to the UV-contacts have been written and secondly the three-leads design in
a restricted field of view has been written with Pt-C FEBID. Again, the shrinking effect
of the deposited design generated cracks in the deposit junctions due to the carbon loss
in the course of the post growth purification treatment [15]. In Figure 3.16 an indicative
structure for which the effect damaged the complete structure functionality is shown.
Those results demonstrate the unsuitability of this nanofabrication method to SET
design applications.

For practical applications it is much more desirable to have the capability to fabricate
nanostructure dots in an intentional fashion rather than relying on the random occurrence
of small NP groups and the small chance to match them in the middle of the SET
pattern. Moreover, it is foreseen that FEBID co-deposit effects have to be avoided.
Therefore, different approaches have been tested for the SET nanofabrication. Some of
them, have not been successful. A brief description of them is given in Appendix C.

The final and most promising approach for the fabrication of SET has been carried out
at the end of this research work. It includes the use of Ga™-FIB milling for the electrodes
and nanogap definition. The island is fabricated by Pt-C FEBID and subjected to
electrical irradiation. Finally, the island (and consequently its surrounding) is subjected
to Ar-etching. By using the plasma Ar*-etching, the thin layer of Pt co-deposit has

been removed. A detailed description of the nanofabrication method is given in Chapter 4.

Figure 3.16: SEM picture of the center area of a typical Pt purified FEBID SET structure,
in which NP have been used as islands. Few nanometer wide cracks are well visible in the
overlapping areas of the 2-step fabricated FEBID deposits. The cracks prevent that the
written structures serve as metallic elongations of the Cr-Au UVL contacts.
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SET with Pt FEBID island by

localized plasma Ar'-etching

In this chapter, a set of experiments and results on the Single-Electron Transistor (SET)
device fabrication using FEBID for island definition between pre-fabricated SET electrode
structures are reported.

The fabrication method presented here assures, thanks to the combination of several
preparation steps, defined placing of the nanoisland and proper tuning of the island’s
tunnel coupling with the drain and source leads.

The particular nano-granular structure of the island and its in situ inter-grain tunnel
coupling tunability by post-growth electron irradiation allows the proper control needed
to study the interplay of the island’s electronic granularity properties and the SET device
performance. In addition, a novel in situ Argon ion etching process is used to remove
FEBID-associated co-deposit in proximity of the island. The co-deposit has been detected
as main counterproductive effect for the constrained single-electron tunneling through the
SET island. In particular, the co-deposit generates unwanted leakage effects and undefined
tunneling barriers between the metallic components of the device. In this work, several
nanofabrication applications in which the co-deposit has impaired the devices functioning
have been presented in Chapter 3 and Appendix C.

At the end of this chapter, the low-temperature properties and performance of the
obtained SET devices are presented and shown as proof of the successful fabrication
approach. The single-electron transport characterization of the devices is presented
in Section 4.2. The experimental results show stable SET operation tuned by the
modification of the tunnel coupling strength inside the island and between the leads. The
change of the tunnel coupling is realized by accurate dosage of the electron irradiation
of the SET island region. Moreover, in the article related to these findings [14],

confirmation of the obtained results is provided by capacitance simulations performed
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with the software Fastcap2 [299] and by complementary simulations of the SET current-
voltage characteristics based on the master equation approach (see e.g. [300, 301]). The
results presented in this chapter give an important contribution to the application study of
using single-electron effects in SET as controlling mechanism for local potential and charge
changes. Moreover, through the proposed fabrication method, it has been demonstrated
how the electronic properties of the SET device can be adjusted in order to fine tune the

single-electron tunneling in the sensing island.

4.1 The importance of nanoisland and nanogap
definition in SET fabrication

The fabrication of SET devices for operation in the tens of Kelvin range is nowadays still
challenging. Several methods have been developed in the last decades to enhance the
control of the tunneling nanogaps and island fabrication to far below 100 nm.

However, for all the fabrication techniques, the biggest preparation challenges are the
nanoisland placing between the electrical contacts and the high-definition establishment
of nano-tunnel junctions. In general, the commonly used approaches for SET fabrication
stand out in either the tunnelling junction fabrication or the island definition. For
example, techniques like shadow evaporation [302-305], mechanically controlled break
junctions [306, 307], electromigration [308, 309], scanning single-electron transistor
microscopy [310-313] and scanning probe microscopy combined with nano-oxidation
[314, 315] have, as main focus, the perfect definition and tuning of well-defined tunnel
junctions. The combination of those techniques with the last decade development of
nano-objects as nanoparticles [316-321], nanotubes [322, 323], fullerenes [324-326] and
single-molecules [327-329] brought the tunnel junction and island definition to a new level,
on which room temperature operating SET can be foreseen and thus become available for
countless applications.

Considering the power of technique combinations in order to address both definition
and positioning of nanogaps and nanoisland, a multistep fabrication technique has been
developed during this work. The method is described in the following paragraphs.

The approch is based on the use of FEBID to provide a defined nanoisland and tunable
tunneling gaps. For instance, previous experiments have demonstrated that FEBID is a
suitable technique for island definition in SET fabrication [330-334]. As a matter of fact,
FEBID is not only a perfectly suited technique for precise positioning and deposition of
a nanometrical island but, thanks to the properties of the Pt-C FEBID material itself,
a post-growth treatment, as electron irradiation, can accurately tune the tunneling rate
and probability from and to the island. The effect of a post-growth electron irradiation

treatment has been described in Subsection 2.3.1.4.
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The fabrication steps involved in the preparation of the SET devices include:

Substrate preparation

Initial contact definition step (Ga*-FIB milling of Cr-Au UVL contacts)

Pt-C FEBID island deposition in the nanogap between the source and drain contacts
Post growth irradiation of the Pt-C FEBID island

Slight plasma Ar*-etching of the centre of the structure

ARl

In the following paragraphs, the different steps are described.

4.1.1 Substrate preparation

P-doped (100) silicon 1x1cm? substrates insulated with a 200 nm thick thermally grown
Si02 layer have been used as chip base. 24 contact electrodes of circa 30 nm Cr-Au have
been fabricated on the substrates by UV-lithography (the technique description can be
found in Subsection 2.1.1). A closer SEM look of the chip center is shown in Figure 4.1. In
the center of the chip, a maximum of 6 SET devices, indicated to the 6 crosses, indicated
with orange arrows in Figure 4.1, can be prepared on the chip.

After the substrate has been mounted on a carrier holder, it is inserted in the dual-beam
FIB-SEM system FEI Novananolab 600. In the chamber of the system, the following
fabrication steps entailing Ga™ ion-milling of the contacts, island deposition, post-growth

irradiation and localized ArT-etching take place.

Figure 4.1: A SEM overview picture of a chip in which the 24 contacts are combined in
cross-like configuration. In this way, from the crosses indicated with orange arrows, 6
SET devices can be fabricated on the same chip.
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4.1.2 Electrical contact definition by Ga™-FIB milling

As technique to provide the smallest possible gap between contacts in a reproducible and
reliable manner, Ga*-FIB milling is used to design the contacts in order to separate the
cross 4-terminal Cr-Au UVL pads in 4 disconnected contacts: source, drain and two gate
leads. In order to accomplish this purpose, Ga™-FIB milling is performed by using the
Ga gun installed in the dual-beam FIB-SEM microscope. Thereby, a gap of few tens of
nanometers is formed between the device leads. Details about the FIB milling technique
and the used system are given in Subsubsection 2.3.4.1.

Preparatory experiments on a single Cr-Au contact have been performed in order to
establish the appropriate milling dose to ensure the smallest contact separation and
highest electrical isolation for the following SET device design. Figure 4.2 shows a
tested prototype. An initial milling step has been executed in order to separate the large
electrode area and restrict the gap milling on a 1 um? region. The size of this region
is comparable to the one that would be used in the following SET design experiments.
From later conducted AFM investigations, a recess of 40 &3 nm has been measured.
Hence, 30+ 1nm of the Cr-Au contacts and 114+ 3nm of SiO, have been milled out
during this first step. A second milling step has been carried out on the side of the
newly defined electrodes in order to erase redeposition of material due to the first milling
step. Thereby, 30 + 6 nm hollows have been milled further in the SiO5. As final milling
step, the electrode in the middle has been milled in order to obtain two separated leads
for source and drain. The final cut disconnecting the source and drain electrodes has a
thickness of 50 £ 7nm. For all the milling steps, 30kV acceleration voltage, 10 pA beam
current, dwell time 200 ns and 800 passes have been used as process parameters.

The resistance of the contact on a 2-probe configuration has been measured before
and after the final cut to prove the electrical isolation after the final milling step. The
resistance of the electrode before and after the final milling step has been circa 400 (2
and around 40M¢2, respectively. This preparatory test set the basic proof that the
Ga™-FIB milling technique can yield complete electrical isolation of the leads maintaining
a nanometrical gap separation. Following this result and patterning strategy success, the
actual SET design has been fabricated using a cross 4-terminal Cr-Au UVL structure on
a 4 leads configuration design in order to separate source, drain and two gates. In Figure
4.3 the SET milling design and the obtained structure are shown. Firstly, large areas (in
transparent green) have been milled with the following process parameters: acceleration
voltage, 30kV; beam current, 10 pA ; dwell time, 200 ns and 800 passes. Afterwards, deep
lines (in solid green) have been milled with beam parameters: 30kV; 10 pA ; 200ns and
1400 passes to guarantee that redeposited material from the large area milling step did

not result in a weak electrical contact.
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Figure 4.2: SEM pictures of a typical prototype structure on which milling doses have
been tested in order to achieve the smallest gap separation and electrical isolation. a)
The Cr-Au pad is shown after the first two milling steps. b) The tested structure after
the final milling cut is shown. Inset: Closeup of the fabricated separation. The cut looks
homogeneous and its depth by AFM measurements has been found to be about 50 nm.
High-resistive measurements of the structure confirmed the electrical isolation achieved
by the Ga™-milling of the disconnected Cr-Au pads.

Figure 4.3: SEM pictures of the obtained structure. a) The structure is shown before the
milling process. In transparent green and in solid green, the first and the second milling
patters are depicted. b) The final SET design structure is shown after the complete Ga*-
milling process. Inset: Closeup of the central region of the structure. Very high definition
and fast fabrication of the gaps have been obtained thanks to the Gat-milling fabrication
strategy.
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As last step, the milled line in the middle between the source and drain lead have been
milled with 30kV; 10 pA ; 200ns and 700 passes. The gap obtained between source and
drain is about 50 nm and the resistance between source and drain has been found to be
in the range 20-40M¢2. No evidence of appreciable leakage between source and drain
contacts due to Ga™-ions implantation [286] in the SiO, has been observed (0.1 pA at 2V
after Ga™-milling). The distance between the cross center and the two gate electrodes

has been around 150 nm.

