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Introduction

In the last century we have witnessed an unstoppable technological advance. Since the invention of
the first transistor, which resulted in that of the first microprocessor, it has been clear that reducing
the size of the devices is essential to obtain greater computing power and, therefore, better
performance. In 1965 Gordon Moore, cofounder of Intel, surmised that the number of transistors
in microprocessors would double every 12 months. In 1975 this prediction turned out to be correct
and before the end of the decade the times were extended to two years, a period that will remain
valid throughout the 1980s. The law, which will be extended throughout the nineties and will remain
valid until today, was reformulated at the end of the eighties and elaborated in its final form, that
is, that the number of transistors in the processors doubles every 18 months. The limitations of
Moore's law began to emerge around 2000, when it became clear that further reduction in the size
of transistors would have led to the generation of unwanted quantum parasitic effects in electronic
circuits. This drawback has meant that in the last 20 years the performance of microprocessors has
not significantly improved except for the implementation of new architectural structures, like
multicore technology.

In this framework, the exfoliation of graphene, a single layer of carbon atoms, in 2004 marked an
epochal turning point. Its intrinsic two-dimensional (2D) nature, indeed, allows to continue the
process of miniaturization of electronic components, without incurring in the so-called short-
channel effects that limit the electrical performance of the devices at the nanoscale. Moreover,
graphene extremely interesting peculiarities, such as high mobility and current carrying capability,
chemical stability, and mechanical robustness, make it a material of great interest also for
fundamental research. The main drawback, which has so far prevented graphene from replacing

silicon in modern technology, is the absence of a bandgap which makes it unsuitable as material for
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the realization of transistors’ channel.

However, the discovery of graphene was just a starting point and, from that moment, the research
on 2D materials and their possible use in electronics has received a great boost. Indeed, new classes
of 2D materials have emerged day after day and have been the subject of countless studies. Among
these, transition metal dichalcogenides (TMDs) have certainly played a fundamental role. Its
members have proven unique properties of sizeable and non-zero bandgaps, high ON-OFF ratios,
guasi-ideal subthreshold swings, mechanical flexibility, thermal and chemical stability that could
enable the needed extreme channel length scaling and open the way to the improvement of existing
electronic, optoelectronic and sensing applications and inventing new ones.

Despite the worldwide effort, researchers are still confronting with common challenges in material
fabrication and device performance and many studies are still needed to discover the fascinating
properties of these materials and to be able to exploit them for the fabrication of real devices.

This PhD project fits into this scenario and its principal aim is to investigate the electrical transport
properties of different 2D materials and to test their performance when used as channel of field-
effect transistors. The electrical response under various external stimuli, such as light and gas
exposure and temperature and pressure variation was investigated trying to shed some light on the
intrinsic transport properties of these 2D materials. The research was also extended to other types
of nanostructured materials, such as nanopillars and nanotubes. Their basic electrical properties
were investigated, and the high aspect ratio of these nanostructures was exploited to realize field-
emitting devices.

This thesis work is divided in 3 chapters, and it is organized as follows:

Chapter 1 starts with a brief summary of the state of the art of modern CMOS technology. Then, it

introduces the discovery of graphene and describes its possible technological applications and its



limits. The last paragraph focusses on the properties of new 2D materials beyond graphene and on
their possible exploitation in electronic devices. Chapters 2 and 3 are a collection of selected papers
published during the 3 years of PhD that better highlight the main results achieved in this PhD
project on 2D materials for electronic applications. Specifically, Chapter 2 reports the results
obtained from the study of three different 2D materials (tungsten diselenide, black phosphorus and
germanium arsenide) used as field-effect transistors channel. The electrical transport properties of
these materials were investigated as function of temperature and pressure revealing peculiar and
unknown physical properties. The response to light was also analysed revealing the presence of
unusual phenomena, such as of the negative photoconductivity. In the last part of Chapter 2, the
importance of metallic contacts on the properties of 2D materials is highlighted and a model is
proposed to describe and evaluate the main parameters in double Schottky barrier devices. Finally,
Chapter 3 describes the field emission properties of nanostructured materials, such as nanotubes
and nanopillars. The response to external stimuli, such as electrical and mechanical stress, has been

investigated and new intrinsic properties of these nanostructured devices have been reported.



Chapter 1: MOSFET TECHNOLOGY: STATE OF THE ART AND FUTURE
PERSPECTIVES

1.1 Field-effect transistor: working principles

The transistor is one of the basic building blocks of modern electronics. It is based on semiconductor
materials, and it is mainly used to amplify or switch electronic signals and electrical power. The first
idea of a transistor was proposed by Julius Edgar Lilienfeld in 1926, but the actual realization of a
working device was not possible with the technology of the time. Later, in 1947, American
physicists John Bardeen and Walter Brattain realized the first working point-contact transistor while
working under William Shockley at Bell Labs. Finally, in 1959, Mohamed Atalla and Dawon Kahng
working in the same laboratory, invented the metal-oxide—semiconductor field-effect
transistor (MOSFET). The MOSFET, also known as MOS transistor, revolutionized the field of
electronics and, nowadays, is by far the most widely used transistor. Its applications range
from computers and electronics to communications technology and, most importantly, it paved the
way for the birth of the digital age, becoming a fundamental building block of modern digital
electronics.

The field-effect transistor (FET) is an active device composed of three terminals referred as source,
drain and gate. The current flows in a semiconductor region, called the channel, between the drain
and the source, and it is modulated by the gate electrode, under the application of an electric field
(i.e. gate voltage potential) orthogonal to the channel direction. An insulating layer is set between
the conductive channel and the gate electrode to prevent current losses through the gate (gate
leakage phenomenon). There are four basic MOSFET device types. The typical structure of n-channel
enhancement mode MOSFET is reported in Figure (1.1 a). It is formed by a p-type silicon slice, heavily

n-type doped under the source and drain contacts. The term enhancement refers to the idea that
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the semiconductor substrate is not inverted directly under the oxide when zero gate voltage is
applied. The principle of operation of the FET is based on the reversal of the channel region doping,

from the p-type of the silicon substrate to the n-type of the counter doped areas under the contacts.

a) Source Gate Drain b) Source Gate Drain

nt nt l nt nt
D p n channel
Substrate Substrate

Figure 1.1 — Cross section of an n channel enhancement a) and depletion b) mode MOSFET

The physics of the MOSFET structure can be explained thinking at this structure as a parallel-plane
capacitor. When a negative voltage is applied to the gate the Si-substrate behaves as a capacitance
and the free holes, attracted by the gate, accumulate at the semiconductor-insulator interface. In
this case the source and drain are isolated from each other, and no current can flow; the transistor
is said to be in the OFF state. Conversely, when a positive potential is applied to the gate electrode
the major charge carriers of the p-type silicon substrate are swept away, leaving electrons at the
oxide interface. If the potential is high enough, Vs = V;;, (threshold voltage), the region under the

gate has attracted so many negative charges to achieve a doping reversal from p- to n-type. The



accumulated electrons originate a channel that defines a link between the source and drain
electrodes, doped of the same kind, so that the application of a voltage bias (V) gives rise to a
current flow. In this situation, called threshold inversion point, the transistor is considered turned
ON. The source terminal is the source of carriers that flow through the channel to the drain terminal.
Hence, for this device, electrons flow from the source to the drain so the conventional current will
enter the source and leave the drain. The MOS channel is covered by an insulator layer, typically
silicon dioxide (Si0,), contacted by the gate electrode. Figure (1.1 b) shows an n-channel depletion
mode MOSFET. In this case, an n-channel exists under the oxide also when a 1, = 0 potential is
applied to the gate. This is due to the fact that the threshold voltage of a MOS device with a p-type
substrate may be negative; for this reason, an electron inversion layer can already exist with zero
gate voltage applied. Such a device is considered to be a depletion mode device. The n-channel can
be an electron inversion layer or an intentionally doped n region. Analogous considerations can be
made about p-channel enhancement mode MOSFET and p-channel depletion mode MOSFET. In the
p-channel enhancement mode device, a negative gate voltage is needed to attract holes in the
channel region and create an inversion layer to connect the p-type source and drain regions. The
carriers, i.e. holes, flow from the source to the drain, so the conventional current will enter the drain
and leave the source. In the depletion mode device, instead, a p-channel region already exists when

no gate voltage is applied.

1.2 Current-voltage characteristic

The first configuration we consider is an n-channel enhancement mode MOSFET to which it is
applied a gate voltage V; that is less than the threshold voltage V;;, and with only a very small drain-
to-source V;¢ voltage. The source and substrate, also called body, terminals are held at ground

potential. In this configuration, it is not possible to form the inversion layer and the drain and the
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substrate act like a reverse biased p-n junction. The drain current is zero, if we do not consider p-n
junction leakage currents. Now, if a positive gate potential such that V;; > Vy, is applied to the gate
electrode, an electron inversion layer is formed so that when a small drain voltage is applied, the
electrons in the inversion layer will flow from the source to the positive drain terminal. In the ideal
case, we do not consider current leakage through the oxide to the gate terminal and, for small V,

values, the channel region behaves as a resistor, so we can write

lis = 9aVas (1.1)

where g, is the channel conductance and it is given by:

w (1.2)
da = TﬂnIQnI

where u,, is the mobility, that for now we consider a constant, of the electrons in the inversion layer,
W and L are the channel width and length and |Q,,| is the magnitude of the inversion layer charge
per unit area. Since, the inversion layer charge is a function of the applied gate voltage we can assert
that the basic MOSFET operation is the modulation of the channel conductance by the gate voltage.
Such variation of the channel conductance, in turn, determines the drain current. Figure (1.2 a)
shows the I, versus V¢ characteristics, for small values of V. For Vg < Vi, the drain current is
zero. As Vjsbecomes larger than V;,, enough electrons are attracted to the channel region and
current begins to flow between the source and drain. The relationship between current and voltage
is linear and the slope of the curve, corresponding to the conductance of the channel, depends on
the value of the potential applied on the gate. In this situation, the relative charge density is
gualitatively given by the thickness of the inversion channel layer and is constant along the entire

channel length.



Increasing the potential applied to the drain electrode, the voltage drop across the oxide near the
drain terminal decreases, resulting in the reduction of the induced inversion charge density near the
drain. In this situation, the incremental conductance of the channel at the drain as well as the slope
of the I;4 versus V;, curve decrease. When V,;, increases to the point where the potential drop
across the oxide at the drain terminal is equal to V4, the induced inversion charge density is zero at
the drain terminal. At this point, the incremental conductance at the drain is zero, which means that

the slope of the 1 ;5 versus V. curve is zero. It is possible to write:

Vas(sat) = Vs — Vipy (1.3)

where V;.(sat) is the drain-to-source voltage producing zero inversion charge density at the drain

terminal.
a)
Ids
Vgs3 > Vgsz
Vgsz > Vgs3
Vgsl > Vgsl
Vgs > Ven >0
Vds

Figure 1.2 — a) 145 versus Vs characteristics for small values of V4 at different Vs voltages. b) Family of 14

versus V¢ curves for an n-channel enhancement mode MOSFET.
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If V,;5 becomes larger than the Vi (sat) value, the point of the channel where the inversion charge
is zero moves toward the source terminal. Electrons are injected in the channel from the source,
then they travel toward the drain, and finally, at the point where the charge goes to zero, they are
swept to the drain contact by the electric field. Assuming that, after this process, the new channel
length is small compared to the original length, then the drain current will stay constant for V;4 >
V,is(sat). The corresponding region of the I;; versus Vy, characteristic is referred to as the
saturation region. The application of a different gate potential does not only affect the initial slope
of 145 versus V,, curves, but also changes the value of V;,(sat). Figure (1.2 b) shows the family of
I45 versus Vg, curves for an n-channel enhancement mode MOSFET for different values of V.
Similar results can be obtained for the n-channel depletion mode MOSFET. Indeed, if the n-channel
region is an induced electron inversion layer originated by the work function difference between
the metal and the semiconductor and by fixed charge in the oxide, the current—voltage
characteristic is the same as we have discussed, except that Vy, is a negative quantity. We can also
consider the case when the n-channel region is an n-type semiconductor region. In this type of
device, a negative gate voltage will induce a space charge region under the oxide, reducing the
thickness of the n-channel region. The reduced thickness decreases the channel conductance, which
reduces the drain current. A positive gate voltage will create an electron accumulation layer, which
increases the drain current. One basic requirement for this device is that the channel thickness t.
need to be less than the maximum induced space charge width in order to be able to turn the device
off.

The analytic expression of the transistor current—voltage relation can be mathematically derived

leading to:
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WucC (1. 4)
las = =7 [2(Vgs = Ven)Vas — V]
which can be written as:
Igs = K[2(Vgs — Vin) — V5] (1.5)

Where K = WPZL—E‘”‘ is a parameter called the conduction parameter for the n-channel MOSFET and

has units of A/V 2. For fixed bias, Equation (1.4) describes the transfer characteristic of a transistor

and for small V,, it becomes:

_ WuCo,

(1. 6)
Ids - 2L (Vgs - Vth)Vds

Finally, when the transistor is biased in the saturation region, the ideal current—voltage relation is

given by:

ey

(1. 7)
Iys = (Vs = Ven)”
2L

The operation of a p-channel device is the same as that of the n-channel device, except the charge
carrier is the hole and the conventional current direction and voltage polarities are reversed.
Equation (1.6) can be used to determine two important parameters for a transistor, i.e. the carrier
mobility and the threshold voltage.

A linear fit of the linear part of the transfer characteristic (/45 vs Vg curve) shown in Figure (1.3 a)
can be used to simulate equation (1.6). From the slope of the fitting curve the carrier mobility can

be written as:
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l (1.8)
u=siopeé ——F——
WCodes

while the x-axis intercept provides the threshold voltage V.

a) b)

I 7% log(I4)
@ slope = uCox - Vas el

lorr, Ve
t

intercept = Vi,

Vgs Vgs

Figure 1.3 — Transfer characteristic (15; — Vg5 curve) and its main parametrs on linear a) and

semilogarithmic b) scale.

For low and high values of the applied gate potential, the transfer characteristic deviates from the
linear trend because of subthreshold conduction and mobility dependence on V.

When the MOSFET is in the OFF state a small-negligible but non-zero current flows between the
source and the drain. Electric circuits are designed in order to minimize the OFF-state current to
reduce power dissipation when the device is in standby.

The MOSFET OFF-state current is called subthreshold current and as it has an exponential behaviour

described by:
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w Q(Vgs - Vth) (1.9)
Las,sup = T €XP T kT

Where q is the electron charge, 1 is a dimensionless parameter and T is the temperature. Form
equation (1.9), it results that, fixed the geometrical dimension of the transistors, it is possible to
reduce the off current by increasing the threshold voltage, cooling down the working temperature
and decreasing the n factor. The first two options are not desirable because a high threshold voltage
reduces the ON-state current and degrades the device operation while low cryogenic working
temperature requires considerable costs. The reduction of the 1 factor is the most efficient way to
optimize the working parameters and can be achieved varying the gate oxide thickness. Indeed,

from capacitance considerations, it results:

Caep (1. 10)
COX'

n=1+

A reduction of the oxide capacitance, related to the oxide thickness, allows to increase the 7 factor

reducing the OFF-current.

Finally, the n factor is also connected to another important transistor parameter called subthreshold
swing (SS) which indicates how rapidly in the subthreshold regime the transistor current is switched

off:

SS = 1 60 mV T (1. 11)
= oYY 300K

This parameter can be obtained performing a linear fit of the transfer characteristic on

semilogarithmic scale, as shown in Figure (1.3 b). The ideal SS value, at room temperature, is

mv

decade’
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1.3 Short-channel effects

The continuous demand for more performing devices has led to a continuous reduction in the size
of electronic components. As early as 1965, Gordon Moore had formulated his famous law
according to which the number of transistors in a dense integrated circuit (IC) should double about
every two years. This empirical prediction was respected almost strictly until 2010, when
semiconductor advancement has slowed industry-wide, below the pace predicted by Moore's law.
The main purpose for reducing the size of the electric components, in particular transistors, is
increasing speed and reducing cost. Indeed, smaller circuits lead to a reduction of the capacitance,
thereby increasing operating speed. At the same time, smaller components allow to contain more
of them in the same wafer, dividing the total cost of a single wafer among more dies.

So, the reduction of transistor channel length, during the last decades, to increase the operational
velocity and to accommodate a greater number of components per chip, has become the main issue
for ICs developers. However, the extreme reduction of the MOSFET dimensions can lead to a series
of undesirable phenomena, the so called short-channel effects, which arise from the scaling
procedure. When the channel of the MOSFET becomes the same order of magnitude as the
depletion layer width of source and drain, the transistors start behaving differently, impacting
performance, modelling and reliability.

The channel length is defined short if it results comparable to the sum of the drain and source

depletion regions, i.e. L ~ W; + W,.

The principals non-idealty effects that arise from the instauration of a short-channel regime are:

- Enhancement of the subthreshold current and drain induced barrier lowering (DIBL) effect

- Threshold voltage roll-off
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- Surface scattering

- Velocity saturation

- Impact ionization

- Hot electron injection

As shown in equation (1.9), for gate voltages lower than V,;, a transistor is OFF, but a non-zero
current flows across the device. Such subthreshold current is a function of the channel length.
Particularly, reducing L leads to an increase of the I i, Which is an unwanted effect, since higher
subthreshold currents mean more power consume when the IC is in standby. As explained before,
one method to overcome this issue is increasing the oxide capacitance, thinning the oxide thickness,
or using high-k dielectrics.

Another issue, related to the short-channel length, that affect the subthreshold current is the punch-
through. When the channel is shrunk, the drain and source depletion regions are extended in
proximity of each other, forming a unique region where the punch-through phenomenon occurs.
Basically, the punch-through is the flow of drain to source current thought the new depletion region,
that causing an increase of the device current with the V;, could lead to the breakdown of the
device. A way to reduce this effect is to increase the bulk doping level, resulting in smaller
drain/source junctions and in the reduction of parasitic currents. However, high bulk doping
increases the subthreshold swing which results in higher subthreshold currents. Another way to
reduce the punch-through effect is the construction of shallow-high doped source-drain regions.
The side effect of this method is that it contributes to a degradation of the channel mobility due to
additional scattering centres.

An effect similar to punch-through is the DIBL. This effect can be understood considering the
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potential barrier profile that an electron has to overcome to go from source to drain. When no bias
is applied to source and gate electrodes (Vs = 0 and Vs = 0), there is a potential barrier that
prevents electrons from flowing from source to drain. The application of a gate voltage lowers this
barrier down until electrons have enough energy to flow. In the ideal case, V;;would be the only
potential that would affect the barrier. However, as the channel becomes shorter, a larger V g
widens the drain depletion region to a point that reduces the potential barrier. For this reason, this
effect is called drain induced barrier lowering. When the barrier is decreased, electrons move more
freely into the channel region, requiring less gate voltage to deplete the substrate. So, the main
effect of the DIBL is that even for V3 <V, current can flow, contributing to the subthreshold
current. Since a lower gate voltage is needed to invert the channel, the threshold voltage expression

modifies and can be written as:

(1. 12)

L
Vin = Vinjong—channer — (Vas + Vi) exp (_ E)

that testify a reduction of V;;, also known as threshold voltage roll-off.

Vinlong—channet is the threshold voltage for the long channel device and L and [, are the channel

length and DIBL characteristic length, a parameter which is related to device characteristics:
la = YtoxWaepX; (1.13)

where t,, and W, are the oxide thickness and depletion region width, while X; is the junction
depth. From equation (1.13) it derives that a first approach to reduce the DIBL effect can be to
decrease the thickness of the gate oxide, thus improving the gate control of the channel. By the
way, this method even if desirable for a better channel control and reduction of DIBL effect, can

generate additional problems. Indeed, when the oxide is very thin, the charge carrier can tunnel
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through the gate insulator increasing the leakage current and potentially damaging the entire
device. Moreover, the formation of fixed charge inside the oxide, give rise to the shift of the
threshold voltage. A way to avoid the inconveniences deriving from extreme reduction of oxide
thickness is to replace typical gate oxides, like Si0,, with high-k dielectrics (such as Zr0, and Hf 0,),
that have a higher gate control at greater thicknesses. This solution has been tested in the last years,
but it has led to some further drawbacks mostly related to the occurrence of chemical reaction
between the high-k dielectric and the Si substrate. Other possible approaches to avoid the DIBL
effect can be reducing the junction depth (through the fabrication of shallow drain-source junctions)
or thinning the vertical dimension of the channel.

The next non-ideality effect due to the short length of the channel is the surface scattering. This
effect is due to the fact that while the carriers travel along the channel, they are attracted to the
surface by the electric field created by the gate voltage. As a result, they keep scatter against the
surface, following a zig-zag path. Surface scattering reduces the surface mobility of the carriers, in
comparison with their bulk mobility impacting the current-voltage relationship of the transistor.
Obviously, this effect is also present in traditional transistors, but reducing the size of the channel
amplifies it considerably. Indeed, as the length of the channel becomes shorter, the lateral electric
field created by V,;, becomes stronger. To compensate that, the vertical electric field originated by
the gate voltage needs to increase proportionally, which can be achieved by reducing the oxide
thickness. As a side effect, surface scattering becomes predominant, reducing the effective mobility
of the carriers. Moreover, surface scattering can lead to velocity saturation of the carriers, modifying
the current-voltage characteristic of the transistor that become approximately linear with V5. The
velocity of charge carriers is usually proportional to the applied electric field, but this assumption is

true only for small fields. Indeed, as the field gets stronger such as in the case of short-channel
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transistors, the carrier’s velocity tends to saturate, meaning that above a certain critical electric

field, they tend to stabilize their speed and eventually cannot flow faster.

The common model used to describe the mobility dependence on the electric field dependence is

the following

Uerr (1. 14)

where s is the mobility not affected by the high electric field and vy, is the saturation velocity.
The velocity saturates when E > E_ (critical field) and in silicon it results ~107 cm/s for electrons
and ~ 0.6 - 107 cm/s for holes.

Impact ionization is another non-ideality effect that could arise from the presence of intense electric
field. Indeed, the strong lateral field typical of short-channel transistors endows the charge carriers
with high velocity, and therefore, high energy. Such carriers can randomly collide with silicon atoms
of the substrate leading an electron out of the valence band to the conduction band. This process
originates electron-hole pairs and while the electrons are swept to the drain, enhancing the ideal
transistor current, holes are attracted to the ground, contributing to a parasitic current. When
electron-hole pairs generate at high rate, the holes flowing through the bulk, can cause a voltage
drop at the parasitic resistance of the bulk itself. In this situation, the parasitic bipolar transistor that
is formed by the junctions between source-bulk-drain, that is normally turned off because the bulk
is biased at the lowest voltage of the circuit, can activate. Electrons can flow to the bulk and drain
by the BJT instead of the channel created by the MOSFET creating anomalies in the current-voltage
characteristic. Either most catastrophic effects can happen when the newly generated electrons

become themselves hot carriers and knock out other atoms of the lattice. An avalanche effect can
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lead to an overrun current that the gate voltage cannot control.

Finally, these hot carriers can follow a different path contributing to the so-called hot carrier
injection. Indeed, the energy they contain may be sufficient to enter the oxide and get trapped in it.
There, they accumulate and form new charged traps, which degrade the performance of the
transistor increasing the threshold voltage and affecting the gate control on the channel. Over time,
the accumulation of electrons in the oxide causes the so-called ageing of transistors. To reduce the
formation of "hot" carriers and their negative effects, the electric field can be artificially weakened
through the implantation of lightly doped drains, beside the heavily doped drains. The electric field
only needs to be weakened at the drain, but since the drain terminal is only defined by the operating
point, the implant needs to be added at both terminals of the MOSFET. The implantation allows to
have wider depletion regions that leads to larger distance between different potentials, reducing
the electric field. On the other hand, this method drastically increases the parasitic resistances
through source and drain. Another option to try to avoid these short-channel effects is to shrink all

the device dimensions, including the channel width/thick and the oxide/insulator thickness.

1.4 Graphene FETs

The short-channel effects discussed in the previous paragraph represent the main obstacle to the
continuation of the astounding technological development that characterized the entire 20th
century. Complementary metal oxide semiconductor (CMOS) technology, principally using silicon
based MOSFETSs, pushed the miniaturization of electronic components to its limit. As for 2019, the
number of transistors on commercially available microprocessors could reach up to 39.54 billion,
and Samsung and TSMC have been fabricated 10 nm and 7 nm MOSFETs. The International

Technology Roadmap for Semiconductors predicts that after the year 2021, downscaling transistors
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will no longer be economically viable and semiconductor industries are already considering
alternative materials and technologies for extending Moore’s law in a post-silicon world. In this
framework, the discovery of graphene marked the beginning of an era based on the possibility of
exploiting the incredible properties of two-dimensional (2D) materials to overcome the short-
channel effects and continue to extend the possibility of miniaturizing transistors to improve their
performance. Indeed, the intrinsic 2D nature, i.e. thickness negligible respect to the in-plane
dimensions, is beneficial for suppressing short-channel effects and length scaling, since it satisfies

the condition

L>a-l, (1.15)

where a is a constant. Moreover, the benefits of 2D materials are related to the extraordinary and
innovative properties, like the possibility to tune the bandgap through the number of layers and the
intrinsic p- or n-type doping, which does not require additional dopants, cause of mobility
degradation.

Graphene is a single atom-thick planar allotrope of carbon. It is closely related to graphite, which is
another allotrope of carbon.l! The structure of three-dimensional graphite can be thought as a
layered stack of graphene sheets held together by van der Waals forces and it was determined and
studied in 1916 using powder diffraction.[?! The difference in the structure of 2D graphene and
three-dimensional graphite is shown in Figure (1.4 a). In 1947, Wallace was the first to study the
electronic structure of graphene, in order to better understand the electronic properties of three-
dimensional graphite.BlAfter that, Mermin-Wagner theorem and the Landau-Peierls arguments
concerning thermal fluctuations at nonzero temperatures that would lead to thermodynamically

unstable two dimensional crystalsi! have significantly slowed down experimental research on
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graphene. The turning point came in 2004 when Geim and Novoselov demonstrated the first
experimental evidence of the existence of graphene by exfoliating crystalline graphite using scotch
tape and transferring the graphene layers onto a thin silicon dioxide over silicon,®! a technique now
referred to as mechanical exfoliation. Since then, intense efforts by the scientific community have

been made to obtain a complete understanding of the graphene structural and electrical properties.

Figure 1.4 — a) Crystal structure of graphite (top) and graphene (bottom). Graphite is made of several layers
of graphene sheet stacked on top of each other and held together via weak van der Waals forces. b) The
reciprocal lattice of graphene (in k space). The shaded region is the first Brillouin zone. By convention, I’

denotes the point k = 0.

Graphene has a honeycomb lattice of sp? bonded carbon atoms separated by an interatomic
distance a =~ 1.42 A. The 2s, 2p,, and 2p,, states mix to form three sp? hybrid orbitals for each
carbon atom separated by 120°. These sp? hybrid states originate three strong covalent ¢ bonds
between each carbon atoms and neighbouring carbon atoms, leading to the geometry of the lattice.

Electronsin 2p, orbitals are located above and below the plane of graphene, participating in weaker
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1 bonds. The electrons participating in the o bonds lead to the high strength and other novel
mechanical properties of graphene but play no role in its electronic properties. On the other hand,
1 electrons, being highly mobile give a fundamental contribution to graphene electronic response.
The crystal lattice of graphene is formed by two triangular lattice (A and B) shifted respect to each
other, defining the hexagonal honeycomb array. Different atoms in the lattice are not equivalent,
making the honeycomb lattice a non-Bravais lattice. Figure (1.4 b) shows the first Brillouin zone for
graphene in reciprocal space. The center of the first Brillouin zone is usually labelled as I' and
corresponds to the origin k = 0, where k = (ky; k,) is the wave vector associated with
electronic states in the lattice, with k, and k, representing the wavenumbers along é; and &,
respectively. The first Brillouin zone is hexagonal and has six points labelled as K and K’, collectively
referred to as Dirac points. These Dirac points are the main responsible for the exceptional
electronic properties of graphene. Indeed, the plot of the graphene band structure reported in
Figure (1.5) reveals that the valence and conduction bands of graphene coincide at six points (exactly
the Dirac points of the reciprocal lattice), showing a zero bandgap and thus displaying the
semimetallic nature of graphene. A tight binding approach reveals a linear-like behaviour of the
energy-momentum relation, testifying the fact that the charge carriers behave like relativistic

particles with high Fermi velocity vp ~ 10° m/s.
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Figure 1.5 — a) 3D plot of graphene band structure. b) Magnification of the band structure at the K-point

As regards the possible technological applications of graphene, one of its most interesting
properties is certainly the possibility of changing the position of the Fermi level, and therefore the
doping, simply through the application of a gate potential. Moreover, as already mentioned, the
intrinsic 2D nature of graphene allows to realize devices, in particular FETs, with a thickness of only
3 A (graphene single layer), which allow to avoid the short-channel effects discussed in the previous
paragraph. The constrain of the electrons and holes moving in the plane gives rise to extraordinary
transport properties. However, despite these interesting premises, the realization of the first
devices based on graphene showed that it is also responsible of numerous drawbacks.

To start, in real devices it is practically impossible to obtain the perfect crystalline structure
predicted theoretically. Indeed, intrinsic lattice defects, impurities, the graphene-substrate
interaction, and thermal phonon affections can modify both the morphology and the ideal graphene
band structure, altering device properties. Phonons are a typical example of an intrinsic scattering
source, which strongly limit the mobility at finite temperature. Extrinsic impurities and/or carbon
vacancies can give rise to the same effect through Coulomb scattering because they act as charged

scatter centers, modifying the lattice period potential. To avoid these effects, several techniques
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have been implemented to tune the graphene conductivity and boost the performance of graphene
transistors. The fabrication technique, indeed, is another main key-point for the good quality/high-
mobility graphene.

Another undesirable effect is the reduction of mobility mainly due to grain boundaries,!® doping
defects,[”! gate control® and graphene sheet resistance,!® i.e. the resistivity at zero gate voltage.
Moreover, a no less important contribution to the limitation of mobility is given by the interaction
of graphene with the substrate. The use of BN (boron nitride) as substrate, defined by a smooth
surface and lattice constant equivalent to the graphene one, instead of the typical Si0,, resulted in
a mobility about three times higher. Unfortunately, graphene on BN devices are difficult to realize
and thus not ideal for large-scale fabrication and applications. Another proposed solution is based
on the realization of suspended graphene devices.[*® Such FETs have shown impressive transport
properties, with field effect mobility up to 2+ 10°> cm?V~'s~1, but also the suspended device
fabrication imposes many practical problems.