4.1.3 Pt-C FEBID island deposition

The nano-granular Pt-C island has been obtained by FEBID using the precursor
MesPtCpMe (details about the precursor are given in Subsubsection 2.3.1). The
deposition has been performed with patterning parameters: 15keV (electron beam
energy), 140pA (beam current), 25us (dwell time) and 100 passes. The pattern with
1 pixel has been placed in the center of the narrow milled gap. The chamber pressure

during deposition has been about 7.5 x 10° mbar.

Figure 4.4: SEM pictures of a SET device before (a) and after (b) Pt-C FEBID island
deposition. In green the 1-pixel pattern of the electron beam engine software is visible.

4.1.4 Post-deposition irradiation of the Pt-C FEBID island

As a result of the low metal content of the Pt-C FEBID deposit (see Section 2.3.1 for more
details), no single-electron conduction mechanism can take place between the source/drain
lead and the island.

Towards the electrical conductivity improvement of the Pt-C FEBID island by increasing
its inter-grain tunnel coupling, the island has been subjected to a localized post-growth

electron irradiation treatment. This post-growth technique has been described in Section
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2.3.1.4. It has been carried out 3h after the deposition, in order to ensure complete
removal of residual precursor in the dual-beam system chamber and avoid further material
deposition driven by the irradiation treatment.

Taking the irradiation results on Pt-C FEBID deposits described from Sachser et al. [15]
and reported in Figure 2.17 into account, the SET devices have been electron irradiated
with the electron doses 0.1 /0.2 /0.5 /1 /3 uC pm~2. By this means, the effect of the island
irradiation doses, spanning the whole metal-insulator transition, could be investigated.
In this work, the results of two samples are presented. Sample A and Sample B have been
treated with the irradiation doses 3 uC pym=2 and 1uC um~2, respectively. The different
electrical behaviors, associated with the distinct inter-grain tunnel coupling inside the
sample islands and adjusted by the different dose, are presented in Section 4.2. It is
important to mention that the samples subjected to lower irradiation doses (0.5 uC pm =2
and lower) did not show SET behavior.

After the electron irradiation treatment, Sample A and Sample B showed a drain-source
resistance (Rys = Rp + Rg) at room temperature of 2.7k and 6.3 k{2, respectively.

4.1.5 Co-deposit etching by Ar-localized plasma polishing

As already described in Subsection 2.3.1.3, the result of the interaction of secondary
electrons in proximity of the defined FEBID pattern with the precursors molecules leads
to co-deposition of material nearby the island as a counterproductive effect of the FEBID
deposition. Because of this, as the last step in the SET fabrication, the island region has
been subjected to localized Ar*-etching inside the dual-beam FIB-SEM chamber using a
beam-induced polishing and sputtering system (BIPS) installed in the system by Thermo
Fisher Scientific [288]. Thus the removal of the co-deposit halo in proximity of the island
has been achieved. A description of the localized Ar'-etching can be found in Paragraph
2.3.4.2.

In Figure 4.5, a SEM picture of the Ar nozzle above the SET device target is shown.
Notice in Figure 4.5, ESD can take place on the substrate and disintegrate the electrodes
if, during the Ar* ion-etching, an additional bias is applied between the contacts and/or
the etching lasts longer than 1 min. For this reason and to better monitor the resistance
of the device, short etching exposures have been used and the resistance has been
measured without plasma voltage application.

The plasma has been run for four times in 15 seconds intervals. In this way, the island
region of the SET devices has been etched eliminating the about 1nm thick co-deposit
halo over an etching area of approximately 20 ym diameter. The island region of every
structure has been exposed to 60s overall etching time. The resistance between source
and drain have been measured after every Art-etching interval. The ion etching timing

has been chosen so that the in situ measured drain-source resistance (Rqs = Rp + Rg) at

152



Section 4.1

room-temperature ended up in the range of 500k(2 to 5 M(2. Moreover, the drain-source
current in between the Ar™ ion-milling intervals has been carefully in situ monitored
in order to ensure the condition, for which Coulomb blockade effects occur, such as
Rg/p > 26 k(2.

300 um

Ar-nozzle

—
%

#

x|
=\
=

Figure 4.5: SEM overview picture of the Ar nozzle on a target structure. Distance between
the nozzle and the substrate, voltage applied and etching time have to be finely tuned in
order to control the process. Otherwise, discharge effects, such as the one observable in
the picture, can take place.

After the etching process and still inside the dual-beam FIB-SEM chamber, Sample A had
a total resistance of 1.6 M) and Sample B of 2.8 M{). No hysteresis in the current-voltage
characteristics have been observed at low-temperature. This results provided a direct
experimental evidence of the absence of charge traps. This outcome is quite important
since it has been demonstrated that comparable devices often experience localized states
that lead to hysteresis observation [335, 336].

The room temperature resistance values did not change by more than 5- 10 % towards low-
temperatures. However, junction resistances at low-temperature could be extracted by a
linear fit of the I-V curve over very limited Vs ranges only since the current increased
steeply out of the Coulomb blockade region and could not be measured at higher Vg,
without destroying the SET structure. It follows that accurate junction resistance values
at low-temperatures can not be provided.

SEM pictures in tilted and lateral view of a typical fabricated SET are shown in Figure
4.6 (a) and (b). From the pictures, it is possible to appreciate the definition and the
extraordinary island placing accuracy of the Pt-C FEBID island in the middle of the

device contacts.
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Figure 4.6: SEM pictures of a fabricated SET device in tilted view. a) Rotated closeup
of the device central area. b) Closeup of the island region. Very good definition and
localization of the island deposition has been achieved.

4.2 Evidence for single-electron transport

Theoretical details about the SET operation and the single-electron transport evidence
in SET have been given in Subsection 1.5.2 of the theory chapter. For clarity, in
Figure 4.7 a SEM picture of Sample A and the corresponding circuit diagram of the
fabricated SET are shown. In this case, the total gate capacitance can be expressed as
Co = Cg,s + Ca,s + Cy = Ci + Cy, where Cj is the background capacitance formed by
the gate electrodes and the p-doped Si substrate.

In order to study the single-electron transport in the devices and screen their operation
from thermal energy interference, the samples need to be cooled down to very low-
temperature. Electrical transport measurement of the devices in a temperature range
from 270 mK and up to 160 K have been conducted after sample preparation in a 3He-
cryostat equipped with a vacuum-sealed insert. Particular care has been taken in keeping
the time period between venting the SEM and mounting the samples in the evacuated
cryostat insert as short as possible in order to minimize deposit aging effects [337, 338].
A Keithley two-channel source meter (model 2636A) has been used as voltage source and
2-probe DC current measurement instrument. The common ground for the system is the
ground potential defined by the insert and in order to avoid current loops, the source
contact has been forced to the same ground. Complimentary 4-probe measurements have
been used to verify the contact and wiring resistance that resulted to be about 300 2.
Current-voltage characteristics data have been gathered at 270 mK measuring I;; while

Vs has been swept continuously between positive and negative voltages through the first
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channel of the source meter. The swept V;, maximal ranges have been +0.06V and
+0.04 V for Samples A and B, respectively. A constant Vj, voltage has been applied with
the second channel of the source meter. The I-V characteristics have been collected for

positive gate voltages in 0.05V steps up to 5V.

Source

Figure 4.7: a) SEM image of Sample A. The island is placed between source and drain
leads forming two tunnel junctions (Jsy, Jrp). In addition, two gates, G; and G, are
used to tune the single elctron tunnelling into the island. b) SET circuit diagram of the
samples. The image is used with permission from [14].

A SEM view of Sample A with the used measurement wiring configuration and the
relative current-voltage characteristics observed at 270 mK in the *He-cryostat are shown
in Figure 4.8.

From Figure 4.8 (b), thanks to the 3D overview, peculiar features of the I-V characteristics
can be noted. Such aspects like diamond-shaped regions around zero drain-source voltage
Vs, as well as the step-like increase of the drain-source current Iz vs. Vy, at a gate-voltage
dependent threshold voltage are typical for a functional SET. In particular, by inspection
of the I-V characteristics for three different gate voltages (Figure 4.9), it is possible to
observe that the curves show the special staircase behavior that has been described in the
dedicated paragraph of the theoretical Subsection 1.5.2.1. For those curves, it is possible
to observe that for positive Vj, the plateaus are occurring with AVj, separation at a
comparable I;5 (~ 3nA and 5nA). This feature is associated to the increasing probability
of excess charge occupation on the island with one additional electron charge increases
from 0 to a finite value (n = +1, 2). From Equation 1.87, an approximate resistance
value of the second tunnel junction can be derived, Rp = 12.3 M. This result allows
to speculate that the junctions have quite different values of resistance and the lower
transparency of the second junction provokes the increased probability of storing excess
charges in the island. However, the plateaus appear for the other I-V characteristics
(Vs = 1V) at different I;,. Moreover, for negative Vg, the step is smoother and even

there for the same I-V curve a different Al;, can be calculated. For this reason, from
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the step-like behavior it is not possible to extract direct information on the associated

junction resistances.

Figure 4.8: a) SEM picture of Sample A and the electrical measurement setup used in the
*He Cryostat. The image has been adapted from Figure 2(a) in [14]. b) 3D representation
of I-V characteristics of Sample A at 270mK for V,, up to 5V.

The most interesting and distinct feature of the I-V characteristics recognizable from
Figure 4.8 (b) are the Coulomb diamonds. Better evidence and analyses of the Coulomb
diamonds can be obtained by numerical differentiation of the I-V curves shown in
4.8 (b). In this way, a color coded stability diagram of the differential conductance
dI/dV for Sample A at 270mK can be drawn for the corresponding Vy, and V; such
diagram is shown in Figure 4.10 (a). It appears that the Coulomb diamonds recur
periodically and with constant shape along V. Starting from V,; = 0V and applying
positive bias, the largest Coulomb blockade is at V,; = 0.15V and occurs periodically
with comparable extension every 0.75V interval. As described in the Subsection
1.5.2.1, from the period extension it is possible to extract the gate capacitance as
Co = Cq, + Cq, = 0_‘765“/ = 0.21aF. A background charge, )y, causes the initial shift
(0.15V) of the Coulomb blockade with maximal threshold voltage on the Vj,-axis. Qg
can then be calculated as Qy = Cg x (0.75 — 0.15) V= 0.76]e| using Equation 1.91.