Another major problem is related to the suppression of device on-current caused by the
graphene/contact resistance.[*!l Indeed, ohmic and low resistance contacts are important figures of
merit for high frequency devices and the realization of stable and low-resistance contacts is still
under intensive study.[?! The variation of the contact resistance is attributed to many different
causes, related to graphene growth and number of layers, metal type and deposition process,
quality of the metal graphene/interface, measurement conditions, etc. It has been found that the
contact resistance can vary greatly depending on the used metal, ranging from few hundreds to
thousands 2 - um. Several studies have focused on the optimization of metal/graphene interfaces
showing that the best contact resistances can be achieved with Ni and Cu contacts yielding contact

resistance as low as ~ 300 (2.[1314 Besides the choice of metal, another recently developed
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technique to reduce the contract resistance is to modify the contact area in order to increase charge
injection through the graphene edges and the graphene etching under the contacts to favour the
formation of dangling carbon-to-metal bonds. Recent studies have reported contact resistances
down to 100 2 - um using this method.'> A low contact resistance enables the study of intrinsic
graphene properties and increases the performance of graphene devices.

The previous problems are almost exclusively related to the manufacture of the devices. Once the
fabrication techniques have been optimized, it is, at least in theory, possible to realize FETs with
graphene channel. Due to its peculiar band structure, with zero bandgap at the Dirac points,
graphene FETs originate ambipolar V-shaped transfer characteristics, reported in Figure (1.6),
dominated by a p-type and n-type conduction at negative and positive gate voltage, respectively,®
with carrier mobilities estimated up to 200.000 cm?V =1 s~1. If on one hand, the ambipolar
conduction can be exploited as feature for complementary logic applications, on the other hand,
the limited ON-OFF ratio caused by the absence of intrinsic bandgap is a significant obstacle and

requires deep material engineering for real applications.[”]
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Figure 1.6 — Ideal graphene FETs transfer characteristic. Negative (positive) Vs induces holes (electrons)

transport.
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Until now, such absence of bandgap is resulted an almost insurmountable problem. Indeed, the ON-
OFF ratio (i.e. the ratio between the transistor current in the ON and OFF states) constitutes one of
the main figures of merit of the transistor, and in modern applications it is required to be at least
on the order of 10*. Unfortunately, for monolayer graphene FETs the typical ON-Off ratio is about
10 making them practically unusable for digital electronics. Despite this, graphene FETs are an
excellent alternative for high frequency applications (in the order of terahertz), where conventional
silicon-based CMOS devices are not suitable and high ON-OFF ratio is not required.

To overcome this intrinsic limit, several techniques have been introduced to open a gap and
modulate the ON-OFF ratio. A first attempt was made through external doping that allowed to
obtain, with a certain precision, a desired gap value and reasonable ratios.['® Other ways to open a
gap in the graphene band structure are based on the exploit of the symmetry breaking, under
transversal electric field, of bilayer sheets!®! or to substitute the flat graphene with a graphene
tubular structure, as nanowires and nanoribbons.?% While promising, these methods have the
drawback of leading to devices with much lower mobility than monolayer graphene.

In conclusion, although graphene exhibits remarkable electronic properties that make it a suitable
candidate for replacing silicon and extending the lifetime of Moore's law, there remains a lot of
research to be conducted around overcoming the challenges associated with realizing graphene
FETs for industrial purposes. To date, scalable and least costly technique for synthesizing graphene
layers in industry, as chemical vapour deposition, results in samples with relatively low mobilities,
making it difficult to harness the potential of graphene as a high-mobility alternative to silicon.
Moreover, the research of bandgap engineering techniques to open a bandgap in graphene
inevitably results in FETs with much lower mobilities than monolayer graphene FETs. Overall, it is

difficult to establish whether graphene technology will be able to replace that silicon-based in the
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near future. Fortunately, graphene is no longer the only known 2D material, as we will see in the
next paragraph, and large research efforts are being made to find new 2D materials beyond

graphene that can compete with modern silicon technology.

1.5 TMDs and other layered materials

After the revolutionary discovery of graphene, scientific research has focused on the possibility of
isolating new 2D materials. Transition metal dichalcogenides (TMDs) are an emerging class of
materials with properties that make them highly attractive for fundamental studies of novel physical
phenomena and for technological applications ranging from nanoelectronics and nanophotonic to
sensing and actuation at the nanoscale. The intense research efforts of the past years led to the
demonstration of the first high performance TMD-based transistor in 2011 consisting of a single
MoS, layer.?l Radisavljevic et al. uses a hafnium oxide gate dielectric to demonstrate a room-
temperature working transistor achieving mobility of 200 cm?V~1s~! and ON-OFF ratio in the
order of 108.

TMDs’ structure was first determined by Dickinson and Pauling in 1923[221 and the first reports on
the use of adhesive tapes for producing ultrathin MoS, layers date back to 1963.2%! Certainly, the
real boost occurred after the discovery of graphene in 2004 which marked the beginning of a deep
research on the methods of production and characterization of 2D TMDs.

The TMDs family members can be described by the chemical formula MX,, where M is a transition
metal (Mo, W,V, Nb, Ti, Pt, Pd etc.) and X a chalcogen (S, Se, Te). TMDs exist in several structural

phases resulting from different coordination spheres of the transition metal atoms.
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Figure 1.7 — Crystal structure of monolayer TMDs, where M indicates the transition metal and X the
chalcogenide. The semiconducting 2H phase a) has trigonal prismatic structure, while the metallic 1T phase

b) have octahedral structure.

Figure (1.7) shows the two common structural phases are characterized by either trigonal prismatic
(2H) or octahedral (1T) coordination of metal atoms. These structural phases can also be viewed in
terms of different stacking orders of the three atomic planes (chalcogen—metal—chalcogen) forming
the individual layers of these materials. The 2H phases correspond to an ABA stacking in which
chalcogen atoms in different atomic planes occupy the same position A and are located on top of
each other in the direction perpendicular to the layer. By contrast, the 1T phases are characterized
by an ABC stacking order.?*! The thermodynamically stable phase mainly depends on the particular
combination of the transition metal and the chalcogen, but the other can often be obtained as a
metastable phase. Each layer is bonded to another by van der Waals forces, which permits an easy
exfoliation of the bulk material, while the X-M-X atoms are covalently bonded.

The two structural phases deeply affect the physical properties of the material, i.e. the band
diagram, the electrical conduction, the optical properties and the metal or semiconducting nature.

For example, monolayer MoS,, in the 2H-tetrahedral phase, is a n-type semiconductor with a direct

29



tunable bandgap, while its 1T-octahedral structure leads to a metallic phase. Moreover, transition
between 2H- and 1T-phase, for example under laser irradiation, have been demonstrated leading
to very intriguing perspectives for the device realization. One of the main peculiarities of TMDs is
the possibility of tuning the bandgap by varying the number of layers. Typically, the positions of the
valence and conduction band edges change with decreasing thickness. As example, for 2H — MoS,
the indirect bandgap semiconductor bulk material turns into a direct bandgap semiconductor when
reduced to monolayer.!?>!

Moreover, other structures have then been discovered. An example is produced by PdSe,, the first
isolated noble TMD with 2D pentagonal structure.l?®) Monolayer PdSe, has a puckered
configuration where the Pd atoms are set in the middle and covalently bonded to four Se atoms,
two of which are located respectively at the top and at the bottom of palladium layer.

The presence of a finished bandgap prompted research to attempt to use 2D TMDs in several
technological applications. TMDs FETs operating at room temperature have shown encouraging
results regarding typical figures of merit. Indeed, high ON-OFF ratio, up to 10%, and current densities
up to 250 mA/mm have been reported. A negative point, however, is constituted by the mobility
which is almost always very limited. This is mainly due to unavoidable structural defects due to
manufacturing processes and to the interaction of TMDs with substrates. Continuous efforts have
been made to improve the quality of the devices by optimizing the fabrication processes, but the

1g~1, 1271 Besides excellent

highest mobilities obtained are in the order of a few hundred cm?V~
electrical transport, TMDs are mechanically flexible and strong, similar to graphene. An

exceptionally high Young’s modulus T~0.33 TPa has been reported in suspended few-layer MoS,

nanosheets.[28!
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A good compromise between the very high mobility typical of graphene combined with its absence
of bandgap and the low mobility of TMDs, compensated by a large and tuneable bandgap, is
constituted by black phosphorus (BP). This material, consisting of a single layer of phosphorus
atoms represents a promise with reported transistor mobility as high as 1000 cm?V~1s71,
approaching that of CVD graphene, and ON-OFF ratios typically > 10%2-10% at room
temperature.?®! A big drawback of the BP is its great instability in the air. Indeed, monolayer BP
has been shown to degrade within hours when directly exposed to air. Various encapsulation
techniques have been attempted to prevent this effect, which although effective, make its industrial
production much more difficult.

Another interesting emerging class of 2D materials is that of binary compounds of the IV and V
groups. Theoretical calculations have indicated that MX coumpounds, with M = Si, Ge,Sn or
Pb and X = P, As,Sb or Bi, might have crystalline layered structures with orthorhombic (Cmc2;
for SiP and Pbam for SiP, and GeAs,) or monoclinic (C2/m for GeP,GeAs, and SiAs)
symmetries3®33 Several studies have investigated the bandgap®¥, lattice structureB3%,
thermoelectric performances®> and the Hall mobility!3®! of such materials as bulk crystals, but there
have been only few reports on their electrical properties in the form of ultra-thin or monolayer
flakes!37:381, We will delve into the electrical properties of one of its members, germanium arsenide,
in the next chapter.

Finally, a special mention is needed for insulating 2D layered materials. These materials are
characterized by a large bandgap (greater than 3 eV) and poor conduction, some examples are h —
BN (hexagonal-boron nitride)B3°! and transition metal oxides (TMOs).[*9! The usual large bandgap
and high dielectric constant make 2D insulating materials desirable as gate dielectric to enhance the

gate control on transistor channel and reach better performances. Another important property is
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the possibility to tune the TMOs bandgap by varying the number of layers. As example, thin MoO;
(around 10 layers) presents a gap of 3.3 eV which becomes 4.3 eV in bulk MoO5, enabling its
application as UV-light detector. Furthermore, 2D insulating materials possess high light
transmittance, strong mechanical strength, excellent thermal/chemical stability and a dangling-
bond-free surface.l*!l Therefore, they can be excellently used as transparent protective layer for 2D

devices.!*2

32



Chapter 2: FIELD-EFFECT TRANSISTORS WITH 2D CHANNEL

In this chapter the results of three experimental studies concerning the electrical properties of
different 2D materials, used as FETs' channels, are reported. The aim of these works was to
investigate the intrinsic transport properties of these materials under different conditions, such as
temperature and pressure variations and light or electron irradiation. Even if referring to a specific
2D materials, most of the results are also valid when applied to other layered materials that presents
similar characteristics. In the last section of the chapter an experimental study on a common
problematic that affects nanostructured FETs is reported, i.e. the interaction of 2D materials with
the metals used as contacts. In particular, a model that allows to describe the relationship between
voltage and current in these devices is presented, in the very common case in which a double
Schottky barrier is formed.

Specifically, in the first paragraph, the electrical properties of platinum diselenide, a member of the
TMDs family, are investigated. The research focuses on investigating the electrical response of the
material when exposed to supercontinuum white laser irradiation. It is demonstrated that the
external pressure is responsible for different response to light of the material, leading to positive or
negative photoconductivity in vacuum and at a room pressure, respectively. The research on the
electrical properties of PtSe, was conducted in collaboration with the Tyndall National Institute of
Cork and Trinity College of Dublin, which resulted in the publication of the paper "Coexistence of
negative and positive photoconductivity in few-layer PtSe, field-effect transistors" by Grillo et al.
published in Advanced Functional Materials in 2021.

In the second paragraph, the results regarding a study on black phosphorus FETs are presented.
Non-volatile memories were realized exploiting the presence of intrinsic and BP/Si0, interface

defects achieving devices with good endurance and retention properties. Poly (methyl
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methacrylate) (PMMA) was used as covering layer to prevents the channel degradation, typical of
black phosphorus devices, without affecting the electrical properties. Such results derive from a
study conducted in collaboration with the University of Duisburg-Essen, which resulted in the
writing of the paper "Memory effects in black phosphorus field effect transistors" by Grillo et al.
Then, in the third paragraph, an investigation on germanium arsenide FETs electrical properties as
function of temperature is reported. The devices were measured over a wide temperature range
revealing that the carrier density presents a broad peak around 75 K. Such an anomaly was
explained through a temperature-dependent conductive channel thickness model that was
corroborated by the observation of 3D variable range hopping conduction at lower temperatures
that becomes band-type at higher temperatures. These results are the outcome of a collaboration
with the Technical University of Denmark, where the devices were fabricated and characterized by
the candidate during his time as a visiting PhD student. This research resulted in the publication of
the paper " Observation of 2D conduction in ultrathin germanium arsenide field-effect transistors"
by Grillo et al. which was published on ACS Applied Materials & Interfaces in 2020.

Finally, the fourth paragraph presents a discussion about the analysis of current-voltage
measurements of 2D materials affected by the presence of Schottky barriers at both contacts. A
model to analyse the transport mechanisms of these kind devices is proposed and tested on several
I — V curves from different nanostructures, revealing a perfect agreement between the theoretical
predictions and the experimental data. This research work resulted in the publication of the paper
"A current-voltage model for double Schottky barrier devices " by Grillo and Di Bartolomeo,

published on Advanced Electronic Materials in 2020.
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2.1 Platinum Diselenide (PtSe,)

The first material studied in this PhD project is platinum diselenide (PtSe,), a member of the TMDs
family. In particular, PtSe, falls within the so-called noble TMDs formed by Group-10 noble
elements (Pt, Pd, and so on) and chalcogens (S, Se, or Te). The main peculiarity of noble TMDs is
that d-electrons completely occupy their d-orbitals, resulting in the highly hybridized P, orbitals and
strong interlayer interaction. Therefore, they present relatively small and widely tuneable bandgaps
compared to traditional TMDs, which combined with high mobility and environmental stability make
them of great interest for possible optoelectronic applications. For these reasons, PtSe,, is currently
the subject of intense research activity.[*3 Bulk PtSe, is a gapless semimetall*® for which
theoretical studies have predicted a band gap emergence when reduced to monolayer.*” Wang et.
Al. through epitaxial growth by direct selenization of the material experimentally demonstrated that
monolayer PtSe, has a band gap of 1.2 eV.[*8 Due to its thickness-dependent semimetal-to-
semiconductor transition, PtSe, is a suitable candidate for electronic*® and optoelectronic
applications.®® Nowadays, PtSe, is attracting great research attentions due to its high carrier
mobility*], high chemical activity,'®! and low formation temperature.l? Yim et al. have shown that
PtSe, films, transferred onto silicon substrates, form diodes working as both photodetectors and
photovoltaic cells.>3 Furthermore, theoretical studies have indicated that PtSe, has adsorption
energy for gases like NO, and NH; lower than MoS, and graphene.® Su et al. have recently
reported stable gas sensing performance of PtSe, under strains induced by different selenization
temperatures.® PtSe, has weak chemical reactivity with oxygen that is physically adsorbed on its
surface and can be removed by vacuum annealing, heating, or irradiation.!®! The interaction of 0,
with PtSe, is an important process to understand because it can deeply affect the transport

properties of the material. The adsorption process does not lead to structural or chemical changes
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of the material but induces p-type doping as electrons can transfer to oxygen molecules and cause
hole formation inside PtSe,.

The aim of this study was to investigate the effect of temperature, air pressure, and light irradiation
on the transport properties of multilayer PtSe, back-gated field-effect transistors. It was found that
the devices show p-type conduction and electrical conductivity that increases with the rising
temperature and air pressure. The coexistence of negative and positive photoconductivity in the
device has been demonstrated, and their relative contributions depend on the air pressure.
Negative photoconductivity (NPC) is observed at atmospheric pressure as light irradiation by a white
source reduces the PtSe, conductance. Conversely, in high vacuum, the material exhibits positive
photoconductivity (PPC). The physical origin of this mechanisms is the pressure- or light-induced
desorption of oxygen, which acts as a charge transfer dopant, affecting the PtSe, conductance. To
provide atomistic insight, the interaction of physisorbed oxygen molecules with semiconducting
PtSe, film has been studied by performing first-principles calculations, demonstrating that
adsorption of oxygen on PtSe, surface induces holes in the PtSe, material, increasing its

conductivity, consistently with the experimental observations.