In addition to that, the direct observation of the maximum threshold voltage V!** =

le]

Cx,

with Cy, = Cp + Cg + Cg allows to extract the charging energy Ec and the total
62 —

SET capacitance Cy directly from the stability diagram, Fo = 50, — 0.018eV and

Cy = 4.33aF. Moreover, the particular symmetric shape of the diamonds discloses
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that Cp and Cg are very similar and Cq < Cg/p. This particular case has been
described in more detail at the end of the dedicated paragraph "Coulomb diamonds”
in the theoretical Section 1.5.2.1. From the stability diagram the capacitance values
Cs/p = 2.06aF and Cg = 0.21aF have been deduced. These capacitance values have
been shown to be plausible by area iterative and adaptive multipole algorithm based
simulations. The simulations have been conducted by M. Huth considering the device
geometry and material property employing Fastcap2 [299] with less than 7% tolerance.
Further information and details about the simulations and the obtained results can be

found in the dedicated discussion subsection of [14].
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Figure 4.9: Three I-V characteristics at different V;, show Coulomb staircase behavior.
However, for different Vi, the plateus occur at different I,. Adapted from [14]. Inset:
Numerical derivative of the I-V curve at V, = 0.75V. It helps to identify the occurrence
of the plateaus and the corresponding charge occupation in the island.

In figure 4.10 (b), the corresponding Coulomb oscillations of Sample A for Vs = 5, 10, 15
V are shown. The V,, dependence of I, is then shown. The Iy peaks correspond to the
suppression of the Coulomb blockade resulting in an ohmic device behavior induced by
Vgs = 0.55 + w0.75, where w is the peak number. For each peak, the total charge of
the island will gain one extra electron charge, g.. In the dedicated paragraph of Section
1.5.2.1, the Coulomb oscillation feature is described.

By resolving the tunneling rates between the island and the drain and source electrodes,
the probabilities for excess charge occupation p(n) on the island in the stationary
case, following a master equation approach [301], can be calculated. As a result, I-V

characteristics, stability diagram and Coulomb oscillations using the deduced capacitance
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values and the experimental drain-island-source measured resistances can be simulated.
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Figure 4.10: a) Charge stability diagram of Sample A at 270 mK. The symmetric and
well-defined diamond shape indicates that Cs = Cp, Cq < Cg and very reliable device
performances. On the graph, dashed lines mark the V, values for which in (b) the
associated Coulomb oscillations are displayed. b) The Coulomb oscillations for the
reported Vs voltages are shown. The peaks are periodically spaced and the height is
depending on the Vy, applied. Adapted from Figure 4 in [14].
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Figure 4.11: Stability diagram (a) and Coulomb oscillations (b) as obtained from
simulations using the parameters: Cs = Cp = 2.06 aF, Cqs = 0.21aF, R¢ = Rp =
0.75 M€, Qp = 0.76]e| and T" = 0.3 K. Figure used with permission from [14].

M. Huth run simulations for I;,(Vy) and different values of Rs = Rp comparing the
results with the experimental I-V characteristics. Good correspondence was found for
Rg = Rp =0.75MQ or Rg + Rp = 1.5 MS2 which is almost identical with the measured

room-temperature drain-source resistance of Sample A. The simulated stability diagrams
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and the Coulomb oscillation for these device parameters are shown in Figure 4.11(a) and
(b). The agreement between simulations and experimental measurements is particularly
evident by directly comparing the results (device parameters, current peak positions of
the Coulomb oscillations), see Figure 4.12. The values differ by less than 5%.
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Figure 4.12: a) Table of device parameters for Sample A as deduced from experiment
in comparison with the parameters deduced from the capacitance calculations and the
junction resistance used for the simulations. b) Graph of current peak positions for
Sample A as extracted from the measured current-voltage characteristics (full symbols,
Figure 4.10) in comparison to the current peak positions as obtained from the simulations
(open symbols, Figure 4.11). For maximum extraction of the experimental current peaks,
I45(Vys) was Gauss-fitted for the corresponding V. Figure adapted from [14].

Another way to suppress the Coulomb blockade is by temperature. In Figure 4.13,
the I-V characteristics of Sample A for different temperatures and fixed gate voltage
(Vs = 0V) are shown. As a result of the higher thermally induced tunneling probability
for increasing temperature, Coulomb blockade shrinkage in the device characteristics is
observable. It has been found that device characteristic linearization occurs at about
160 K. This result is in good agreement with the theoretical operation range of the device
if the extracted charging energy Feo ~ 0.018eV, which involves about 210K thermal
energy, is taken into account. In particular, if the common criterion Fo > 7kgTiayx iS

considered [90], reasonable SET operation can be foreseen up to about Tp.x ~ 30 K.

Although, for Sample A, a proper single-electron transport and exemplary device
functioning has been displayed, the same can not be said about Sample B.

Sample A and Sample B look quite comparable from SEM images, but Sample B has
been subjected to a smaller post-growth irradiation dose (1uxCpum=2). The different
irradiation dose induces no evident change in the device shape. In Figure 4.14 (a), a

SEM picture of Sample B is shown.
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Figure 4.13: The temperature evolution of the I-V characteristics of Sample A at fixed
Vgs = 0V. The temperature increase leads to Coulomb blockade shrinkage. The Coulomb
blockade is completely suppressed at 160 K, when the I-V characteristic is linear. In the
inset the positive [-V characteristics are shown in a semilogaritmic graph in order to show
that most of the curves have the same exponential behavior with exponent ~ 2. The figure
is adapted from [14].

The I-V characteristics of Sample B for different gate-voltages (up to 5V) are shown as
3D graph in Figure 4.14 (b). As it can be noticed from the device I-V characteristics,
Coulomb blockade regions are present also in Sample B curves. However, they are less
defined than the ones of Sample A, which are shown in Figure 4.8 (a).

More evidence of the indistinct single-electron behavior can be found in the charge
stability diagram of Sample B at 270 mK shown in Figure 4.15 (a) and obtained by
numerical differentiation of the I-V curves of Figure 4.14 (b). Without doubt diamonds
can be identified in the stability diagram. However, the diamonds show remarkable
changes in the recurring shapes. The oscillation structure looks more complex and
irregular if compared with the Coulomb oscillations of Sample A shown in Figure 4.10.
As it can also be noticed from the corresponding Coulomb oscillations in Figure 4.15 (b),
a periodicity in the Coulomb diamonds and consequently in the Coulomb oscillations is
not clearly evident. Moreover, the oscillations for V;; = 15mV do not show necessarily

the complete inhibition of the tunneling transport.
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Figure 4.14: a) SEM picture of Sample B. b) Projected 3D representation of the current-
voltage characteristics of Sample B for different gate voltages at 270 mK. The figure has
been adapted from [14].
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Figure 4.15: a) Charge stability diagram of Sample B at 270 mK. The diamond regions
present variation in shape and periodicity. The Vj, voltages, for which the Coulomb
oscillations in (b) are shown, are highlighted with black, red and blue lines for the values
reported in the legend. b) Coulomb oscillations of Sample B for different drain-source
voltages Vg, as indicated. Adapted from [14].

From Figure 4.16, which displays the temperature-driven device characteristic change
for fixed gate voltage (V,s = O0V), it is directly possible to recognise that the I-V
characteristics are diode-like asymmetric and that the threshold voltages reach absolute

maximum values of Vg 05 = 0.023V and Vs ey = 0.015V for positive and negative bias,
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respectively. These results are quite different from the symmetric threshold voltage value
observed for Sample A (Vs maz = 0.035 V).

Another distinctive difference from Sample A is the device operation temperature range
of Sample B. As it is clearly noticeable from Figure 4.16, the Coulomb blockade region
of Sample B shrinks more rapidly with increasing temperature compared with the one
of Sample A (Figure 4.13). Moreover, the Coulomb blockade disappears already at
T > 77K, as it is expected due to the smaller charging energy.
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Figure 4.16: I-V characteristics of Sample B for the indicated temperatures. The device
characteristics show a diode-like behavior with asymmetric threshold voltage for negative
and positive applied voltage. Complete suppression of the Coulomb blockade is reached
at about 77 K. Figure adapted from [14].

4.3 Modulation of the SET-performance

The advantage of using the FEBID technique for the island definition does not only
derive from the direct-write nanofabrication approach that the method offers, but also of
the particular composition of the material, whose electrical conductance is easy to tune.
In particular, the nature of the Pt-C FEBID material, consisting of 2-3nm Pt grains

embedded in a carbonaceous matrix, can be especially useful for the fabrication of tunnel
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junctions. Therefore, as soon as the conductance between the grains in the island is
about g ~ 0.1 and if the number of grains is not too small, cotunneling events spanning
from drain to source can be effectively blocked. Moreover, the electron transport inside
the island is not negatively affected, because the conductance inside the island is still
large enough to not compromise its quasi-metallic behavior.

The use of electrical irradiation to change the electrical properties of the Pt-C FEBID
island is a technique that has demonstrated the capacity to increase the conductivity of
the whole FEBID material changing the interplay of gy (intra-grain conductance) and
g/ (conductance between an electrode lead and the most favorable metal grain in the
island). The electron irradiation effect on Pt-C FEBID deposits has been described in
Section 2.3.1.4.

Figure 4.17: Schematic of the fabricated SET structure with highlighted nano-granular
structure of the island. The electron transport through the island is described by the
interplay of different tunnel conductances. The dashed red line represents a cotunneling
electron transport. The figure is used with permission from [14].

It is important to point out that g is an effective quantity and may itself be written
following the Landauer equation in which the final conductance is normalized to the
conductance quantum Gy. It is expressed by the sum of all conductance channels, which

the electron goes through when it is propagating through the nano-granular island [78]:
n

where T, are the transmissivities of the transport channels in the conductor. However,
the identification of the most important conductance channels in a nano-granular metal
is not straightforward due to the large charging energies associated with the small grain
size [24]. The transmission channels, described in the present discussion through different

types of conductances (g, g/, go), are sketched in Figure 4.17.
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The different behavior of the stability diagrams and temperature dependent I-V
characteristics measured for Sample A and Sample B have shown that by means of the
post-irradiation treatment the inter-granular tunnel coupling strength of SET devices with
a Pt-C FEBID island can be modified following the results of the three-dimensional case
[15]. Since no leakage currents have been measured after island irradiation between island
and gates, the capacitance coupling between island and gates is maintained. In analogy
with the three-dimensional case, the island can cover the full range from insulating to
metallic behavior, i.e., g < 1 to g > g. =~ 1. Moreover, the SET operation regime, for
which the charge is quantized and localized on the island, is guaranteed if the condition
g/ < 1, of the weak lead-coupling regime, is preserved. If gy > max(g, ¢/) is satisfied, the
different SET operation regimes can be described taking into account the ratio g/g/. For

example:

a) if %’ > 1, the electrons tunnel easily onto the island that behaves as a whole
metallic system, in which the granular structure has no notable trace in the SET

functionality. g is the parameter that mostly affects the device resistance.

b) if %’ < 1, the device will not show any feature in the current-voltage characteristics.