2.1.1 Sputtering and selenization processes

Sputtering has been used to obtain a homogeneous Pt film (nominal thickness 0.7 nm). Pt was
directly sputtered over an Si/Si0, substrate (85 nm thermally grown oxide on p-type silicon,
p ~0.001 — 0.005 Qcm). After that, a direct selenization process inside a two-zone furnace was
performed. The upstream zone with Se pellets was heated to 220 °C while the downstream zone
housed the Pt film at 400 °C for the selenization process.>3! The obtained Se vapor was carried to
the downstream zone through an Ar: H, (90%:10%) flow at 150 sccm, where it reacted with the Pt

films for 2 hours to completely convert it into a PtSe, ultrathin film. During the process, the Se
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infiltrated into the Pt film causing the formation of PtSe, and a film thickness expansion by a factor
of ~3.5-4.571 Then, the compound was cooled down to room temperature. The final thickness of

the PtSe, film, as revealed by TEM analysis, is about 3 nm corresponding to 6 layers.[>8

A polymer-based process was used to transfer the obtained PtSe, film onto a fresh Si/SiO,
substrate. Hence, SF4-based inductively coupled plasma etching process with photoresist masking
was performed to obtain the desired pattern. Standard photolithography and lift-off processes were
carried out to fabricate Ni: Au (20 nm: 150 nm) metal contacts. The highly doped Si substrate was

used as the gate electrode. An optical image of the device is shown in the inset of Figure (2.1 d).
2.1.2 Photoconductivity measurements and DFT calculation setups

For the electrical characterization, devices were measured in two- and four-probe configurations in
a Janis Probe Station (Janis ST-500 probe station) equipped with four nanoprobes connected to a
Keithley 4200 SCS (semiconductor characterization system), working as source-measurement unit
with current sensitivity better than 1 pA. The electrical measurements were performed by lowering
the pressure from 1 bar (room pressure) to 10~> mbar and at different temperatures from 292 K
to 392 K. The air in the chamber was evacuated by a rough and a turbo pump. The photoconductivity
was tested by irradiating the devices with a super-continuous white laser source (NKT Photonics,

Super Compact, wavelength ranging from 450 nm to 2400 nm, at 50 mW /mm?).

First-principles calculations were performed within the framework of density functional theory
(DFT) as implemented in QuantumATK."! Linear combination of numerical atomic-orbital (LCAO)
basis set and generalised gradient approximation (GGA) with norm-conserving pseudopotentials
from PseudoDojol® were employed in the simulations, where the semi-core 2s, 2p and 3d states

for oxygen, 5s, 5p, 5d, 4f, 6s and 6p states for Pt, and 4s, 4p, 4f, and 3d states for Se have been
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retained as valence electrons. Brillouin-zone integrations were performed over a grid of k points
generated according to the Monkhorst-Pack scheme!®! with a density of approximately 12 k-points
per angstrom. Energy cut-off of 125 Ha has been considered for discretized grid and all structural
relaxation was performed with the maximum force of less than 0.005 eV A~1.162 van der Waals
correction to the GGA functional®3! to correct the London dispersion is adopted for analysing the
oxygen functionalization of PtSe,. To analyse the effects of the oxygen adsorbate on PtSe, surface,
a single oxygen molecule on a 3 x 3 x 1 bilayer PtSe, supercell, corresponding to the density of
~9 x 103 cm™2, has been considered. The slab in the supercell is infinite and periodic in the x- and
y-directions (parallel to the slab surface) and is finite along the z-direction (normal to the slab
surface). The thickness of the vacuum region along z-direction is larger than 20 A to avoid any
interaction between the periodic images of the neighbouring films. In the slab model calculation
with adsorbate on the surface, an artificial macroscopic electrostatic field exists due to the periodic
boundary conditions.[®¥ In order to avoid this artificial field in the PtSe, slab with oxygen molecule
on the surface, we considered mixed Neumann and Dirichlet boundary conditions at the oxygen and
PtSe, sides of the slab, respectively, which provides an alternative approach for the dipole

correction in the slab calculations.[>%
2.1.3 Basic transistor characterization

Among the typical TMDs morphologies discussed in the first chapter, PtSe, presents a 1T crystal
structure with octahedral coordination (in which six selenium atoms are bonded to a platinum atom
located at the centre, as shown in Figure (2.1 a)), resulting in a Pt layer sandwiched between Se
layers.[®® Transmission electron microscope (TEM) was used to collect an image of the PtSe, flake
used for the electrical characterization, as shown in Figure (2.1 b), revealing a thickness of about

3 nm corresponding to 6 atomic layers.[8!
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The first electrical measurements were made to investigate the basic properties of the transistor at
room temperature and are reported in Figure (2.1 ¢) and (2.1 d). The output characteristics, i.e. the
145 — V45 curves, described in Equation (1.4), exhibit a linear behaviour, as shown in Figure (2.1 c).

The application of the gate voltage affects the overall conductance of the transistor without

modifying the ;5 — Vs linearity, with I35 reduced by increasing V.
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Figure 2.1 —a) Crystal structure of two-dimensional PtSe, showing an octahedral geometry with six
selenium atoms bonded to a platinum atom located at the centre. b) TEM image of a PtSe, film revealing a
thickness of about 3 nm corresponding to 6 layers. c) Output characteristics acquired in 2-probe
configuration for different gate voltages. The inset shows the channel resistance as function of the gate

voltage. d) Transfer characteristic recorded at Vi3 = 0.1 V. The dashed red line shows the linear fit used to
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obtain the field-effect mobility. The inset shows an optical image of the device. W and L represent the width

and the length of the selected channel, respectively.

The transfer characteristic, as defined in chapter 1, was measured over a gate voltage sweep from
—2V to +2V and it is reported in Figure (2.1 d). It shows a typical p-type behaviour with higher
conductance at negative ;. The gate voltage range was intentionally limited to avoid leakage or
breakdown of the 85 nm gate oxide. The intrinsic p-type doping has been reported in previous
works and can be attributed to Pt or Se vacancies and to the effect of oxygen adsorbates on the
channel surface.!®%%>7] Furthermore, the use of Ni as the contact material facilitates hole injection
as the Ni Fermi level aligns to the top of the valence band of PtSe,. The field-effect mobility, defined

in Equation (1.8), has been obtained through the linear fit of the transfer curve ( where L = 4 um

and W = 10 um were channel length and width, respectively, C,, = Eoteﬂ = 4.06-1078 C% was
Sio,

. . . . 14 F
the capacitance per unit area of the gate dielectric with ¢, = 8.85- 10714 — €si0, = 3.9 and tg;0,=

85 nm the vacuum permittivity, the Si0, relative permittivity and thickness, respectively; V;; =
0.1V is the voltage bias between drain and source). The obtained ppr ~ 1cm?V=1s71 is

comparable with the one reported for differently fabricated PtSe, devices.[>7.6¢]
2.1.4 Temperature and pressure dependent electrical properties

After the standard characterization of the transistor was completed, the aim of the study was to
investigate how temperature and pressure influenced the PtSe, electrical transport properties. To
do that, output and transfer characteristics were measured in the 292 — 392 K temperature range
and at different air pressures of 103, 1 and 10~°> mbar. An increasing current/conductance with

both rising temperature and air pressure was found, without any other apparent change in the
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behaviour of the device. Figure (2.2 a) shows that the conductance G increases as the temperature
rises, confirming a semiconducting behaviour. The air pressure also affects the conductance of the
device. Indeed, the device is more conductive at atmospheric pressure than in vacuum. This effect

is caused by oxygen that acts as a p-type dopant for the material,!®”! and it will be further discussed

in the next paragraphs.
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Figure 2.2 —a) Channel conductance, b) field-effect mobility and c) carrier density as a function of

temperature for 1 bar (black dots), 1 mbar (red dots), 10~> mbar (green dots).

41



Figure (2.2 b) shows that the mobility depends weakly on environmental pressure and temperature
below 350 K. |n the device under study, ionized impurity scattering and phonon scattering
balance each other with a slight predominance of phonon scattering which becomes relevant when
the temperature rises beyond 350 K. Having obtained pr;(T) and G(T) at each of the considered
pressures, it is possible to estimate the carrier density per unit area n (in cm™2) as a function of

temperature for each pressure from the following equation:

(2.1)

() = qp(T)(T)

Figure (2.2 c) shows the typical semiconductor behaviour where the carrier density increases with

the temperature. The obtained carrier concentration of about 1013 cm™2

is comparable with the
one reported from Hall measurements carried out on similar devices.*°l Moreover, at atmospheric

pressure the carrier density is larger than in high vacuum. This could be due to enhanced adsorption

of oxygen on the channel surface at higher pressure that leads to increased p-type doping.

2.1.5 Light irradiation response: negative photoconductivity

After that, the investigation was focused on the main purpose of this work, i.e. PtSe, electrical
response to light irradiation. Figure (2.3 a) shows I ;5 — V5 characteristics recorded at air pressures
of 1 bar and 10> mbar both in dark and under white light irradiation. In high vacuum the light
irradiation causes an increase in the conductivity as expected for a semiconducting material.
Conversely, at atmospheric pressure, a reduction in conductivity, i.e. a negative photoconductivity,
is observed under illumination. It is important to remark that the linearity of the I;; — Vg

characteristics of Figure (2.3 a) indicates that the drop in carrier concentration reported in Figure
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(2.2 ¢) is not caused by Ni/PtSe, contacts becoming non-ohmic; otherwise stated, the current is
not reduced by the formation of a Schottky barrier at metal/PtSe, interface but rather by a decrease

in channel conductivity.

To further investigate the optoelectronic behaviour of PtSe,, the electrical conduction of the device
under light irradiation at different air pressures was measured. The super-continuous light source

power was set to 20 mW /mm? and switched on and off every 3 minutes.
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Figure 2.3 —a) 155 — V4 characteristics in dark (continuous lines) and under super-continuous 450-2400 nm
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light source irradiation (dashed lines), recorded at 1 bar (black lines) and 10~° mbar (red lines). The inset

2

shows a schematic of the device under light irradiation. The laser spot of about 1 mm* was located

between the two contacts to completely cover the channel. b) Current vs time characteristics at 103 mbar
(black line), 1 mbar (red line), 10> mbar (green line) under switching light. The laser was switched on

(vellow zone) and off (white zone) every 3 minutes. c) At 1 bar, in dark, the large amount of oxygen

adsorbed on PtSe, traps electrons at the surface and induces p-type doping in the material. d) When the

device is exposed to light, oxygen is removed from the surface. Free electrons are trapped or recombine with

holes reducing the density of available carriers and resulting in a negative photoconductivity. e) At

105 mbar the amount of adsorbed oxygen is limited and so is the p-type doping of the material. f) When
the device is exposed to light, the photogenerated electron-hole pairs and charge-carrier detrapping

increase the conduction in the material, leading to a positive photoconductivity.

Figure (2.3 b) shows the device channel current under irradiation, measured at V;; = 0.1 V and
Vys = 0 V. At a pressure of 107> mbar, the dark current is ~1.85 uA. When the light is turned on,
the current increases, reaching a value of ~1.93 uA. This behaviour is likely dominated by extrinsic
photoexcitation, i.e. transitions involving deep trap states, which increase the material conductivity
with a characteristic time of 72 s. First-principles calculations have demonstrated that the
formation of deep trap states can be caused by that Se antisites at Pt sites, as well as Pt and Se
vacancies.®®! Photoexcitation from deep trap states can result in long response times.[®® |Indeed,
photocurrent with rising and falling times of dozens seconds have been reported in similar devices

with 2D materials such as M0S,7%’% or ReS,.[6972]

When the light is switched off, recombination and carrier trapping make the current to return to its

initial value. The photoresponsivity R of the device was evaluated through the relation R =
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ILight_IDark

o5 where I};gp;: and Ipq, are the current under illumination and in dark recorded at V5 =

0.1V and Vs = 0V respectively, P is the incident laser light power and S is the irradiated area.

and an effective area of 40 um?, R~0.2% was

. . g W
Considering an optical power of 2-10 8um2

obtained. The achieved value is comparable with similar phototransistor realized with both PtSe,
and different 2D materials. Wang et al.[”3! reported a low photoresponsivity of 0.19%’4 for PtSe,

phototransistors measured under incident light at 1550 nm and when V, = 5V, mainly ascribed to
insufficient absorption of incident light of the material. Yu et al. showed that such absorption, and
thus the photoresponsivity, can be improved by hybridizing PtSe, with a photonic waveguide.7*
Another route to enhance the photoresponsivity is the use of different substrates. Indeed, Li et al.[”!
reported that few-layer PtSe, on h — BN substrate can reach a photoresponsivity as high as 1.56 -

103 AW, Similar studies, conducted on other 2D materials, have demonstrated that the
photoconductivity can range from few mWA from graphene-based devices!”®! until to 106%f0r black-

phosphorus photodetectors.’”] At the pressure of 1 mbar, a different behavior is observed. The
higher dark current can be ascribed to the interaction between the material surface and the
environmental oxygen. When the light is switched on, a sudden increase, appearing as a small step-
up, is observed in the current. Such a step is followed by a steady decrease. When the light is
switched off, the current suddenly drops with an analogous small step-down and then increases
slowly, without attaining its initial value. The successive light pulses result in a further overall
decrease of the current. A similar, but more dramatic behaviour is observed at atmospheric
pressure. In this case, when the device is illuminated, the current decreases faster and recovers only

partially when the light is switched off.
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The reduction of current during illumination is known as negative photoconductivity and has been
observed in other materials.[78791 Its origin has not yet been fully understood although most studies
attribute it to a photogating effect,!®’l an electronic transition to the defect state levels® or

interaction with adsorbates.[8%82]

The photogating effect is observed when electron-hole photogeneration occurs in Si or PtSe,
followed by charge trapping at the interface with Si0,. Indeed, favoured by the vertical up-bending
of the Si bands, photo-generated holes can be trapped at the Si/Si0, interface acting as a positive
gate that lowers the channel conductance.l®”l However, this phenomenon should be independent
of the external pressure. Since rise and fall time are quite long, the conductance modulation could
be ascribed to light induced heating and cooling. Figure (2.2 a) shows that the conductivity of the
device increases with the temperature independently from the external pressure, hence a thermal
effect would not be able to explain the negative photoconductivity at atmospheric pressure.
Although the photogating and the thermal effects could play a role, the results of Figure (2.3 b)
suggest that other mechanisms take place and dominate the optoelectronic behaviour of PtSe,.
The dependence on pressure suggests that such mechanisms involve adsorption and desorption of

air molecules.!58

At atmospheric pressure there is a large amount of oxygen molecules adsorbed on the material
surface, as shown in Figure (2.3 c). Such adsorbates attract free electrons from PtSe, leaving holes
inside the material. These holes are responsible for the p-type conductivity and the higher carrier
density measured at atmospheric pressure. When the material is exposed to light, oxygen is easily
removed from the surface®3 and the free electrons can recombine with the holes in the material ,
as shown in Figure (2.3 d). A similar behaviour has been already reported for MoS,

phototransistors.[8¥ Indeed, it has been shown that the use of sufficiently short wavelength light
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source causes desorption of water and oxygen molecules affecting both the responsivity and the
response time of the devices. Moreover, although not explicitly shown in Figure (2.3 d), the presence
of environmental humidity can also affect the conductivity of the device acting as positive dopants
that can be removed through light illumination.¥ The outcome of the process is a decrease in the
total concentration of carriers which results in the observed decrease in the conductivity of the
material. When the pressure is decreased to 10~> mbar, adsorbed oxygen is partially removed from
the surface resulting in the reduced conductivity of the material, as shown in Figure (2.3 e). In this
case, when the channel is exposed to light, the dominant process is the photogeneration of electron-
hole pairs and charge detrapping. The excess carriers increase the conductivity of the material,
leading to the observed positive photoconductivity (Figure (2.3 f)). At the intermediate pressure of
1 mbar both processes coexist. Indeed, when the light is first turned on, a step-up in conductivity
is observed due to the photogeneration of electron-hole pairs, which is a fast process. Then, the
neutralization and desorption of oxygen, which is a slower process, induces a slow decrease of
current. When the light is switched off, a step-down in the current is caused by excess electron-hole
recombination, followed by a slower current increase due to oxygen re-adsorption on the

PtSe, surface.
2.1.6 DFT calculations: the effect of physisorbed oxygen

In this paragraph, the results from DFT calculations that were used to clarify the impact of
physisorbed oxygen molecules on the semiconducting PtSe, surface are reported. A single oxygen
molecule on a bilayer PtSe, supercell has been considered. Although the experimental film is
composed by 6-layers, the DFT calculations was performed on bilayer PtSe, because of the well-
known underestimation of the bandgap in DFT-based calculations.[*®! Thinner (bilayer) PtSe, was

considered in the DFT calculations to be consistent with the experiments in achieving
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semiconducting film with comparable bandgap values. As the size of the supercell is larger than the
primitive cell, the corresponding first Brillouin zone is smaller. Hence, the PtSe, slab plus oxygen
molecule band structure (supercell structure) is “folded” into the first Brillouin zone. Consequently,
to be able to directly compare the folded bands with the reference band structure of the PtSe,
primitive cell, i.e. PtSe, unit cell without oxygen adsorbate, a procedure known as “unfolding” has
been employed to unfold the primitive cell Bloch character hidden in the supercell eigenstates.[8>86!
The unfolded band structure of the PtSe, slab plus oxygen molecule is displayed as a contour plot
in Figure (2.4 a). The primitive PtSe, band structure is shown by white dashed lines as reference in
this figure and the energies are referenced to the Fermi energy (Ef). As can be conspicuously seen
by comparing the two band structures, the unfolding method reveals a rather remarkable shift of
the Ef towards lower energies, i.e. p-type characteristic, due to the presence of the oxygen

adsorbate, while the band structure of the PtSe, is rather unperturbed.
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Figure 2.4 —a) Unfolded band structure of the semiconducting PtSe, with a physisorbed oxygen molecule on
the surface using a contour plot of total weight intensity as a function of wave vector in the two-
dimensional Brillouin zone. Red (blue) represents high (low) spectral weights. The band structure of the
PtSe, without an oxygen molecule is shown using white dashed lines. Energies are referenced to the Fermi
energy. b) DoS of the PtSe, film with and without oxygen adsorbate on the surface. The Fermi level is at the
zero of energy as shown by the grey dashed line. The p-type character of the system with an oxygen
molecule is evident. The energy states illustrated in green correspond to the oxygen molecule. c) Plane-
averaged charge difference density (Ap) superimposed on the PtSe, atomic structure with an oxygen
molecule, aligned to the z-direction (x-axis) (upper panel in blue) and charge transfer (AQ) (lower panel in
red) of the structure referenced to the PtSe; supercell without oxygen molecule. d) and e) Top-view and side-
view of the 0.07 e /A°3 CDD isosurface, demonstrating the effects of oxygen adsorbate on the charge
distribution in the lateral direction (x-y plane) and along the z-direction, respectively. Red (blue) represents
accumulation (depletion) of electrons referenced to the PtSe, supercell without oxygen molecule. Scale bars

ind) and e) are 3.78 A.
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Figure (2.4 a) also shows the oxygen molecule-induced states are created near the Er closer to the
PtSe, valence band edge. The nature of these states can be identified through the unfolded band
structure, where these states exhibit expected almost dispersionless energy states in the band
structure. The density of states (DoS) at the same energy window, with and without the oxygen
molecule on the PtSe, surface, are presented in Figure (2.4 b), illustrating the band alignment of
the two structures. The occupied double states shown in green are associated with the physisorbed
oxygen molecule.

To quantify the charge transfer to/from the molecule, plane-averaged charge difference density
(CDD), 4p(z), along the z-direction is calculated by integrating Ap(r) within the x-y plane.
Accordingly, for a plane located at distance z normal to the PtSe, plane, the amount of charge
transfer is obtained using AQ(z) = f_zoo Ap (") dZ'. To analyse the charge interaction between the
oxygen adsorbate and the semiconducting PtSe, film, the plane-averaged Ap(z) referenced to the
PtSe, supercell without oxygen adsorbate, is plotted together with the amount of charge transfer
AQ(z) in the upper and lower panel of Figure (2.4 c), respectively. As can be seen, the oxygen
molecule acts as an electron acceptor by gaining ~0.004 e at the interface from PtSe, (e is the
elementary charge of an electron). The top-view and side-view of the isosurface of the CDD
referenced to the PtSe, supercell without oxygen adsorbate are depicted in Figure (2.4 d) and (2.4
e), respectively, where red (blue) represents accumulation (depletion) of electrons. Notably,
although the lateral redistribution of charges upon oxygen adsorption is quite negligible (see top-
view image in Figure (2.4 d), there is a distinct charge redistribution, particularly between the

oxygen molecule and the top layer of the bilayer PtSe, as can be seen in the side-view (Figure (2.4

e)).
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2.2 Black Phosphorus (BP)

The second 2D material that has been investigate as FET channel is black phosphorus (BP). As
mentioned in Chapter 1, it is a layered material in which, similarly to graphite, individual atomic
layers are held together by van der Waals interactions.®®”! In the single-layer limit, BP is also known
as phosphorene and has a numerically predicted direct band gap of ~ 2 el at the I' point of the
first Brillouin zone.[®8 With the increasing number of layers, the interlayer interactions reduce the
bandgap to a minimum of 0.3 eV for bulk BP®! moving the direct gap to the Z point.[°%
Commonly, BP presents an orthorhombic crystal structure with puckered layers®”! in which each
phosphorus atom is connected with the nearest three atoms through covalent bonds, thus forming
layers with a corrugated shape. According to theoretical studies BP could also have different
structures such as simple cubic, diamond, orthogonal and nanorod, but the orthorhombic structure
is the thermodynamically most stable allotrope at 0 K.[PU

The distance between two neighbouring layers is approximately 0.5 nm, slightly larger than the
interlayer distance in graphite (0.36 nm). Hence, BP can store charged ions better than graphite
and has been proposed for energy storage applications.[®

As discussed in Chapter 1, BP represents a good alternative to graphene thanks to its high mobility
combined with the presence of a finite bandgap that makes it suitable for the realization of FETSs.
Moreover, BP thickness-dependent direct bandgap could lead to applications in optoelectronics,
especially in the infrared region. Several devices have already been proposed and studied; Li et al.[?*]
reported reliable transistor performance with five orders of magnitude drain current modulation
and charge-carrier mobility up to ~ 1000 cm? V=1 s~ obtained from 10 nm thick samples. Ren et
al.%3l used BP nanosheets to realize self-powered photodetectors with superior photoresponse

activity under light irradiation and environmental robustness, showing that BP is a promising
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building block for optoelectronic devices. Moreover, BP has been also proposed for solar cells,®* as
humidity sensor,!®> or for live cell imaging®®l. A remarkable application of BP has been in the field
of memory devices. Common non-volatile FET-based memories use a charge-trapping layer to
accumulate and retain the electric charge induced by a gate pulse. Similar devices, with channel
based on several 2D-materials, including BP, have been already proposed and demonstrated. In
particular, Feng et al.’”! reported that few-layer BP channel FETs with a Al,05/Hf0,/Al,04
charge-trapping gate stack enable memory devices with programming window exceeding 12 V, due
to the extraordinary trapping ability of high-k Hf 0,, and endurance exceeding 120 cycles. Tian et
al.’®l used a similar structure, where the charge trapping layer consisted only of Al,0;, to
demonstrate an ambipolar BP charge-trap memory device with dynamically reconfigurable and
polarity-reversible memory behaviour. In such a device, the polarity of the carriers in the BP channel
can be reversibly switched between electron- and hole-dominated conductions allowing four
different memory states and, hence, two-bit per cell data. Finally, Lee et al.*®! showed that gold
nanoparticles as charge trapping layer for mechanically-exfoliated few-layered BP FETs enable large
memory window (58.2 V), stable retention (10* s), and cyclic endurance (1000 cycles).

However, the practical implementation of these promising devices is hindered by the intrinsic
instability of mono- and few-layer BP. While bulk crystals are quite stable in air, BP flakes thinner
than 10 nm degrade in few days, or even in few hours if the thickness is reduced to the single
layer.[®”] Indeed, when exposed to oxygen, devices obtained through mechanical exfoliation or
solvent exfoliation!*®! of bulk crystals are affected by fast oxidative degradation.[102193] Moreover,
the degradation process can be enhanced by exposure to light through photo-oxidation.['%4 To
tackle with this issue, different stabilization processes have been tried. As first attempt, BP has been

functionalized through TiO,, Al,0;, titanium sulfonate ligand (TiL,), polyimide, or aryl
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diazonium.!195-1091 Encapsulation with other 2D materials, such as graphene and boron nitride, has
been considered as well.[11% Furthermore, it has been reported that the use of ionic liquids can
suppress BP degradations for months.[111

Although these first approaches have provided encouraging results, an efficient stabilization of BP,
also compatible with standard fabrication processes of high performance devices remains still an
ongoing challenge.

In the following sections, the fabrication and the electrical characterization of back-gated BP FETs
is reported. The presence of intrinsic and BP/Si0, interface defects was exploited to realize non-
volatile memories with good endurance and retention properties. By comparing samples exposed
directly to the air with others covered by poly (methyl methacrylate) (PMMA), it was possible to
demonstrate that PMMA does not affect the electrical properties of the devices but prevents the

channel degradation at least for one month.

2.2.1 Exfoliation and devices’ fabrication

To obtain few-layers BP flakes a standard mechanical exfoliation method by adhesive tape was
used. The starting point was a bulk BP single crystals (Smart Elements) from which the flakes were
exfoliated and then transferred onto degenerately doped p-type silicon substrates, covered by
90 nm-thick Si0,, on which they were located through optical microscopy. Figure (2.5 a) shows the
typical crystal structure of few-layer BP. To obtain typical FETs configuration, a standard
photolithography process followed by electron beam evaporation was used to deposit
10 nm Cr/100 nm Au electrodes, as shown in Figure (2.5 b). A back-gate contact was formed
covering the scratched area of the Si substrate with silver paste.

Electrical measurements were carried out using the same experimental setup described in the

previous paragraph, for PtSe, characterization.
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Figure 2.5 — a) Crystal structure of few-layer BP. b) Optical image of the device showing a BP flake covered

by four Cr/Au contacts.

2.2.2 Room temperature transistor characterization

As in the case of PtSe,, the first approach was always to carry out a standard characterization of
the transistor at room temperature, in order to evaluate its basic properties. To avoid considering
the contact resistance and isolate the intrinsic transport mechanism of the material, a standard four-
probe measurement was carried out. Figure (2.6 a) shows a schematic of the experimental setup.
The current (I,,) is forced between the outer contacts while the voltage drop (V) is measured
between the inner contacts. Figure (2.6 b) shows the characteristics for both 4-probe (I,, — Vys)
and 2-probe (I — V,45) configurations resulting in a channel resistance of 3.5 k{2 and 3.6 k{2,
respectively. Since the difference between the two methods is less than 3%, indicating that the
contacts are ohmic with low contact resistance(12113]in the following the 2-probe configuration
has been used for easier measurements. The electrical characterization of the BP transistor at room

temperature is reported in Figure (2.6 c) and (2.6 d).
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Figure 2.6 — a) Schematic of the setup used for the four-probe electrical characterization. The current () is
forced between the outer contacts while the voltage drop (V) is measured between the inner contacts. b)
I4s — Vs characteristics measured in two- and four- probe configuration. c) Output characteristic of the
device recorded in two-probe configuration with the gate voltage ranging from —60 V to 60 V (blue lines
are referred to positive gate voltages). d) Transfer characteristic measured over a loop of the gate voltage
between -60 V and 60 V. The dashed red line represents the linear fit used to estimate the field effect

mobility. The inset shows the transfer curve with the current on a logarithmic scale.

The output characteristics exhibit a linear behaviour. The application of a negative gate bias leads
to an increase of the channel current, typical of a p-type device, and does not affect the linearity of

the I;, — V4, characteristics.[!13 The transfer characteristic, measured at fixed V;, = 10 mV over a
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loop of the gate voltage is reported in Figure (2.6 d), confirming the p-type behaviour, with a
modulation of about two orders of magnitude. The OFF state of the transistor was not reached in
the applied voltage range, which was intentionally limited to avoid the breakdown of the gate
dielectric. Considering the non-linear behaviour of the transfer characteristics, the channel current

can be expressed through Equation (1.6).

Following the procedure reported in the previous paragraph, imposing W = 10 umand L =5 um

and C,, = 3.84-1078 % and using Equation (1.8) it was possible to obtain a relative high mobility

1s~1, considering that the sample was not subjected to any functionalization, that

Upp~30 cm2V ™
is slightly below both the theoretically predicted!* 41151 and the experimentally measured mobilities
in similar devices.'*61171 Such a mobility is higher or comparable with the one obtained in Si0, back-
gate FETs fabricated with other 2D materials.[118-121]

The large hysteresis width, H,,~ 60V, here defined as the V difference corresponding to the
current of 1.5 u4, is mainly due to charge trapping impurities and has already been reported for
similar devices.[1227125] Gate-induced hysteresis can be ascribed to charge transfer from/to intrinsic
and extrinsic trap states. Intrinsic traps correspond mostly to BP crystal defects such as phosphor
vacancies, 1% or grain boundaries,!*?”! while extrinsic traps are related to environmental adsorbates,
like water and oxygen molecules, defects located at the metal/BP interface, and at the BP/Si0,

interface.[122]

2.2.3 The role of trap states on transfer characteristic hysteresis

The hysteresis of the transfer characteristic reported in the previous section is typical of most of 2D
FETs and it is usually ascribed to both intrinsic and extrinsic defects. One of the aims of this study
was to investigate the origin of this hysteresis and try to exploit it for the realization of practical

devices, as it will be discussed in detail in the follow. In the case of BP, oxygen adsorbates are a
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common source of extrinsic defects, but although it is well known that oxidation of the surface
involves the dissociative chemisorption of oxygen that can cause the decomposition of BP and the
decrease in FET performance, it is expected that water and oxygen play a marginal role in the
formation of hysteresis in the reported study because the electrical measurements were carried out
in high vacuum to remove the surface adsorbates. Thus, traps at the BP/SiO, interface, intrinsic
BP defects and border traps in Si0, as well as mobile charge in the SiO, layer are most likely
responsible for the device hysteresis.

To better understand the origin of hysteresis the transfer characteristics were measured at different
sweeping times. Figure (2.7 a) shows several transfer characteristics with H,, increasing as function
of the voltage sweep duration in the range 12 — 322 min. The exponential fit, showed in Figure (2.7
c), reveals a RC- growth with a single time constant T = 191 min. Such a long characteristic time
reduces the probability that BP/Si0, interface traps contribute to the hysteresis since it has already
been reported that interface traps are fast traps.!128!