The device is too highly resistive.

¢) A particular case is described by ¢g//g &~ 1 and g/ > 1. In such circumstances, at least
one of the junctions is in strong lead-coupling regime. In this case the quantization
and localization of the charge in the island is not established and undesired leakage
currents through the SET are measured [339].

Evidence of the different scenarios have been observed during the whole device
optimization process. For example, scenario (a) is well describing the behavior of Sample
A. As a matter of fact, the Coulomb diamonds and Coulomb oscillations of Sample A are
typical of a device with metallic island. From the evidence of the features in the electrical
measurements, it is then possible to conclude that the irradiation dose of Sample A,
3 1C pum~2, promotes a quasi-metallic behavior. Comparable quasi-metallic behavior has
been observed for bulk nano-granular Pt FEBID deposits irradiated with the same dose
[15]. On the other hand, the irradiation dose used for Sample B, 1 uC pm~2, does not
appear to be enough to promote a fully metallic behavior of the island. The Coulomb
diamonds of this sample are still clearly visible but are not as well defined as the ones
measured for Sample A.

By conducting the electric transport characterization, it has been possible to investigate
the fine tuning of the devices within an island irradiation range of 0.5-3 uCum=2. Tt
follows that, case (b) can describe the transport in samples with irradiation dose lower
than 1 C pum~2. It is interesting to point out that although the samples have comparable

geometry, the used irradiation dose is the decisive factor that directly affects the dielectric
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constant of the carbon matrix of the island and the island to drain/source resistance.

The scenario (c) describes the circumstances observed for the samples described in
Appendix C.1. The poor definition of the tunnel junctions around the island, as a
consequence of the activated co-deposit presence, caused uncontrolled island electrical
shortening. As it has been described in Subsection 2.3.1.3, the application of FEBID has
the side effect of a co-deposition of material in the proximity of the defined structure that
with a post-growth irradiation treatment has demonstrated to promote the formation of
additional conductance channels, parasitic capacitances and charge trapping nearby the
island. Those effects drastically compromise the SET operation. The use of the Ar*
ion localised etching has proven to be an essential step in the fabrication of this type of
devices. Comparable structures not treated with Ar*-etching did not show any evident
conductance dependence on Vi and often exhibited leakage currents between island and
drain/source (scenario (c)). With the Art-etching step, the circa 1nm thick co-deposit
halo (expected for nanoislands of the size fabricated in this work) is milled away. Uncritical
material belonging to the island and to the leads is etched in parallel. Nevertheless, the
brief milling step has shown to be enough to remove the electrostatic inhomogeneities

around the island.

4.4 Outlook

The new SET fabrication technique described in this chapter lays the foundation for
other single-electron applications. It is therefore the aim of the present study to develop
a process, based on FEBID material for the in situ prototyping and further tuning of the
SET functionality as base for more complex structures. The described approach can be
especially useful for the highly flexible realization of single to few SE-devices.

It may be foreseen that well-calibrated prototypes can be employed in electrostatic
environmental investigations. By means of the high sensibility of the island charge
confinement on the electrostatic and dielectric island background, SET devices can be
used as very precise electrometers. For this reason, the observation of the highly resolved
features of single-electron transport (as Coulomb diamonds and oscillations) lets envision
FEBID-based SET structures as on-demand charge monitor devices with high lateral
positioning flexibility.

Furthermore, this special ability to accurately trace the presence of an electron in
the island can be particularly interesting in the development of devices with magnetic
impurities in the island for the purposes of quantum confinement investigations. Namely,
the observation of quantum spin tunneling effects as Kondo effect and spin quenching
could give direct information on the interaction between a confined spin (in the island)

and the spins of an electronic reservoir (in the leads). Thereby, pieces of information on
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the magnetic field in the vicinity of the island can be derived.

Lastly, it would be very interesting to study the stability of the charge in the island
according to (not only) temperature but also time and environmental conditions. Those
investigations could lead to further applications of the devices in other fields such as
memory and ambient sensors. For example, the charge ‘retention’ of the island, as soon
as the voltage is removed, has to be guaranteed if the application of the devices as memory

elements is targeted.

4.5 Conclusions

The present study aims to promote the use of a combined technique based on FEBID for
the fabrication of SET devices. This method takes advantage of the FEBID technique
benefits, such as the precise definition and electrical tunability of the island and the tunnel
junctions. Fine control of the device operation can be induced by an accurate regulation
of the post-growth irradiation dose of the island.

The introduction of localized Ar*-etching as final step in the device nanofabrication
minimizes the drawback of the FEBID technique including the co-deposition halo in
the vicinity of the island. The halo, if not removed, would otherwise compromise the
operation of the SET, leading to leakage currents in the Coulomb blockade regime. It
is additionally worth noticing that the devices can be directly in situ fabricated and
optimized comfortably inside the chamber of the dual-beam FIB-SEM.

Finally, evidence of the tuning effect on the device conductance and the establishment
of different transport regimes has been demonstrated by the observation of the Coulomb
blockade in the current-voltage characteristics for different gate voltages and at different
temperatures. The definition and shape of the Coulomb diamonds and oscillations, which
are related to devices with different electron island irradiation doses, give a direct feedback
of the quality of the obtained devices because these features are distinctive single-electron

transport effects corresponding to stable SET device operations.
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Conclusions

In this work by means of the observation of distinctive mesoscopic effects typical of single-
electron transport, different properties such as the structure resolution, nanofabrication
control, material quality and tunability have been investigated.

In particular, the focus of the study has been focused to nanostructures obtained
by FEBID with the organometallic precursor MeszPtCpMe. Additionally, several
optimization steps of the nanofabrication technique have been conducted in order
to functionalize the FEBID material and make it suitable for single-electron device
fabrication.

FEBID has demonstrated in the last decades to be a compelling alternative among
the established nanofabrication techniques for rapid prototyping, as EBL, focused ion
beam lithography, self-assembled monolayers, etc. Some of the advantages of micro-
and nanofabricated FEBID devices include the ability to control the features to the
nanometer scale in a reproducible way, the faculty to miniaturize already-existing systems
and the capacity of including external building blocks (as nanoparticles, nanotubes and
graphene) for electronic applications.

With this work, the challenge of building extremely well-defined nanodevices as single-
electron based systems by FEBID has been taken up. Two types of single-electron
devices have been developed in the course of this research work for which Pt-C FEBID
nanostructures have been used and functionalized in different ways. The need to treat
Pt-C FEBID deposits in order to increase their electrical conductivity and use them
in the applications is a consequence of the poor electrical resistivity of the as-grown
material (about 107 u2cm). A description of the different post-growth methods is given
in Subsection 2.3.1.4. By means of catalytic purification and electron irradiation, the
resistivity can be reduced.

In one application, Pt-C deposits have been catalytically purified and used as elongation
of the Cr-Au UVL pads in order to contact Au-NP arrays. The experimental description
and electrical characterization are reported in Chapter 3. By means of the low-
temperature electrical characterization of the Au-NP arrays, single-electron transport
has been confirmed to take place among the nanoparticles. However, when using this

approach for the SET nanofabrication, the electrical characterization of the devices
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revealed some inconsistency with the theoretical behavior expected for the devices. The
cause has been traced back to the presence of Pt-grains in the vicinity of the contacted
Au-NP arrays working as parallel transport channel. The Pt-grains are originating from
FEBID co-deposit in the proximity of the designed pattern. Unfortunately, this effect is
a technique drawback and it compromised several of the attempted strategies that have
been tested to fabricate single-electron transistor devices (Appendix C). For this reason,
in the single-electron device application that is reported in Chapter 4 the removal of
FEBID co-deposit has been addressed.

In the following application, the definition of source, drain and gate contacts has been
obtained by Ga*-FIB milling achieving a minimum gap separation of 50 nm and the Pt-C
FEBID material has been used for the fabrication of the SET island. In this way, the
very high and controlled tunability of the material conductivity by post-growth electron
irradiation has been used to functionalize the SET island in order to well adjust the
tunnel-coupling strength between the Pt-crystals in the island, as well as the junction
coupling to source and drain. By means of an Art-etching BIPS prototype provided
from Thermo Fisher Scientific [288], the about 1nm Pt FEBID co-deposit layer in the
vicinity of the SET island has been erased. The characteristic features of Coulomb
blockade diamonds and oscillations as indicators of SET behavior have been clearly
defined or appeared distorted, depending on the irradiation dose applied on the Pt-C
FEBID island. This result confirmed that no background charges or parallel channels are
any longer present in the island environment competing with single-electron tunnelling
onto and from the island. Moreover, the dependence validated the controlling effect
on the tunnel-coupling tunability inside and around the island. The tuning effect is
induced by the controlled post-growth electron irradiation treatment, which induces
structural changes in the material. Thence, such approach is believed particularly useful
for prototyping single to few SET devices with high versatility for on-demand charge
monitor devices with high lateral positioning flexibility.

Additionally, in Subsection 2.3.2 a combined approach which consists of an additional Pt
AS-ALD step on the catalytically purified Pt FEBID nanostructures has been described
as novel approach to further functionalization of Pt-C deposits for future applications, as
for example new single-electron based devices. In particular, the capability of conducting
Pt-ALD on maskless patterns and the advantage of in situ process monitoring, which
uses the electrical conductance of the growing layer as probed quantity, have been
demonstrated. In the given setup a stable height increase in the range Ah = 0.2-0.4A
per cycle has been extracted depending on the different growth conditions. The very
accurate time-resolved monitoring method is a non-invasive and highly informative
technique to control and optimize metal growth on a wide selection of materials. The
approach is sufficiently general to be applicable to a large variety of other metal deposition
setups that do not use FEBID for seeding.
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The obtained results underline the huge potential of the FEBID technique as method
for nanofabrication. Nevertheless, the technique has some disadvantages, as providing
high-resistive deposited material for most of the precursors used so far, co-deposit
formation in proximity of the defined pattern and small throughput. However, in the
present work some of the technique drawbacks have been mitigated (e.g. co-deposit
etching by BIPS) or used as functional parameter (e.g. conductivity improvement of
the deposits by post-growth electron irradiation, seed-layer definition for promoting Pt
AS-ALD, rapid prototyping of few SET devices). In this way, enhanced versatility of
different approaches and ideas based on Pt-C FEBID structures has been achieved.