Then, slow trap states can be ascribed to both BP and SiO, trap states. Particularly, slow border
traps in Si0, have already been reported and attributed to trivalent silicon dangling bonds or

hydrogenic defects.[*?°! From the time constant 7, it is possible to evaluate the involved capacitance

. . al
as C = R/t, where R is the inverse of transconductance g,, = an5~0.3 nS. C ~3uF was
gs

obtained, which is higher than gate oxide capacitance, in the order of the pF, implying that the trap-

related capacitance is the dominant one.

Such a capacitance can also be obtained through the sub-threshold swing SS that is the gate voltage
change corresponding to one-decade increase of the transistor current. Indeed, as described in
Equation (1.11) SS is a function of the charge trap capacitance and the depletion layer capacitance

and it can be rewritten as:
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av, kT Cr+C (2.2)
(1+ T DL)

S =—2 _ ~log(10) —
dLog(lss) ¢ q Cox

where, k is the Boltzmann constant, T = 300 K is the temperature and q is the electric charge. By
neglecting the depletion layer capacitance, Cp;, with respect to the charge trap capacitance, Cr, (a
reasonable assumption considering the low modulation of the current) and, having obtained
SS ~30V /dec, a trap capacitance, Cr ~ 20 puF was estimated, that is consistent with the one
previously obtained.

To corroborate the hypothesis that slow trap states contribute to hysteresis the transfer
characteristic was measured while irradiating the device with a super-continuous white laser source
at 50 mW /mm?; after that, the measurements were repeated in dark every 10 minutes. Figure (2.7
b) shows that under illumination (black line) the device conductance and the hysteresis width are
enhanced. This result is expected as the illumination causes both the generation of electron-hole
pairs and excitation of trapped charges, which increase the carrier concentration in the material.
Charged traps, emptied of free carriers, induce an enlargement of the hysteresis. By repeating the
measurements in the dark, the conductance as well as the hysteresis decrease until they stabilize
after about an hour. Figure (2.7 d) shows how H,, varies after light irradiation. The best fit is
obtained through a double decreasing exponential, one with a small time constant (~ 5 s) and a
predominant one with a long characteristic time (~ 42 min). The fast time constant is related to
electron-hole pair recombination, while the longer one supports the conclusion that hysteresis is

dominated by intrinsic deep slow traps.
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Figure 2.7 — a) Transfer characteristics recorded at different sweeping times ranging from 12 min to 322
min. The horizontal red line indicates the current value used to evaluate the hysteresis width. b) Transfer
characteristics measured under supercontinuous white laser illumination (black line) and in dark every 10
minutes after the laser was switched off. c) Exponential fit of the hysteresis width as function of the gate
voltage sweeping time, revealing a time constant of 191 min. d) Double exponential fit of the hysteresis

width obtained from figure b revealing a fast characteristic time of 5 s and a long one of 42 min.

2.2.3 Non-volatile memory devices realization

The results of the previous section revealed the origin of hysteresis in the transfer characteristic of

BP FETs. In the following, the research efforts to find a way to exploit the unavoidable presence of
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such hysteresis to create practical devices are reported. Usually, the presence of trap states is
detrimental to FET performance, and the hysteresis is considered a negative feature for a FET, but
it is possible to show that the charge trapping can be exploited to realize memory devices. In such
a way, non-volatile memory devices with good performance were realized without using an

additional charge-trapping layer, but just exploiting the presence of BP and Si0O, defects.
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Figure 2.8 — a) Channel current (black line) recorded under gate pulses (blue line) at + 60 V showing single
set-read-reset-read cycles of the non-volatile memory. b) Transient behaviour of the channel current after
the gate pulses at + 60 V revealing a retention time longer than 30 minutes. c) Repeated set-read-reset-

read cycles of the memory device showing an endurance over 200 cycles. d) Repeated set-read-reset-read
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cycles measured after a month air exposure of a device covered with PMMA (black line) and an uncovered
one (blue line). e) Transfer characteristics of two BP FETs, one covered with PMMA (black line) and the other
exposed to air (blue line), recorded immediately after the device fabrication. f) Transfer characteristics of

the same devices of e), measured after one-month exposure to air.

Figure (2.8 a) shows the transient behaviour of the device, investigated through a series of 1, =
+60 V pulses while the I current is monitored over time. While the gate pulse is in the high
positive or negative state the channel current is not constant, but it increases/decreases in an
exponential way. This is due to trapping/detrapping of charge inside the trap states. When the gate
voltage is setto 0 V, the current tends to return to its initial value. However, the transient behaviour
after a positive and a negative gate pulse shows that ;5 stabilizes at two different values, distinct
from the initial one (Figure (2.8 b)). This separation is retained for a time longer than 30 minutes,
which is comparable with the retention time observed in non-volatile BP memories with charge
trapping layers®’?l, Then, we tested the endurance of the device by continuously applying pulses
of 1 min width at V; = £60 V. Figure (2.8 c) shows that the device response is stable after 200
cycles, consistently with similar non-volatile memories realized with other 2D materials.[**?

Finally, since the main obstacle to the realization of BP-based devices is the lack of stability in the
air, several BP devices were covered with a PMMA layer. Then, endurance tests were performed
on two similar devices, with and without PMMA. Initially, the devices have similar behaviour but,
after exposure to air for a month, the PMMA protected device maintains its current while the
unprotected device shows evident signs of current deterioration (Figure (2.8 d)). Figure (2.8 e)
compares the transfer characteristics of the PMMA covered and uncovered devices immediately

after the fabrication process. The similarity of the two curves confirms that encapsulation by PMMA
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does not significantly alter the BP device. The transistor covered with PMMA has a slightly larger
hysteresis because PMMA can contribute to charge trapping. Figure (2.8 f) shows the same transfer
characteristics recorded after that both devices were left exposed to the air for a month. The device
covered with PMMA does not show any signs of deterioration while the uncovered FET exhibits an
evident reduction in conductivity and a much noisier current due to surface oxidation. This result
confirms that PMMA encapsulation is a simple and effective method of avoiding the deterioration

of air exposed BP memory FETs.

2.3 Germanium Arsenide (GeAs)

The third material that has been studied in this PhD project as FET channel is germanium arsenide
(GeAs). Among the IV-V compounds, GeAs has attracted attention for possible optoelectronic
applications and for its high in-plane anisotropy!37:38l. GeAs bulk crystalizes in a layered structure, in
the space group C2/m, in which each Ge atom is bonded to one Ge atom and three As atoms
forming distorted As,@Ge, octahedral*3%. As described in Chapter 1 regarding TMDs, also GeAs
layers, terminated by As atoms, are kept together by weak van der Waals forces and show two
different types of Ge — Ge bonds. One type is parallel and the other one is perpendicular to the
layer plane, highlighting the anisotropic nature of the GeAs crystal structure, as shown in Figure (2.9
a). Similar to TMDs, the GeAs bandgap changes according to the number of layers. Numerical
calculations and optical bandgap measurements, indicate that germanium arsenide indirect
bandgap ranges from ~0.57 — 0.65 eV for the bulk®>3¢1 to 1.6 — 2.1 eV for the monolayer.[131.132]

The purpose of this research was to investigate the electrical transport properties of GeAs in a wide
range of temperature and to evaluate its performances when used as channel of field-effect
transistors. To do that, GeAs back-gate field effect transistors have been fabricated using exfoliated

flakes of 12 nm thickness. Output and transfer characteristics were measured in a four-probe
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configuration highlighting the p-type nature of the GeAs flakes in the vacuum. The temperature
behaviour of the transistors has been investigated in a range from 20 K to 280 K estimating figures
of merit such as the channel resistivity and the field effect mobility. The free carrier density per area,
studied as a function of the temperature, showed an unexpected broad peak around 75 K. To
explain this anomaly, a model based on the modulation of the channel thickness with the
temperature has been proposed. At low temperatures, the intrinsic carrier concentration in the
channel is limited and the electric field of the gate controls the whole thickness of the GeAs flake.
At higher temperatures, the increased carrier injection from the contacts and ionization of defects
enables the formation of a 2D highly conductive channel close to the dielectric interface, which
screens the gate field and confines it to the first few layers of the material. Such model was
corroborated by the estimation of ~ 0.4 nm Debye screening length at room temperature. The
numerical simulation of the model was compared with the experimental data obtaining an excellent
agreement. To account for the temperature behaviour of the resistivity, the variable range hopping
model has been used at lower temperatures and the thermally activated band-conduction
mechanism at higher temperatures. At lower temperatures the GeAs flake behaves like a three-
dimensional system in which the main conduction mechanism is hopping among intragap states,
while at higher temperatures, after the formation of the 2D channel, the conduction is dominated
by thermal activation of carriers (holes) to the valence band, which leads to band-type conduction

regime.

2.3.1 Mechanical exfoliation and temperature-controlled measurement setup

The same method used for the isolation of the BP, reported in the previous paragraph, was applied
to exfoliate thin GeAs flakes. Degenerately doped p-type silicon substrates, covered by 300 nm-

thick Si0,, were used as substrate and the flakes were located through optical microscopy. The
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Raman spectrum of a flake (Figure 2.9 b) was measured under excitation line of 455 nm by Thermo
Scientific DXR microscope and, in agreement with other studies!*33], displays six Raman Ay modes
at 94,105,147,174,276 and 308 cm™?, and three Raman B; modes at 58,76 and 257 cm™".
Atomic force microscope (AFM) was used to evaluate the flakes thickness, resulting ~12 nm, that
corresponds to about 20 layers. For this experiment the devices were shaped in a typical Hall bar
structure, that allows to easily study the asymmetric electrical behaviour of the material, and
intentionally oriented along one of the crystallographic axes of the material. 5 nm Ni/40 nm Au
electrodes were deposited through electron-beam evaporation as shown in Figure (2.9 c). A back-

gate contact was formed covering the scratched area of the Si substrate with silver paste.

Electrical measurements were carried out in an Oxford Instrument Teslatron PT cryostat electrically
connected with a semiconductor parameter analyser to perform a standard four-probe
characterization of the devices (Figure (2.9 d)). All the measurements were carried out at a pressure

of ~10~> mbar within the temperature range from 20 K to 280 K.
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Figure 2.9 —a) Atom arrangement in GeAs layers. b) Raman spectrum of a GeAs flake. c) Optical image of

the Hall bar device with Ni/Au electrodes. d) Four-probe measurement setup.

2.3.2 Standard four-probe transistor characterization

As explained in the previous paragraph, the standard characterization of the transistor is crucial to
understand the fundamental properties of the material. Again, in order to avoid contact resistances,
it was decided to carry out 4-probe measurements. The output characteristic is reported in Figure
(2.10 a), revealing that the application of the gate voltage affects the overall conductance of the
sample without modifying the I;; — V,, linearity as expected for four-probe measurements that
exclude the effect of the contact resistancel*34-13¢], The transfer characteristic was measured over a
loop of the gate voltage and it is reported in Figure (2.10 b). It shows a typical p-type behaviour with
a modulation that is less than one order of magnitude. The OFF-state of the transistor was not
reached in the applied voltage range, which was limited to avoid the breaking of the device gate
dielectric. The p-type behaviour is favoured by the low workfunction®! of GeAs (~4 eV) and the
higher workfunction of the degenerate p — Si gate (> 5.12 eV) that cause the vertical band
alignment shown in the inset of Figure (2.10 b). Furthermore, the Ni Fermi level (work function

5.15 eV) tends to align below the valence band of GeAs, resulting in ohmic contacts. Furthermore,
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intrinsic defects such as Ge vacancies, the interaction with the Si0, gate dielectric and the oxidation
of the topmost layers of the flake would act as p-type dopants in the material and provide intragap
states!3%31, Hole injection from the metal leads makes the area below and near the contacts more
doped than the rest of the long channel, thereby originating an energy barrier E4, which can be

modulated by the gate, as shown in Figures (2.10 c) and (2.10 d).1*37]
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Figure 2.10 — a) Output characteristic recorded in four-probe configuration with V¢ bias between —20 V
and 20 V. b) Transfer characteristic recorded in four-probe configuration showed both on linear and
logarithmic scale. The inset show the band diagram in the vertical direction at zero bias clarifying that the
device is a normally-on transistor. c) and d) Band diagram along the channel (horizontal) direction showing
alignment between Ni/Au contacts and GeAs at Vgs = 0V and Vys < 0V, respectively. The small blue
dashes represent (mostly empty) trap states for holes. The contact region is more doped than the channel

(not on scale) thus originating an energy barrier E4, which is modulated by the gate.
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Differently from typical few-layer TMD-based transistors!’38-142 gnd from what has been reported
for PtSe, and BP in the previous paragraphs, the transfer characteristic exhibits negligible

hysteresis indicating limited charge trapping during a gate voltage loop.
2.3.3 Electrical conduction temperature dependence

As anticipated, the main purpose of this work was to study how temperature influenced the
electrical transport properties of GeAs. To do that, output and transfer characteristics were
measured every 20 K in the 20 — 280 K temperature range, as reported in Figure (2.11 a) and
(2.11 b). It has been found that lowering temperature leads to a decrease in the current and the
conductance without any other apparent change in the behaviour of the device. From the linear fit

of the I35 — Vyx curves, recorded at V3 = —20V, the resistivity p of the sample was estimated as a
function of the temperature ( p = %, where R is the resistance evaluated from the fit and L =

6 um and W = 2.7 um are the channel length and width, respectively). Figure (2.11 c) shows a

typical semiconducting behaviour where p decreases for increasing temperature.

Using the transfer characteristics, and exploiting Equations (1.4) and (1.8) it was possible to obtain

the field-effect mobility purg, where it was considered C,, = Eotleﬂ = 1.15- 10‘8$ and tg;0,=
Si0y

300 nm. In order to have a fair comparison with the values of p obtained from g,;5 — V., curves at
Vys = —20V, the linear fit of the transfer characteristics has been performed in a small interval
around Vs = —20 V. Repeating this procedure for the transfer collected at each temperature the
Urg as function of the temperature T plot was obtained, as reported in Figure (2.3 c). The quadratic
dependence, upy ~ T?, reveals a mobility dominated by Coulomb scattering due to ionized
impurities!*3], Indeed, it is well known that the mobility is affected by two competitive mechanisms,
i.e. the ionized impurity scattering and the phonon scattering!**3. The first mechanism dominates
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at lower temperatures and yields an increasing mobility with raising temperature, while phonon
scattering becomes the prevailing mechanism at higher temperatures and causes a decreasing
mobility. As already mentioned, charged impurities leading to Coulomb scattering and increasing
Urg are due to intrinsic defects of the GeAs, Si0, interface states and oxidation of the topmost

layers of the flake.
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Figure 2.11 — a) 145 versus V,, curves at different temperatures. b) Transfer characteristics recorded for a
loop of the voltage bias at different temperatures. c) Channel resistivity (blue dots) and field effect mobility
(black dots) as function of the temperature. The superposed red line is the quadratic fit. d) Carrier density n

versus temperature at Vo = —20 V. The inset shows n as function of the temperature at several gate

biases. The uncertainties are obtained from the standard error propagation.
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2.3.4 Carrier density and effective conduction channel

Having computed pgr(T) and p(T) at each of the considered temperatures, the carrier density per
unit area n (in cm™2) as a function of temperature was evaluated from Equation (2.1). Figure (2.11
d) shows that n(T) exhibits an unexpected and pronounced peak at T~75 K, followed by a
smoother increase for T > 150 K. Such behaviour is quite different from that typical of doped
three-dimensional semiconductors %3, Indeed, usually, an initial rapid increase due to the
ionization of dopant atoms by thermal energy (freeze-out region, up to ~150 K for medium-doped
Si) is followed by a plateau over a wide temperature range when complete ionization is reached
(extrinsic region, ~150-500 K for medium-doped Si) and would finally evolve in an exponential

increase at higher temperatures due to intrinsic generation of electron-hole pairs (intrinsic region).