Moreover, by means of a powerful tool, as it is the given dual-beam system FIB-SEM,
not only the nanofabrication but also material functionalization and process monitoring
have been conducted in situ. As a result, the chamber of the dual-beam used in this

work became a complete nano-laboratory suited for several purposes.
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Appendix A

Electrical and magneto-transport
characterization of AS-ALD

nanostructures at low-temperature

In this section the results of the electrical measurement at low-temperature for the
structures fabricated by the combined technique (FEBID and AS-ALD) described in
Section 2.3.2 are presented. With regard to the application of Pt nanostructures
prepared by AS-ALD, a thorough characterization of their electrical transport properties
is necessary.

In Figure A.1 (a), the temperature dependence of the electrical resistivity in a temperature
range of 0.3-270K of Sample 1 is shown. The seed layer of Sample 1 has been written
with a dose of 0.9nC ym=2 and it presented an average final thickness of 11.7 £1.5nm
after the AS-ALD process. The data are fitted by the Bloch-Griineisen formula [340, 341]

in the framework of the Boltzmann transport theory [342]:

T z"

Op/T

where pg is the temperature independent part of the resistivity. pg can be traced back to

the residual resistivity at T <20 K in metallic solids. It is associated to size effects (arising
mainly from the surface scattering) and the internal grain boundary scattering (along
with scattering form impurities or point defects). The Residual Resistance Ratio (RRR)
=p(300K)/p(0.27 K)=1.74, is slightly larger than the one typically found for thicker Pt
purified FEBID structures (RRR=1.57) [4].

The second contribution in the equation describes a substantial part of the resistivity that
is temperature dependent, where A is a constant that depends on the velocity of electrons

at the Fermi surface, the Debye length and the density of electrons in the metal. ©p is
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the Debye temperature. n is an integer that depends upon the nature of the interaction
and it can assume the following values:

1. n=>5 implies that the resistance is due to scattering of electrons by phonons (as for
simple metals),

2. n=3 implies that the resistance is due to s-d electron scattering (as it is the case for
transition metals),

3. n=2 implies that the resistance is due to electron-electron interaction.

For the fit, since Pt is a transition metal, the n =3 scattering contribution has been

taken into account.
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Figure A.1: a) Temperature dependence of the electrical resistivity of Sample 1. The
curve can be well fit by the Bloch-Griineisen Equation A.1. Inset: the resistivity shows
a slight upturn in the lowest temperature range. This feature is typical for disordered
metals. b) Magnetic field dependence of the Hall-voltage of Sample 1. (c) Magneto-
conductance data of Sample 1. A coherence length of 180 nm has been extracted using a
Hikami-Larkin-Nagaoka fit (Equation A.2). The data in (b) and (c) have been taken at
267 mK. The Figure is adapted from Figure 4 in [6].

The theoretical findings of Bloch, Griineisen, Mott and Wilson give a semi-empirical
relationship between the integral constant and the Debye temperature in noble metals
as a function of temperature. This approach is usually used to describe the scattering
mechanisms for electrons and has been extensively used in analysing the electrical
resistivity of metals. The deduced Debye temperature from the fit of the curve shown
in Figure A.1 (a) is 197 K. For all samples in a thickness range of 7-12nm, the extracted
Debye temperature is in the range of 196-210 K. The values for the Debye temperature
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show only a modest reduction of less than 10% when compared to the bulk value (215 K)
[35]. Therefore, it can be deduced that the phonon spectrum is not strongly influenced
by possible size effects in the essentially two-dimensional Pt nanostripes.

Particular features of the resistivity curve can give important information on the transport
mechanism in the nonostructure. If the metal is disordered, the resistivity instead of
showing a constant residual value can show an upturn at low-temperatures often associated
with effects such as localization [343]. A slight upturn is indeed visible in the inset on
Figure A.1 (a). It presumably arises from the exchange interaction between itinerant
conduction electrons and localized spin impurities leading to a weak Kondo effect [344].
Such electron scattering effects are not relevant above several Kelvin.

Hall-effect and magneto-conductance measurements have been conducted at the lowest
accessible temperature of 267 mK and they are shown for Sample 1 in Figure A.1 (b) and
(c), respectively. The setup used for these measurement is described in Subsection 2.4.1.3.
From the linear dependence of the Hall-voltage on the magnetic field, a Hall-constant of
-1.75 x 10" m3C~! has been extracted. This value is in good agreement with the Pt bulk
value of -2.13 x 10" m?C~! [345]. In the low field magneto-conductance data, a very small
enhancement of the conductivity in zero field is present. This feature is a clear signature
of weak anti-localization. As a matter of fact, the obtained structures are disordered (as it
is possible to be noticed from Figure 2.24). The charge transport takes place in a diffusive
way and quantum interference effects between time-reversed loops formed by scattering
trajectories need to be considered. In a system with large spin-orbit coupling, such as Pt,
the quantum diffusion probability to return to the origin point is reduced resulting in a
weak anti-localization effect. With increasing magnetic field, quantum interference effects
are suppressed, giving rise to a cusp-like positive magneto-conductivity. The change in
conductivity from applying a magnetic field, due to either weak localization or weak anti-
localization, can be described by the Hikami-Larkin-Nagaoka (HLN) [346, 347] equation

for two-dimensional systems in the limit of strong spin-orbit coupling:

e? B 1 B
©) - 5+ E“’)] (A.2)
where « is the spin-orbit coupling coefficient and for weak anti-localization it is a = 0.5.
B, = h/ 46135 is the dephasing field and [y is the distance travelled by an electron before
it loses phase coherence. W(z) denotes the digamma function: ¥(z) = Lin(I'(z)) = FFI((;U))
where I'(z) = [ t" 'e~"dt. The solid line in the magneto-conductance data (Figure A.1
(c)) is the HLN fit. The extracted dephasing length of the obtained AS-ALD structures,

having a thickness in the range of 7-12nm, is between 150 and 180 nm at 267 mK. As it

could be expected, the thinner samples show consistently shorter phase coherence lengths.
This observation corresponds quite well with weak anti-localization effects observed in
purified Pt FEBID structures of slightly higher thickness, for which a dephasing length of
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234 nm has been found [4]. Overall, the causes of the modest deviation from the bulk value
of the Hall-coefficient and Debye temperature and additionally the presence of localization

effects are largely a consequence of finite-size effects, which are not going to undermine

possible nanocontacting applications.
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Single-Electron tunneling

This chapter introduces a theoretical background description of the single-electron
tunneling transport mechanism taking place in the systems described in this work, e.g.
granular metals (Section 1.1 and 1.3) and SET (Section 1.5.2). The chapter starts with
the description of the tunnel junction element (Section B.1). Afterwards, the case of a
double tunnel junction (Section B.2) is addressed in order to explain the electrical features
of single-electron systems involving more than one tunnel junction. In the case of SET
devices, the description follows the method explained in the orthodox theory [7], in which
the tunneling onto and from the Coulomb island is described in terms of transition rates
using tunneling probabilities (and/or the perturbation theory). It follows that a detailed
balance for tunneling onto and out of the dot delineates the evolution of the charge with
time in terms of tunneling current. This description is reported in literature as transfer

Hamiltonian method of tunneling.

B.1 Tunnel junction

Elastic tunneling is a coherent quantum mechanical process in which electrons move
from one side of a potential barrier to the other side preserving their energy (E). The
electron tunnels through the classically forbidden region (made e. g. of dielectric material)
maintaining a defined probability to be found inside the barrier. This quantum mechanical
effect has been clarified by W. K. Heisenberg with his uncertainty principle. His principle
introduces a limit on how precise the position and the momentum of an electron (having
properties of wave and particle) can be determined at the same time [348].

The description of the tunnel junction problem is given considering in detail a system
consisting of two closely spaced 1D metal electrodes separated by an insulator with
dielectric constant €, and subjected to a potential energy difference V.

Since the capacitance of tunnel junctions, formed by few nanometer gaps between
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electrodes, lies in the range of 107 — 107!8 F, the suppression of thermal fluctuations
appears in the temperature range of a few mK [349]. In the energy diagram shown in
Figure B.1 (a), the height of the potential barrier is V{ between z = 0 and z = L and
zero everywhere else. The system can be described by the Schrédinger equations system:

B2 (r) = Bi(x), if0<x <L,

2m  dx?

2
- % d C;i(f) = Eyz, otherwise

(B.1)

where m is the mass of the electron and A is the reduced Plank constant. The solutions
of the equation system are the electronic wave functions ¢ in the different regions.
In addition, the Wentzel-Kramers-Brillouin (WKB) approximation of the tunneling
probability of transmission through the barrier V(z) is

9 L
log|T?| ~ exp(—i—i/ V2m(V (z) — E)d:c) [35]. (B.2)
0
Finding a filled energy state with energy E in a metal electrode has a probability given
by the Fermi-Dirac distribution [350]:

1
F(B) = 1+ e(E-w)/ksT

(B.3)

where p is the chemical potential. When 7' = 0 K the distribution is a step function and
p = Er (Fermi energy) is the highest occupied energy of the electrode. In order to satisfy
the Pauli exclusion principle [351], the electrons leave from a filled state on one electrode
and enter an empty state on the other electrode. The combined probability for identical
electrodes is then f(F) x 1[1 — f(E)].

If a positive bias voltage (V, > 0) is applied, the chemical potential of one of the electrode
shifts to u — eV4. The resulting Fermi-Dirac distribution is then

1 1
1 + elE—(u—eW)]/kpT - 1 + el(E+eVe)—plkpT - f(E + evb) ’ (B4>

The combined probability to find a filled state on one electrode and an empty state on
the other electrode becomes f(E) x [1 — f(E 4 eV4)]. Figure B.1 (a) and (b) shows the
Fermi-Dirac probability distribution for a tunnel junction between two gold electrodes
without (V4 = 0) and with (V4 > 0) an applied voltage, respectively.
In the case of a junction composed by two identical metal electrodes, where no external
potential is applied (V;, = 0), the height of the potential barrier for a given state at energy
E is

U=+ FEr—F (B.5)
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where ® is the work function of the metal electrode. If a voltage V;, > 0 is applied between

the electrodes, the barrier height varies linearly with x as follows:

Ulx)=d+ Ep — E—eVyz/L. (B.6)
Lp(x) Iy F 3 V(x) A
vacuum VO vacuum a
o)
\U=CD+EF—E i U=|®+Ez —E —eVyx/L
n= Egp —— \\——\_7/\ n= Ep _i/’_— ,,,,,,,,,,,,,,,,,,,,,,,,,,,,
E - == ———-_ ———————————————— EA-------- e IeVb
. L L Vp
@ [ @ | @ [ FCE+evy )
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Figure B.1: Energy diagrams for a tunnel junction between two electrodes at (a) V, = 0
and (b) V, > 0. Blue line represents the wave function and its exponential damping within
a one-dimensional potential barrier. The energy states available from electrode 1 to 2 are
indicated in red. Adapted from [31].

The tunneling transmission probability decays exponentially with the barrier width (L):

|T|? ~ e=2XF where y is the decay constant and it depends on the barrier height as follows:

(B.7)

For E = Ep, V, = 0 and gold electrodes (® =~ 5.1eV), x and |T'|? can be calculated and
result to be y &~ 1.1 A7 and IT|? ~ e 22L/A &~ 10~L/A with the interesting result that for
every 1 A increment on the barrier width, the tunneling transmission probability drops
by about 1 order of magnitude.

Using Fermi’s golden rule [352], the rate of electron tunneling from electrode 1 to 2 with

energy I is:

L1on(B) = 25 p(E)o(E + W) T(E) F(B)L ~ f(E + Vi) (B3)

where the factor 2 stems from the spin degeneracy of the electrons and p is the density of
states in the electrodes.

Considering the contributes of all energies, the total tunneling rate from electrode 1 to 2
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is T +oo
L =22 [ BB+ VB HENL ~ B+ V) (B

and thus
Vi 1

" eRuun exp(eVy/kpT) — 1"
Here, Ry, = h/(47%e|T*p(E)p(E + €V3)) is the tunnel resistance. Ty ;(E) can be

similarly calculated. The total rate of electron tunneling between the two electrodes is

F1—>2(E)

(B.10)

['=T15(F) —T's—;(F) and the respective tunneling current is

[=e[l1s— o] = 4% /;oo p(E)p(E + eVi)|T(E)PIf(E) — f(E + eVy)|dE . (B.11)

If eV, << Er and at room temperature, energy levels close to the Fermi level dominate
in tunneling. As a result, the tunnel current can be simplified with the expression

+o0

m% 0 [f(E) — f(E + eVy)|dE (B.12)

where go = 47;:2p(EF)2|T(EF)‘2'
However, large bias reduces the barrier height and modifies |T'(Er)[>. Therefore, the
tunneling current depends exponentially on bias:

I(Vy) o e~ *x"sinh {62—?} (B.13)
where yo = (2m®)'/?/h is the decay constant at zero bias and £ = ® /L.
Additionally, the typical tunnel time of a tunnel junction is about 107'%s. The time
between tunnel events in a junction can be calculated depending on the tunnel current.
Assuming currents in the nA range, the time between tunnel events is on the order of
1071 s, which is much larger than the typical tunnel time [353].
It is interesting to point out that, for a classical understanding, the equivalent circuit of
a tunnel junction biased by a voltage V' consists of a 'leaky’ capacitor, i.e. a resistor in
parallel with a capacitor. This will be come important in Section 1.5, where the electrical
circuit of a SET will be described.

B.2 More than one tunnel junction

Based on the model of a single tunnel junction, the transition rates for nanostructure
systems, in which the charging energy is no longer a negligible contribution and more
than one tunnel junction is involved in the single-electron transport, can be calculated as
described in [354].
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Considering a system of j* tunnel junctions that are coupled and characterized by the
number of electrons that have passed through the junction, the tunnel time through any
junction is assumed to be much shorter than the time between tunnel events.
Previously, for the case of a single junction, the change in energy due to electrons tunneling
through one junction has been shown in Equation 1.83. The case of the change in energy
of the jth junction can be now generalized as AEji = E{ni,ng,...,n; £1,..n5} —
E{ny,ng,...,n;j,...n;~} where the + sign takes the tunneling process, which takes place in
both transport directions (forward and backwards) across the junctions, into account.
Using the golden rule approximation and the property of the Fermi function, the tunneling

rate may be written as

+
1 AE5 /e

I'HE) = :
(E) eR;; 1 — exp(—AE; /kgT)

(B.14)

The total current flowing across the junction is still given from the difference of the left
and right tunneling rates, as shown in Equation B.1. From Equation B.2, the fundamental
condition of the theoretical treatment of Coulomb charging in the orthodox model is found:

[7(E)~0, —AE; > kgT . (B.15)

When AE;-[ is large and negative, tunneling is forbidden.
Thus, the qualitative explanation for Coulomb blockade is valid in the limit |AE;E| > kgT.

Outside the Coulomb blockade, the tunneling current is given by the equation:

eIl Iy

=55 (B.16)
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Appendix C

Tested approaches for SET

nanofabrication

As it has been pointed out in this work numerous times, the main difficulty of the
nanofabrication technique in order to build a SET consists in a precise definition of both
gaps and island in the range of a few nanometers. It follows that it is not easy to establish
an approach able to manage the challenge. In fact, different methods have been tested
in the course of this research work to overcome the obstacles and build functioning SET
devices.

In this chapter, four of the not successful approaches are presented. The following
nanofabrication methods, although not directly effective for the establishment of a new
SET nanofabrication technique, helped in the definition of the final approach discussed
in Chapter 4.

C.1 SET structures fabricated by purified Pt
FEBID

One approach is the fabrication of SET structures by Pt FEBID for the definition of
the island and the lead elongations to the UVL contacts. The structures have been
afterwards subjected to the catalytic post growth treatment described in Subsection
2.3.1.4. Different designs have been tested and two indicative structure designs are shown
in Figure C.1. The design shown in Figure C.1 (a) has been written with a one-step
approach for the deposition of the elongation leads and nanoisland. The writing sequence
has been: source contact, island, drain contact, gate contact. The deposits have been
fabricated with a beam energy, beam current, pitch, dwell time and deposition dose of
5keV, 180pA, 20nm, 1pus and 8.3nC um~2, respectively. For the dot a dwell time of

5ms and 10 passes has been used.
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Figure C.1: SEM pictures of the structures obtained by two different FEBID writing
approaches for the deposition of the contact elongations and island. a) The elongations
and the island have been deposited in serial mode in a one-step deposition approach. b)
Structure obtained with a two steps deposition approach with line-like contacts for the
inner structure design. Insets: closeup pictures of the corresponding structure are shown
for (a) and (b), respectively.

As a result of the serial writing of the deposits and relatively long deposition time (about
a minute), the contacts have been subjected to beam drift. Due to charge drifting
effects taking place during the deposition process, the obtained deposits do not match
the structure design. For this reason, a reliable definition of the gaps between contacts
and island has not been possible. In addition to this, the overlapping region of the FEBID
contact elongations on the UVL contacts presented cracks originating from the shrinking
effect of the carbon removal taking place during the post-growth purification treatment.
The fractures do not allow to establish stable electrical contact to the SET structure.

The second attempt, of which an exemplary sample is shown in Figure C.1 (b), has been
executed in two separate deposition steps. First, the elongation of the contacts have been
deposited and afterwards, on the restricted central area, three line-like contacts have been
written with an island in the middle of the source and drain contacts. This method has
been tested in order to avoid wide co-deposit halo and drifting effects in the course of
the deposition of the inner structure. For the fabrication of the outer contact elongations
a beam energy, beam current, pitch, dwell time and deposition dose of 5keV, 180 pA,
10nm, 1 s and 4.5nC um~—2 have been used, respectively. For the lines-like deposits the
pitch has been decreased to 2nm and the dose used has been 9.2nC ym~2. The dot has
been written with a dwell time of 5ms and 10 passes. Nevertheless, difficulties have been
found also in this case for the nanogaps and island definition. Gaps and island lower than

20 nm could not been obtained and, in most of the structures, the line-like contacts have
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not been conductive enough.
Those fundamental nanofabrication problems restricted the feasibility of the purified Pt

FEBID technique for the fabrication of both contact elongations and island.

C.2 SET structures fabricated by Fe-Co FEBID

The nanofabrication difficulties in using Pt FEBID purified deposits as metallic
material for the SET design and the recent availability of the heteronuclear precursor
HFeCo3(CO)i2 in the dual-beam FIB-SEM used in this work, gave the idea to test the
nanofabrication of SET devices by using FEBID with the new precursor.
HFeCo3(CO);s is a heteronuclear FEBID precursor that has been proposed by Porrati
et al. [139] as suitable precursor for the FEBID fabrication of multi-component
metallic structures. In the past, other homonuclear carbonyl precursors like Fe(CO)s
or Cos(CO)g, that are able to provide very high metal content (more than 70 at.% [130])
into the FEBID deposit, have been used in most applications requiring the deposition of
metallic materials. However, the usability of these well-known precursors is limited by
their inclination to spontaneously dissociate on activated surfaces [355, 356]. On the other
hand, the carbonyl HFeCo3(CO);2, is very stable and yields alloy-phase nanostructures
with metal content up to 84%. The compositional analysis conducted by TEM and EDX
spectroscopy verified the metallic phase CogFe and the formation of a residual carbon-
oxide phase. As a consequence of the high metal content, Porrati et al. [139] reported that
the electrical resistivity at room temperature of the obtained FEBID deposit is 43 u£2 cm.
Furthermore, the researchers showed that an improvement of the electrical conductivity
of the deposits can be achieved by electron irradiation treatment (as it has been described
for the Cs HyC H3 Pt(C' Hs)3 precursor in Subsection 2.3.1.4). As a matter of fact, TEM
analysis has shown that an amorphous-to-crystalline transformation takes place in the
upper layers of the deposits, where the electron irradiation is more effective.
Accordingly, preparatory tests for the FEBID fabrication of SET devices have been

performed with the precursor in 2D and in 3D.

Fe-Co 2D Line-dot-line deposits Initial tests for possible SET nanofabrication with
the FEBID precursor H FeCo3(CO)12 have been conducted on prototyping structures as
line-dot-line deposits for which an example is shown in Figure C.2.