In this case, some different phenomenon occurs, and for this reason a model that considers a
temperature dependent thickness of the channel in which most of the conduction occurs has been
proposed. The 2D carrier density per unit area can be expressed as n(T) = @(T)t(T) where ¢ is
the carrier density per unit volume in cm™3 and 7 is the thickness of the conducting channel. The
current in the GeAs flake is due to carriers injected from the Ni contacts that overcome the E4
barrier, as shown in Figure (2.10 c) and (2.10 d). Therefore, ¢ (T) in the region between the inner

contacts (Figure (2.12 a) and (2.12 b)) can be expressed as!**4!:

E, (2.3)
@(T) = Aexp [— T

where k is the Boltzmann constant, E, is the barrier between contact and channel region, and 4 is
a proportionality constant that can be considered as a fitting parameter of the model. At low

temperature (< 80 K), there is a limited amount of carriers as well as high intralayer resistance that
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suppresses the vertical transport with respect to the in-plane onel37.1431 |n this regime, conduction
occurs mainly through the layers in closer contact with the metal leads (especially the topmost ones)
and the gate electric field controls the entire flake thickness, as shown in Figure (2.12 a). With raising
temperature, defect ionization and injection from the contacts increase. The new available carriers,
pushed by the applied gate voltage and the favourable vertical band bending (see inset of Figure
(2.10 b)) toward the interface with the gate dielectric, form a 2D channel, which becomes more and
more conductive with the rising temperature. This channel now screens the gate field, and any
variation of the gate voltage affects mainly the bottommost layers of the flake. In this regime, the
conduction is dominated by few atomic GeAs layers closer to the gate, i.e. the effective conducting

thickness 7(T) controlled by the gate is reduced, as shown in Figure (2.12 b).

To corroborate this model, n(T) was measured at various gate biases, shown in the inset of Figure
(2.11 d). Indeed, the 2D channel at the interfacial region between the gate dielectric and the flake
is hampered at positive gate voltages by the opposing gate field. Going to positive gate voltages, the

2D conductive channel is gradually suppressed and so is the carrier density n and its peakat ~ 75 K.

According to the model, with an appropriate choice of ¢(T) and t(T), n(T) was computed and an
excellent agreement with the experimental data was obtained, as shown in Figure (2.12 c), where
n(T) at Vys = —20V (continuous blue line) as well as at V3 =20V (dashed black line) are
displayed. The slight deviation below 50 K could be caused by additional conduction mechanisms
occurring at low temperature (such as hopping, as it will be discussed later). The carrier density per
volume ¢ (T), given by Equation (2.3), is shown by the red lines of Figure (2.12 d), with E, obtained

as fitting parameter and displayed as a function of V;, in the inset of Figure (2.12 c). For 7(T), a step-

A

like function was used, 7(T) = Frv————

+ C, represented by the blue curves shown in Figure (2.12

d), in which A is the initial thickness of the whole flake, i.e. ~ 12 nm, C is the thickness of a single
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GeAs layer (0.6 nm), and B is a fitting parameter used to simulate a smooth transition in the 70 —

150 K range.
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Figure 2.12 — a) Schematic of the GeAs flake at low temperatures with low carrier density and the electric

field of the gate at Vg < 0V (blue arrows) controlling the entire thickness. b) Schematic of the GeAs flake

at high temperatures with the formation of a highly conductive channel confined to a thin interfacial layer,

which screens the electric field of the gate (blue arrows). The drawings are not on scale. c) Numerical

simulation of the 2D carrier density as function of the temperature forVy

= F20 V (fitting lines superposed

to the experimental data). The insect shows E, as function of the applied gate potential. d) Effective

thickness of the channel (blue lines) and three-dimensional carrier density (black lines) as function of the

temperature for Vg = +20V
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The model is further corroborated by the estimation of the Debye screening length L, =

’

that gives the length over which the electric field strength drops by a factor 1/e (here € = 8 is the
dielectric constant at room temperature of the material**¢l). From the experimental data, Lp
~ 0.4 nm was estimated at room temperature, confirming that the gate electric field is substantially

screened in the layer closer to the gate.

2.3.5 Variable range hopping and band conduction

In the last section of this paragraph, the conduction mechanisms at different temperatures are

studied, revealing a good agreement with the model proposed previously.

19— . ; , e : , -
a) 14.4 b)
18 4 Vgs(v) o 14.1 Vgs(v) 9 i
e -20 e 20 .
17 - @ +20 ]l 13.8- @ +20 _
16
*
& 4
£ 15
14 _
13 ]
033 036 039 042 045 048 0.0036 00040 00044 0.0048 0.0052

-|—-1.'4(K-114) 1/T(K-1)

1
Figure 2.13 — a) Experimental data and linear fit of In (p * T~/?) at Vzs = 20V as function of T+ at low
temperature indicating the three-dimensional nature of the investigated system. b) Experimental data and
linear fit of In (p) ) at V;s = +20V as function of T ~1 at high temperature indicating the band conduction

regime of the investigated system.

To obtain this result the resistivity p as function of T has been investigated. The best fitting of the

experimental data at low temperature is obtained using the variable range hopping conduction
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(VRH). VRH is usually observed at low temperature in systems with defects and has been reported
for several two-dimensional materials*4”:148] According to VRH theory the relation between p and

T can be expressed as!'#°!:

T, % (2.4)
o) = poesn ()

where p, depends on the square root of T, T, is a constant and n indicates the dimensionality of

1

the system!>%, Figure (2.13 a) shows In (p * T_%) as function of T 2 in the range 20 K to 80 K. The
linearity demonstrates that the conduction is bulk type (3D) for T < 80 K, i.e. it occurs through the
entire flake constituted of ~ 20 atomic layers, as assumed in the proposed model. For T > 180 K,
p shows an exponential increase with the inverse of temperature, as shown in Figure (2.5 b). This

indicates that the thermal excitation of carriers (holes) to the valence band leads to a band

conduction regime, p « exp (i—?), as expected after the formation of a highly conductive 2D channel

in the GeAs transitor.

2.4 A practical issue: the realization of ohmic contacts

To conclude this chapter concerning the use of 2D materials as FETs channel, one of the main
problems that must be faced both during the fabrication and the electrical characterization of the
devices is reported, i.e. the interaction between the semiconductive material and the metal
electrode. This is one of the most underestimated aspects in evaluating the electrical properties of
2D semiconductors even if it deeply affects the devices’ performance. As matter of fact, it cannot
be taken for granted, and it is actually very rare, that the junction between a metal and a

semiconductor gives life to an ohmic contact, that can be described as a low-resistance junction
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providing current conduction in both directions. Indeed, in the most general case, when a metal is
placed on a semiconductor a so called Schottky junction is formed. It is a rectifying junction in which
a potential barrier, that in the ideal case is given by the difference between the metal workfunction
and the semiconductor electron affinity, limits the current flow through the device. Although the
physics of Schottky junctions is well known, its impact on the current-voltage characteristics of 2D
materials has been frequently neglected or misunderstood. Furthermore, in typical electronic
devices, there are at least two metal-semiconductor junctions (such as the junctions between the
source and drain electrodes and the 2D materials that are formed in FETs, as described in Chapter
1), which complicates the physics behind the electrical transport processes. A simple and effective
method to derive fundamental parameters, such as the Schottky barrier (SB) height and the contact
resistance for 2D materials presenting two Schottky junctions had never been fully developed. For
this reason, during this PhD project, a research study has been conducted to elaborate a single
equation to describe the current-voltage characteristics of two-terminal semiconductor devices
with Schottky contacts. The aim was to obtain a model that could be used to directly estimate the
Schottky barrier height and the junction ideality factor and that could be applied it to perfectly
reproduce the experimental current-voltage characteristics of 2D devices.

The starting point was the consideration that current-voltage measurements have resulted to be
the most efficient way for evaluating the quality of metal contacts and for the extraction of
fundamental parameters such as the SB height and the contact resistance. To study the |-V
characteristic of two terminal devices with SBs, the classic equation of the Schottky diode is often
used. This equation considers that charge carriers cross an energy barrier by thermionic emission.
In this approach, it is implicitly assumed that there is a Schottky junction at the forced contact while

the other contact is ohmic. Moreover, in such an approach, only the dominant current, occurring
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either at positive or negative voltages, is commonly used to evaluate the barrier parameters.
Nevertheless, in most devices both contacts have a rectifying nature and the simplistic assumption
of a single SB leads to the wrong results, such as very large ideality factors (n > 1) or unrealistic SB

height and Richardson constant.

Oldham and Milnes highlighted the need to consider two barriers to describe the electric conduction
based on thermionic emission in n-n heterojunctions.[*>Y Then, Ramirez et al.[*>2l and Nagano et
al.>3] gpplied the model to study the electric transport in SnO2 nanowires and in Ceo films with Au
contacts. In both works, the authors did not consider that barriers with different heights could form
at the contacts. Such a possibility might easily occur as the SB height is related to interfacial
chemistry and local defects. Nouchi proposed a single equation™* to study the Schottky barrier of
a device formed by a metal-semiconductor junction, in which a second electrode necessary to
perform the electrical measurement forms a metal-semiconductor-metal structure. This model does
not consider the possibility that the two Schottky barriers formed with the contacts may have
different ideality factors and requires the use of the first and second derivative of the I-V
characteristic of the device that can limit its applicability. A model with two different barriers at the
contacts was proposed by Chiquito et al. who limited their study to the analysis of
metal/Sn0,/metal devices.™>! A model based on SBs with different heights was used by Di
Bartolomeo et al. to account for the rectifying electrical characteristics observed in field effect
transistors  with  ultrathin  transition-metal  dichalcogenide  channel®341561  or in

metal/insulator/semiconductor structures.*57]

In the follow, it is reported the derivation and the application of a simple model, elaborated during
this PhD project, used to describe the conduction in a two-terminal device in which two rectifying

contacts are present. The model allows to obtain both SB heights simultaneously. First, the model

76



is used to make numerical simulations of the I-V curves for different combination of junction
parameters such as barrier height, area and ideality factor.[**3! Then, the model is tested fitting the
symmetric or asymmetric |-V curves of two-terminal nanodevices made of MoS, or WSe,
nanosheets and WS, nanotubes. Although demonstrated for nanostructured semiconductors, the

model can be applied to any devices with two SBs.

2.4.1 Ideal Schottky junction theory

In this first section, the classical theory of Schottky junctions is presented. The SB height is defined

as:

bsp-n = Pm — Xs ¢SB—p = Eg + Xs — bm (2.5)

where ¢sp_,, and ¢gsp_,, are the SB heights for electron and hole injection, respectively, ¢, is the
metal work function, y; is the semiconductor electron affinity and E, is the bandgap of the
semiconductor, as shown in Figure (2.14 a). According to Equations (2.5), a low work function metal
with the Fermi level close or above the bottom of the conduction band of the semiconducting
material facilitates electron injection whereas a high work function metal with the Fermi level close
or below the valence band of the material favours hole injection. However, Equations (2.5) give only
gualitative indications of the SB heights and are rarely in quantitative agreement with the
experimental data. This is mainly because the metal Fermi level can be pinned at a semiconductor
interface state, ¢;s, if a high-density of interface states is formed within the semiconductor
bandgap during the fabrication process, as shown in Figure (2.14 b). In this case, the equation for

Psp_n is replaced by:[158
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Gsp—n = (S Pm — xs) + (1 — s (2. 6)

d¢psp-n
M

where § = is the Schottky pinning factor (a similar expression is used for ¢g5_,). If S = 0,

the pinning is maximum, the SB turns out to be independent of the metal work function and the so-
called Bardeen limit is reached. Conversely, when § = 1, the Bardeen limit converges to the

Schottky limit, represented by Equation (2.5).

Since the evaluation of the Schottky pinning factor and the semiconductor interface state energy,
¢;s, is complicated by variability of the fabrication process, the extraction of the SB height by means

of electrical measurements is one of the most efficient techniques of investigation.
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Figure 2.14 — a) Typical band diagram of a metal and an n-type semiconductor before they are brought into
contact. b) Band diagram of a metal in contact with a semiconductor where a high-density of interface
states is present. The Fermi level is pinned at the semiconductor interface state, ¢;s, and the SB height is
independent of the metal work function. c) Energy diagram of a semiconductor with two Schottky junctions
at the contacts for unbiased condition. d) Energy diagram of the same device when an external potential V
is applied to the left contact. 1, and I, represent the current through the two barriers, while V; and V, are

the potential drops at the junctions (V = V; + V,). The dashed violet line represents the quasi-Fermi level.

Usually, when a semiconductor material is measured in standard two-probe configuration, the
grounded contact is assumed ohmic while the other contact can form a Schottky junction regulated
by a potential barrier. This assumption is unrealistic because Schottky junctions can be formed at
both contacts. Hence, to approach the problem in a more general way, the presence of SBs at both
metal contacts with the semiconductor is assumed.

If no external potential is applied, the band diagram of the device with two-Schottky contacts is
shown in Figure (2.14 c) in which the two barriers are designated as ¢g¢; and ¢pgg,, respectively.
When a positive potential V' (bias) is applied to the left contact, the bands are bent as shown in
Figure (2.14 d). V;, and I, , indicate the potential drop and the currents at the contacts 1 and 2,
respectively.

2.4.2 Double Schottky barrier devices

In this section, the theory set out above for a single barrier is extended to the case in which a double
Schottky junction is present. The semiconductor with SBs at both contacts can be modelled with
two back-to-back Schottky diodes separated by a series resistance. When a sufficiently high external

voltage is applied, whether positive or negative, one Schottky junction is forward-biased while the
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other one is reverse-biased. The reverse saturation current of the reverse-biased diode always limits

the current. Based on thermionic emission, the current at the two contacts can be written as:[143]

v 2.7,
Ilzlsl |:ek7}_1:| ( )
_avz 2.8
12 - _152 [e kT? - 1 ( )
Where
N ®DBo1,2 (2.9)
[g160 =512 4 T? exp (— %T )

are the reverse saturation currents, A* is the Richardson constant, T is the temperature, k is the
Boltzmann constant and S , are the areas of the junctions. For the continuity of the current the
total current I can be expressed as I+ = I; = I,, while the applied potentialisV = V; + V,. Starting

from I = I it is possible to write:

v (2. 10)
IT =151[ekT _1

And substituting V; =V =V,

v _qvz (2.11)
Ir =1y [ekTe kT — 1
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ava
Using Equation (2.8), the term e kT can be expressed as

V. I I 2.12
S A -
152 ISZ

since I, = Ir. Then, substituting Equation (2.12) into Equation (2.11), it results:

2.13
e o1 .