The 2D structures have been fabricated with a beam energy, beam current, pitch, dwell
time and loops number of 20keV, 150 pA, 2nm, 1 us and 4000 passes, respectively. The
dot has been written with 20keV, 15 pA, 200 us and 750 passes.

It is possible to notice from Figure C.2 (a), that the nanogap and the island look well

defined even with minimal separation and island diameter (both less than 10nm). The
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asymmetric gaps have been artificially set in the FEBID design, for which the distances
have been planned to be 15nm (bottom gap) and 7.5nm (top gap). Although the
resolution of the structure is very good, it is possible to observe co-deposit grains (about

3nm in diameter) in the surrounding background.

Figure C.2: SEM closeup of a line-dot-line structure fabricated by FEBID of the
HFeCo3(CO)2 as deposited (a) and after the structure has been subjected to electron
irradiation (b). Insets: overview SEM picture of the structures in (a) and (b), respectively.

Afterwards, the structures have been subjected to a post-growth irradiation step. The
structures increased their resistance and a wide area next to the deposit changed its
contrast. A SEM picture of the irradiated structure is shown in Figure C.2 (b). In
Figure C.3, the time dependent current measurement during the post growth electron
irradiation treatment is shown. The current curve shows a fast drop of conductance
followed by an attenuation peak. After the deposition, from the ohmic behavior of the I-V
characteristic, a resistance of 4.6 M) has been calculated. After subjecting the sample to
electron irradiation with a dose of 0.5 uC pum~2, the calculated structure resistance has
been 15 MS).

Differently from the effect achieved on Pt-C FEBID material obtained from MeCpPtMes,
the electrical irradiation treatment on the structure shown in Figure C.2 increased the
1D line-dot-line structure resistance. It can be speculated that the electron irradiation
promotes the formation of an oxide phase FeCo0,0,. As a matter of fact, 5nm FeCo0,0,
have been found on irradiated layers of similar FEBID deposits obtained using the
same precursor and chamber [139, 357]. As a consequence of the high surface ratio of
the FEBID lines and dot, the induced superficial oxidation could have undermined the
electric conductive properties of the whole structure.

Line-dot-line structures with and without electron irradiation treatment, have been
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electrically investigated in the *He-cryostat. Both types of structures did not show any

Coulomb blockade feature in the I-V characteristics at low-temperature.
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Figure C.3: Time dependence of the direct current measured during electron irradiation
of the structure shown in Figure C.2 . The current reached a plateau after circa 500 sec.

Fe-Co 3D freestanding contact structures From the result of the previously
discussed 2D structures, a different strategy has been tested in order to avoid the
co-deposit interference in the structure function and extend the nanofabrication into the
third dimension. With the collaboration of L. Keller, who has developed a software tool
for the fabrication of complex FEBID 3D nanostructures [357], the fabrication of three
freestanding Fe-Co 3D contacts have been tested as prototype for the fabrication of SET
devices.

For the fabrication of the structures, a beam energy of 20keV and a current of 13pA
has been used. The beam writing strategy has been translated to a pattern file. The
file results from the use of an algorithm that takes precursor depletion and proximity
effects into account (beam current, beam energy, pitch, dwell time, precursor molecules
site depletion, etc). In this way, every deposition event has been optimized and the
beam passes are treated as single depositions on horizontal slices, that are parallel to the
substrate surface [357]. It follows that it is possible to transform an already powerful
FEBID tool into a 3D printer on the nanometer scale. M. Huth et al. described in detail
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the power of this 3D nanoprinting technique in their recent work [358].

The idea of the here reported 3D fabrication attempt has been to use 3D freestanding
deposits as UVL contact elongations in the source-drain-gate configuration. Moreover,
the superficial oxidation process of the FEBID Fe-Co deposits [139, 153] could have
been used to build the interface tunnel junction between the source/drain contact and a
following deposited island. In this way, the 3D fabrication of the contacts may avoid the
co-deposition of material in the proximity of the two tunnel junctions. SEM pictures of
the 3D SET prototype are shown in Figure C.4.

Figure C.4: a) SEM picture in tilted view of the 3D SET prototype obtained by 3D
FEBID with the H F'eCo3(CO)12 precursor using a pattern provided by the software of L.
Keller [357]. Inset: standard SEM top view of the structure. b) Closeup of the structure
shown in (a) by a different angle. Under the deposited lead on the left, a second branch
has been deposited in parallel due to not optimized pitch.

The structure looks well defined. Nevertheless, the undesired deposition of a branch
underneath one of the contacts is visible. Unfortunately, the long beam settling time on a
small writing distance leads to a significant co-deposition between the anchoring feet of the
contacts and even underneath the center of the structure. The mutual resistance measured
between two of the three contacts has been around 1k{2. No significant resistance changes
have been observed after 12h from the contact elongations deposition. Furthermore, the
positioning of the island in the center of the three freestanding leads in the final deposition
step has not been successful. Several attempts have been tried, but due to nonsystematic
beam drift effects, none of the attempts succeeded.

The 3D FEBID attempt of the SET device nanofabrication has shown its limitation in
the parallel deposition of unwanted material, that compromises the single-electron based

transport of the SET device, and in the unreliable two step deposition process. For
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this reason, no further energy has been invested in other 3D FEBID attempts for the
nanofabrication of SET prototypes.
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Zusammenfassung

Uber die letzten 40 Jahre hat sich der Fokus in der Entwicklung von Halbleiterprodukten
auf Ultra-Low-Power und ultra-hoch-integrierte Schaltungen verschoben, um immer
leistungfihigere Gerédte mit sehr niedrigem FEnergieverbrauch herstellen zu koénnen.
Mit steigender Komplexitdt der integrierten Schaltungen werden immer innovativere
Techniken noétig, um diese fabrizieren zu konnen. Dies erfordert einen starken Fokus
auf die Kontrolle der Fabrikation akkurater Strukturen und der Materialreinheit, und
dies im Zusammenhang mit einer skalierbaren Produktion. Hinzu kommt die nétige
Kompatibilitdt der neuen Nanobauteile, wie zum Beispiel Nanopartikel, Graphen oder
Kohlenstoffnanorchren, mit bereits existierenden Technologien.

Bisher wurden Techniken, wie Elektronenstrahllithographie (engl.  Electron-beam
lithography, EBL), Microcontact und Nano-Transfer-Printing fiir die Kontaktierung
von Nanostrukturen genutzt. Diese Techniken bendtigen jedoch viele verschiedene
Prozessschritte und verschiedene Chemikalien, die nicht selten zu einer Inkompatibilitét
mit neuartigen Oberflichen und Nanobauteilen fiihren.

Aus diesem Grund gelangen Techniken in den Fokus, die das direkte Erzeugen der
neuartigen Nanostrukturen erlauben. Elektronenstrahlinduzierte Abscheidung (engl.
Focused Electron Beam Induced Deposition, FEBID) ist eine dieser Techniken, der
immer mehr Aufmerksamkeit fiir die Nanofabrikation geschenkt wird, da diese eine
hohe Auflésung erlaubt, was fiir die 2D/3D-Nanostrukturierung essenziell ist. Mit
dieser Technik sind hochauflésende Formen im Nanometer-Mafistab moglich, die dem
vorgegebene Design sehr genau entsprechen. Insbesondere kénnen die Strukturen durch
den Bottom-Up-Ansatz von FEBID aus einer Vielzahl verschiedener Materialien mit einer
hohen Auflésung (besser als 10nm laterale Auflésung) und minimaler Beschiddigung der
Oberflache erzeugt werden.

Der FEBID-Prozess basiert auf dem lokalen Befiillen der Vakuumkammer eines
Rasterelektronenmikroskops (engl. Scanning Electron Microscope, SEM) mit einem
Prakursor in direkter Ndhe zu einem Substrat. Im Fokus des Elektronenstrahls werden
Prakursorsmolekiile in fliichtige und nicht fliichtige Komponenten zersetzt. Die nicht
fliichtigen Komponenten bilden das Deponat. Bei der unvollstdndigen Zersetzung

metallorganischer Prakursoren lagern sich organische Bestandteile auf dem Substrat ab.
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Als Beispiel sei hier der Priakursor MesPtCpMe angefithrt. Das auf dem Substrat
abgelagerte Material besteht aus kleinen Pt-Kristalliten mit einem Durchmesser von 2 -
3nm, welche in einer Matrix aus amorphem Kohlenstoff eingebettet sind. Die amorphe
Kohlenstoff-Matrix verhélt sich hier wie ein Halbleiter. Die gewachsenen Pt-C FEBID
Ablagerungen sind nano-granulare Metalle, deren elektrische Transporteigenschaften die
Folge des Zusammenspiels von diffusivem Transport von Ladungen innerhalb der Pt-
Kristalliten und temperaturabhéingigen Tunneleffekten sind [2].

Neben den vielen offenen Fragen zu diesen Typen von nano-granularen Metallen
liegt das grofite Interesse an diesen Materialien an der Mdoglichkeit, Strukturen fiir
technische Anwendungen im Nanometerbereich herstellen zu kénnen. Die Moglichkeit,
diese Strukturen im Nanometerbereich zu erzeugen, legt Anwendungen, die auf
Einzelelektroneneffekten beruhen, nahe. Um FEinzelelektronentransport zu ermoglichen,
der auf dem Tunneln einzelner Elektronen basiert, miissen alle Parameter, wie Grosse und
Absténde der Strukturen, genauestens definiert sein.

Im Rahmen dieser Arbeit wurden Einzelelektronenbausteine entwickelt, die auf zwei
unterschiedlichen Anwendungen des Pt-C FEBID-Prozesses basieren.  Die beiden

Anwendungen sind:

1. Arrays von Gold-Nanopartikeln (Au-NP), welche mittels Pt-Strukturen kontaktiert

wurden, die mit FEBID prépariert und anschlieBend aufgereinigt wurden

2. Einzelelektronentransistoren (engl. single-electron transistors, SET), deren Inseln
aus elektronennachbestrahlten Pt-C FEBID Deponate bestehen

Im Rahmen dieser Arbeit wurden die elektrischen Eigenschaften der préparierten
Nanostrukturen charakterisiert und mit der erzielten Auflosung und Materialqualitét in
Relation gesetzt. Es wurden Optimierungen an der Préparationsmethode durchgefiihrt,
welche direkt die Leitfahigkeit des Pt-C FEBID Materials erhohen. Dies kann durch
die Anderung der Kohlenstoff-Matrix oder die Erhohung des metallischen Gehalts der
Struktur geschehen.

Pt-C Deponate kénnen nach der Prédparation mittels FEBID nachbehandelt werden.
In dieser Arbeit wurden Pt-C Deponate O,-Gas ausgesetzt und gleichzeitig erhitzt.
Das Prozessgas konnte sehr lokal in die Nahe der Probe geleitet werden. Diese
Nachbehandlungen basieren auf der katalytischen Eigenschaft von Pt und haben in zwei
unterschiedlichen Anwendungen den Kohlenstoff erfolgreich aus den Deponaten entfernt.
Die Methode wurde von Sachser et al. [4] entwickelt. Die Handhabung sieht vor,
dass ein erhitztes Substrat in Zyklen O, ausgesetzt wird. Dieser Prozess kann lokal
iiberwacht werden, indem die Leitfdhigkeit einer Pt-C FEBID Struktur zwischen zwei UV-
Lithographie (UVL) préaparierten Cr-Au Kontakten gemessen wird. Mit dieser Methode

kann Kohlenstoff aus dem Deponat komplett entfernt werden, wodurch Strukturen aus

188



reinem Pt fiir die weitere Nutzung zur Verfiigung stehen.

Zum einen wurden die aufgereinigten Strukturen als Keimschicht fiir die nachfolgende
ortsgenaue Atomlagenabscheidung (engl.  Area-Selective Atomic Layer Deposition,
AS-ALD) von Pt-Diinnschichten genutzt. Zum anderen wurde diese Technik dafiir
genutzt, Metallbriicken zwischen den bereits durch Auftropfen zufillig auf dem Substrat
aufgebrachten NP-Gruppen und den zuvor aufgebrachten Cr-Au Kontakten zu erzeugen.
Eine NP-Gruppe ist ein periodisches, granulares Array von Partikeln, welche uniform in
Grofle und Form sind und einen unterschiedlichen Grad von Ordnung inne haben. Durch
die Art des Aufbringens kann die Anordnung der Nanopartikel durch Lésen und Erzeugen
der Verbindungen beeinflusst werden. Die Liganden der Molekiile iibernehmen die Rolle
von mechanischen inter-NP-Abstandshaltern und erlauben eine prézise Steuerung der
elektronischen Kopplung. Diese Systeme zeigen ein Verhalten wie Tunnelkontakte mit
Coulombblockade und eine Verteilung der Schwellspannung. Die NP-Arrays bestehen aus
Monolagen mit Thiol-PEG verbundenen Gold-Nanopartikeln (Durchmesser = 12,5nm).
Diese werden in der Nidhe zu Gold-Elektroden auf einem Si/SiOy Substrat durch
Auftropfen zufillig aufgebracht. Die Au-NP formieren sich dabei in einem Dreiecksgitter
in Doménen mit einem Durchmesser von bis zu 1um.

Die elektrischen Messungen der Au-NP-Arrays bestitigen den Einzelelektronentransport
durch die Nanopartikel in einem typischen FElektronentransportregime mit schwacher
Kopplung. Die Grofle der am Transport beteiligte Partikel entspricht die Groéfle der
Nanopartikel.  Trotz dieser Ergebnisse war die Anwendung dieser Technik fiir die
SET Nanostrukturierung nicht erfolgreich. Die Ursache konnte auf das Vorhandensein
von Pt-Partikeln in der Ndhe der Kontakte der Au-NP Arrays zuriickgefithrt werden.
Diese fithrten zu parallelen Transportkanilen, oder zu elektrostatischen Ladungen
um die Nanopartikel, welche durch Co-Tunnel-Effekte den Einzelelektronentransport
durch das gesamte Array storen konnen. Die Pt-Partikel sind durch den FEBID
Fertigungsprozess in der Nidhe der vorgegebenen Struktur entstanden. Dieser Effekt
ist ein Nachteil dieser Technik, welcher viele der versuchten Techniken zur Erstellung
von Einzelelektronenbausteinen betroffen hat. Aus diesem Grund wurde das FEBID Co-
Deponat in der folgenden SET-Nanofabrikation entfernt.

Ein SET basiert auf einer Nano-Insel, welche durch Tunnelkontakte mit Source- und
Drain-Elektroden verbunden ist. Dariiber hinaus besteht eine kapazitive Verbindung
zu einer oder mehreren Gate-Elektrode(n). Innerhalb der Insel gibt es eine feste
Anzahl von Uberschuss-Elektronen. Der Strom durch diese Insel kann durch eine
Anderung der Spannung am Gate beeinflusst werden. Im Herstellungsprozess besteht
die Herausforderung darin, die Insel sehr prizise in einem Bereich kleiner als 100 nm
zu platzieren und die Tunnelkontakte zu Drain und Source entsprechend anzupassen.
In dieser Arbeit wurden die Source-, Drain- und Gate-Kontakte erzeugt, indem

50nm breite Spalte in zuvor kurzgeschlossene Au-Kontakte mithilfe eines fokussierten
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Gallium-Strahls gedtzt wurden. Die Insel des SETs wurde aus Pt-C FEBID-Material
nachtréaglich prapariert. Die Leitfdhigkeit der Insel aus Pt-C wurde mit anschlieBender
Elektronenbestrahlung erhoht. Dieses Verfahren kann genutzt werden, um Kohlenstoff zu
reduzieren, die Kohlenstoff-Matrix zu graphitisieren und die Koaleszenz von Pt-Kérnern
hervorzurufen. Durch diese Technik kann die Leitfdhigkeit durch die Verringerung
der Tunnelbarrieren zwischen gekoppelten Pt-Kristalliten erhéht werden.  Dariiber
hinaus wurde fiir mikroskopische Strukturen gezeigt, dass die Leitfdhigkeit iiber drei
Grofenordnungen fein abgestimmt werden kann, was einen flieBenden Ubergang zwischen
metallischem und isolierendem Verhalten bewirkt [15, 21].

Als letzte Priparationsmethode wurde ein neueartiges Argon-Atzverfahren genutzt, um
die durch FEBID erzeugten Co-Ablagerungen in der direkten Umgebung der Insel zu
entfernen. Das Atzen wurde schrittweise durchgefiihrt, um den elektrischen Widerstand
wihrend des Prozesses iiberwachen zu konnen. Dieser Finalisierungsschritt minimiert das
Problem der Co-Ablagerungen rund um die Insel, welche im FEBID-Herstellungsprozess
entstehen. Diese Ablagerungen koénnen die Funktion des SET durch Leckstréme im
Bereich der Coulombblockade negativ beeinflussen. Dies wurde als groBites Problem beim
Einzelelektronentunneln durch die Insel beobachtet.

Durch die Elektronennachbestrahlung kann die Kopplung zwischen den -einzelnen
metallischen Kristalliten angepasst werden. Die Auswirkungen unterschiedlich starker
Tunnelkontakte auf die elektronischen Eigenschaften der Insel und die daraus resultierende
Performanz des SETs wurden in dieser Arbeit untersucht. Im Speziellen wurde
die hohe Kontrollierbarkeit der Leitfahigkeit durch die Elektronennachbestrahlung
genutzt, um die Tunnelkopplung zwischen den Pt-Kristalliten in der Insel, sowie die
Kopplung zu Source und Drain fein abzustimmen. Der Nachweis des Effekts des
Tunings auf die Leitfdhigkeit des Bauelements und auf das Erreichen verschiedener
Transportregime wurde durch die Beobachtung bei sehr niedrigen Temperaturen (bis
zum 0,3K) von charakteristischen Merkmalen wie Coulombblockade, -Diamanten und
-Oszillationen erbracht.  Dieses Ergebnis bestétigt, dass keine Ladungen mehr im
Hintergrund oder noch parallele elektrische Kanile in der Umgebung der Insel vorhanden
sind, die das Einzelelektronentunneln negativ beinflussen. Der Unterschied in der
Definition und Form der Merkmale der Coulombblockade, die fiir unterschiedliche
Elektronenbestrahlungsdosen auf die Pt-C FEBI-Insel beobachtet wurden, geben direkten
Aufschluss iiber die Qualitdt der geschaffenen Bauelemente, da diese Merkmale
charakteristische Einzelelektronentransporteffekte im Zusammenhang mit stabilen SET-
Bauelementen sind [14].

Dariiber hinaus wurde ein kombinierter Ansatz beschrieben, der aus einem zusétzlichen
Pt AS-ALD-Schritt auf den katalytisch gereinigten Pt FEBID-Nanostrukturen besteht.
Mit diesem neuartigen Ansatz wurde die Funktionalisierung von Pt-C-Ablagerungen fiir

Anwendungen, wie z.B. neue Bauelemente auf Einzelelektronenbasis, untersucht. Bei
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AS-ALD ist das Substrat bei hoher Temperatur der zyklischen Einwirkung von zwei
Reaktionsgasen, Me3 PtCpMe und O,, ausgesetzt. Auf diese Weise kann bei jedem Zyklus
eine Abscheidung einer reinen Pt-Schicht im Sub-Nanometerbereich erreicht werden.

Mit dieser Technik kénnen beliebig komplizierte Strukturen maskenlos bearbeitet werden.
Sie bietet auflerdem eine rdumliche Auflosung im Nanometerbereich und ist einfache in
andere Prozesse zu integrieren.

Insbesondere wurde in dieser Arbeit gezeigt, dass der Pt-ALD-Prozess mithilfe der
Messung des elektrischen Leitwertes / Widerstands der entstehenden Schicht iiberwacht
werden kann. In dem verwendeten Aufbau wurde eine stabile Wachstumsrate im Bereich
Ah = 0,2—0,4Apr0 Zyklus in Abhéngigkeit verschiedener Wachstumsbedingungen
gemessen.

Weitere wichtige Informationen konnen aus Leitwertsmessungen im laufenden
Prozess abgeleitet werden und umfassen Oberflichenreaktionen, die wéhrend der
Reaktantenexposition stattfinden, die Erhaltung der Selektivitidt und die Herstellung
eines elektrischen Kontakts. Dariiber hinaus erméglicht ein zeitlich genaues Fortschritts
monitoring des Prozesses eine Bewertung und eine Anpassung der Faktoren der
Nanofabrikation, um den Prozess zu optimieren.

Diese zeitaufgeloste Uberwachungsmethode ist eine nicht-invasive Technik zur Kontrolle
und Optimierung des Metallwachstums von und auf einer groflen Auswahl von
Materialien. Der Ansatz ist sehr allgemein, sodass er bei einer Vielzahl anderer
Metallabscheidungstechniken anwendbar ist, die nicht FEBID zur Préparation der

Keimschicht verwenden [6].
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