Executing all the products and isolating I+ we get:

%4
. (ez_T _ 1) (2. 14)

1+ Is—leﬁ
152

IT:

_av
Finally, multiplying numerator and denominator by 2I;,e 2kT, it is possible to obtain

qV ) (2. 15)
2kT

av. _av
(IsleZRT + Isze ZkT)

211 I5,sinh (

IT:

As it should be expected, Equation (2.15) is transformed into the single SB equation for a
configuration with a SB and an ohmic contact, for instance, when ¢go1 # o2 = 0. This can be

immediately understood considering, for example, that when ¢go, = 0 and §; = S5, it results that
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qv , _$Boi2 qV av , —av (2. 16)
I;1e2kT = S;A*T“e” kT e2kT < [,e 2kT = S,A*T“e 2kT

qV
for the low voltages typical of the forward biased Schottky diode (V < ¢go1). Therefore, I, e2kT can

be neglected in the denominator of Equation (2.15), that reduces to the single SB equation:

ZIsllszsmh( qv (2.17)

qVv
I~ 21eT) _ 1 (eﬁ ~ 1)

_av
]Sze 2kT

The presence of two equally rectifying junctions is rarely found, especially in small-size devices,
where there can be various effects that introduce deviation from the thermionic emission, taken
into account by introducing an ideality factor n in the exponential term of Equation (2.7) and
Equation (2.8). Deviation from the ideality is caused by defects, inadvertent oxide layers and image-
force lowering that make the SB height dependent on the applied external voltage. In such a case,
the effective SBs ¢z g, (V) in Equation (2.9) can be written as[143159:

1 (2. 18)
®B1,82 V) = ®po1,poz T eVi|(1— n_
1,2

Where ¢ po2 are the ideal SBs at zero bias, V; and V, are the voltage drops at the junctions and

. . . 1 9
n, , are the ideality factors defined as — =1 + ———= ¢3132
' N2 edVy,
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2.4.2 Current-voltage characteristic simulations

Having obtained a single equation to describe the relationship between voltage and current in
devices with double SB, it is possible to carry out a first test of the model by carrying out a series of
numerical simulations. Equation (2.15) has been used to obtain I-V curve for two junctions with the
same reverse saturation current and equal barrier height, at the temperature of 300 K, as shown in
Figure (2.15 a). The current saturates at the limit value set by the reverse saturation current of the
reverse-biased junction for both positive and negative voltages. SB height as well as junction area
are responsible for reverse saturation current value, as shown in Figure (2.15 b). Indeed, imposing
S, = 25,, two saturation currents that are one the double of the other are obtained, yielding an

asymmetric |-V characteristic.
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Figure 2.15 — a-h) Simulation of Equation (2.15) describing the current in two back-to-back Schottky
junctions. a) I-V characteristic for contacts with the same barrier height, go1 = Pgo2 = 0.3 eV, the same
junction area S, = S, and perfect ideality (n = 1). The current saturates to the reverse saturation current of
the reverse-biased diode. b) I-V characteristic for g1 = Pppo = 0.3 eV, perfect ideality (n = 1), and S; =
28,; the saturated currents are Jg, = 2]sq. ¢) I-V characteristic for ¢pgo1 = Pgo2 = 0.3 €V, areas S; = S,
and ideality factors n, = n, = 1.3. The ideality factor is due to the image force barrier lowering. The
current does not saturate because the reverse biased diode is affected by image force barrier lowering. d) I-
V characteristic for ¢pgo1 = Pgo2 = 0.3 eV, areas S; = 25, and ideality factors n; = n, = 1.3. We observe
that the current is lower when limited by the narrower junction. e) -V characteristic for ¢pgo; = 0.25 €V,
¢po2 = 0.3 eV, areas S; = S, and ideality factors n; = n, = 1.3. The current results more limited at
positive voltage because it is strongly limited by the higher ¢ g, barrier. f) I-V characteristic for ¢gg1 =
$po2 = 0.3 eV, areas S; = S, and ideality factorn, = 1.2 and n, = 1.3. The current is limited at negative
voltage because of the higher blocking effect of ¢ o1, that is closer to an ideal barrier. g) I-V characteristic
for ¢po1 # Ppoz = 0 eV, areas S; = S, and perfect ideality (ny = n, = 1). The current of a single ideal
Schottky barrier is obtained at low forward bias (V < ¢pg1). h) I-V characteristic for ¢go1 # Ppor = 0 eV,
areas S; = S, and n; = n, = 1.3. The negative current is still very low, but the slope of the |-V curve is

voltage dependent.
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Now, considering a slight deviation from the ideal case, ¢, g, (V) from Equation (2.18) has been

substituted in Equation (2.15), as shown in Figures (2.15 c-f). In these plots, the simplifying
assumptionthatV; =V, = % has been made.

Figure (2.15 c), in particular, shows that despite the reverse-bias of one of the two junctions, the
current does not saturate at positive or negative bias due to the dependence of the barrier on the
applied voltage. Such behaviour is much more similar to what is usually observed in practical
devices. Furthermore, considering different junction areas, the current can increase with different
trends, as shown in Figure (2.15 d). In particular, the current is more limited by the junction with
the narrower area. Figures (2.15 e) and (2.15 f) show the I-V curves from Equation (2.15) with
different SB heights and ideality factors. In Figure (2.15 e) the current is lower at positive voltage
because the current is limited by the higher ¢, barrier (in contrast, at negative voltage the current
is limited by the lower ¢g(, barrier). Figure (2.15 f) shows the current behaviour in a device where
the two Schottky junctions have the same barrier heights but different ideality factors. In this case,
the current is lower when is limited by the junction with the lower ideality factor, i.e by the barrier
closer to the ideal SB.

Figure (2.15 g) and Figure (2.15 h) show I-V curves given by Equation (2.15) setting ¢pg1 # QPpo2 =
0. The classic current behaviour for a single Schottky barrier is obtained for both ideal and image-

force lowered barriers.
2.4.3 Model testing on nanostructured devices

The numerical simulations of the previous section have provided a first proof of the validity of
Equation (2. 15). However, to definitively confirm the goodness of the model, it needs to be tested
on real experimental data. For this reason, in this section the |-V characteristics of different

nanostructured materials are analysed using the proposed model. The main motivation behind this
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study was that despite the huge technological progresses, the realization of reliable contacts with
nanostructured materials poses substantial issues!?®9-162] that hamper the understanding of the
intrinsic electric transport properties and the exploitation of the nanomaterials in electronic and
optoelectronic applications. Contacts are the communication links between the nanomaterials and
the outer world, and the fabrication of ohmic contacts with linear current-voltage characteristics
and low-resistance is still an open challenge.l1271641 One of the main problems is the lack of
reproducibility as contacts realized under the same conditions and using the same metals can have
different electrical characteristics ranging from Schottky to ohmic behaviour.[%>! Moreover, the
contacts can influence the conduction mechanism inside a device contributing to the change from

the typical thermally activated band conduction to variable range hopping or space charge limited

current.[118,121,166]
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Figure 2.16 —a) SEM image of a MoS; flake contacted with four Ti/Au leads. b) SEM image of a WSe; flake
covered with Ni/Au contacts. c) SEM image showing a single WS, nanotube contacted by two tungsten tips,
marked as 1 and 2 respectively. d)-e)-f) I-V characteristic of the MoS,, WSe; and WS; devices. The blue
circles represent the experimental data, while the red lines are the fitting curves from Equation (2.15), with

the SB height and the ideality factor as fitting parameters.

Figure (2.16 a-c) show the scanning electron microscope (SEM) images of three nanodevices: the
first is a MoS, flake contacted with four Ti/Au leads,!**”! the second is a WSe, flake covered with
Ni/Au contacts['®® and the third is a single WS, nanotube stuck to two tungsten tips due to van
der Waals interaction.[*®®) MoS, and WSe, flakes lay on an electrically grounded SiO,/p — Si
substrate, while WS, nanotube is suspended between the two tungsten tips. The details of the
fabrication, characterization and electrical measurements of MoS, and WSe, are subject of
different studies conducted during this PhD project, while WS, nanotube transport properties will

be discussed in detail in the next chapter .[167-16°]

Figure (2.16 d) shows the |-V characteristic of the MoS, nanosheet with strongly asymmetric
behaviour. This result confirms that contacts made simultaneously and under the same conditions
can have different barrier height (the contact area is about the same). Figure (2.16 d) also shows
the curve obtained from Equation (2.15), superposed to the experimental data, demonstrating the
excellent fitting. The results of the fit confirm the presence of two different barriers at the contacts
that occur to be ¢pg; = 0.38 eV and ¢y, = 0.42 eV with ideality factor n; = 1.038 and n, =
1.010 respectively. From the literature the MoS, electron affinity ranges from 3.74 eV to
4.45 eV ,[170-1721 while Ti work function is 4.33 eV. According to Equation (2.5), she SB height should

range from —0.12 eV to 0.59 eV where the negative values can be considered as the ohmic

88



contacts. So, Equation (2.5), also known as the Schottky-Mott rule, does not yield an accurate
estimate of the barrier, especially for two-dimensional materials. Indeed, the Schottky-Mott model
does not take into account the pinning of the Fermi level which may occur at both interfaces, even
in an asymmetrical way. For this reason, it can only be used as a qualitative method to obtain the
rough estimation of the SB. Moreover, our results are comparable with the SB height ranging from
0.31 eV to 0.51 eV experimentally determined in previous works.!134

Figure (2.16 e) shows the I-V characteristic of the WSe, flake that presents a strong asymmetric
behaviour. As expected, the fit yields two different values for the SB heights, namely ¢go; =
0.50 eV and ¢po, = 0.35 eV with ideality factor n; = 1.019 and n, = 1.031 respectively. In this
case, considering that the Ni work function is about 5.0 el while the WSe; electron affinity is about
3.7 eV11731 the results from the fit of Equation (2.15) is not consistent with of Equation (2.5), that
would give the unrealistic high barrier of 1.3 eV.

Figure (2.16 f) shows the I-V characteristic of the nanotube of Figure (2.16 c). The |-V curve is
symmetric pointing to the presence of two equal barriers. The fit of Equation (2.15) perfectly
reproduces the experimental data and allows the estimation of the SB height as ¢pgg1 = Qgo2 =
0.40 eV with ideality factor n; = 1.009 and n, = 1.010 respectively. In this case considering
xs(WS,) = 4.5 eV and ¢y, (W) = 4.32 to 5.22 eV, the estimated barrier is within the range

predicted by Equation (2.7), that is —0.18 eV t0 0.72 eV'.

2.5 Summary

In summary, in this chapter the results of four different experimental studies concerning the
electrical properties of different 2D materials have been reported. In the first three paragraphs
several applications of such layered materials as FETs channel have been shown. In particular, the

intrinsic properties of the 2D materials were investigated focusing the interaction with various
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external stimuli, such as temperature, pressure and electron or light irradiation. In the last
paragraph the common problem of the presence of a double Schottky barrier at the interface
between metal contacts and 2D materials is addressed, placing particular emphasis on the
development of a model that allows to describe the |-V characteristic of this type of devices and to
extract their typical figures of merit.

More specifically, in the first paragraph a study on back-gated field effect transistors with a channel
made of ultrathin PtSe, film has been reported. The main result is that positive and negative
photoconductivity can occur simultaneously and that the dominance of one over the other depends
on the environmental pressure. This behaviour is explained by light-induced desorption of oxygen
from the surface of the material and confirmed by DFT calculations that provided atomistic insights
on the effects of physisorbed oxygen molecules on the band structure of semiconducting PtSe,.
The results of this work are applicable to any other 2D materials with oxygen dependent p-type
doping and provides a potentially effective route for modulating their density of carriers.

In the second paragraph, the fabrication and the electrical characterization of BP field effect
transistors have been reported. The main result of this research is the demonstration that the
presence of a hysteresis in the FET transfer characteristic can be exploited to realize non-volatile
memories with good endurance and retention time. Finally, encapsulation of BP with a PMMA
protective layer has been demonstrated as a simple way to preserve the electrical properties of the
memory over a month.

In the third paragraph, the fabrication of back-gate field effect transistors with ultrathin GeAs films
and the investigation of their electrical properties over a wide temperature range, from 20 K to
280 K, have been reported. The most peculiar result is that the carrier density in GeAs flakes

depend on temperature with a pronounced and broad peak around 75 K. A model based on a
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temperature-dependent channel thickness to explain such an anomaly has been proposed showing
an excellent agreement with the experimental data. This study provides new understanding of the
intrinsic properties of few-layer GeAs as the channel of field effect transistors giving evidence of the
formation of a 2D channel limited to a single atomic layer and could be applied to other ultrathin

layered materials.

Finally, in the fourth paragraph, a simple model to describe the I-V characteristics of a generic
semiconductor device with two Schottky junctions at the contacts has been proposed. The model
includes non-idealities that make the barrier height dependent on the applied voltage and it can
account for several experimental observation and fully reproduce both symmetric and asymmetric
characteristics. The model has been tested by fitting the I-V characteristics of nanostructured
devices with MoS, and WSe, nanosheets and WS, nanotubes. The model not only perfectly
reproduces the experimental data but also allows to simultaneously extract the two contact barriers

and their respective ideality factors.
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Chapter 3: FIELD EMISSION FROM ONE DIMENSIONAL NANOSTRUCTURES

In this chapter, the results of two experimental studies regarding the electrical transport properties
of 1D materials, such as gallium oxide (Ga,03) nanopillars and tungsten disulphide (WS,)
nanotubes are reported, with particular attention to their possible use as field-emitting devices. The
term field emission refers to the phenomenon of electron emission from a conductive surface, i.e.
metallic or semiconductor material, under the application of an electrostatic field. This is also called
cold cathodes emission, to differentiate it from the electron extraction generated by raising the
sample temperature, i.e. thermionic emission. For long time this effect has not been fully
understood and only in the late 1920s has received an explanation. The merit of such explanation is
due to Fowler and Nordheim, who demonstrated that field emission could be described considering
electron tunneling through a triangular potential barrier. To escape from a surface, an electron
needs sufficient energy to overcome the surface-vacuum barrier, i.e. the workfunction of the metal.
The phenomenon can also be generalized for semiconductors.

Fowler and Nordheim proposed a simple equation to describe the current-voltage relationship

which regulates the field emission:

AaE? 3/2 (3.1)
I = ~exp (=b ¢ )
Es

where A is the emitting area, Es is the local electric field, ¢ is the workfunction of the

3

semiconducting material and a =1.54 - 107 AeV V™2 and b= 6.83 - 10°Vm1eV "2 are
constants. Even if, it was proposed for emission from flat metallic surfaces, Equation (3.1) has been
successfully used to describe the field emission current of different nanostructured materials, just

considering minor adjustments needed to take into account their 2D or 1D nature, as it will be
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shown in the following paragraphs.

Although initially the field emission was considered an undesirable effect, as it could cause vacuum
breakdown and discharge phenomena, nowadays several applications are based on this
phenomenon. The most common are certainly those in the field of microscopy and spectroscopy,
but there was no lack of proposals for use of field electron emitters as electron-gun sources or as
active components for vacuum electronics. A great boost to research in the field of field emission
was given by the discovery of 2D and 1D materials. Their large aspect ratio, indeed, allows to
intensify the fields at their edges, making it easier to extract electrons from the surface. Carbon
nanotubes were the first and most studied nanostructured materials proposed as field emitters,
showing promising results. However, a great research effort is still needed to optimize the
performance of field emitting devices and their figures of merit such as the turn on field (Eyy), i.e.
the minimum electric field from which it is possible to extract electrons, and the max current density
(/max), i.e. the maximum field emission current that can be recorded without damaging the
material.

In the first paragraph of this chapter, an experimental study on the field emission properties of an
individual Ga, 05 nanopillar is reported. This material was selected because of its excellent physical
and chemical properties, which combined with its ultrawide bandgap make it promising for
conducting high current densities without damage. As expected, the experimental results
demonstrated that Ga, 03 shaped in the form of nanopillars can be a performant and competitive
field emitter with low turn-on field and very high current density. The results of this work derive
from a collaboration with the Helmholtz-Zentrum and the Leibnniz-Institut of Berlin and they led to
the publication of the paper " High field-emission current density from f — Ga, 05 nanopillars" by

Grillo et al. published on Applied Physics Letters in 2019.

93



In the second paragraph, an experimental study on the electrical properties of multiwalled WS, NTs
under electron beam (e-beam) irradiation and axial strain is reported. The obtained good figures of
merit suggest that WS, NTs can be suitable for the realization of practical field emitting devices.
Moreover, changes in resistivity for strain increasing up to 12% evidenced another possible
application as piezoresistive strain sensors. The results of this study derive from a collaboration with
the HIT-Holon Institute of Technology in Israel and resulted in the publication of the paper " WS,
nanotubes: Electrical conduction and field emission under electron irradiation and mechanical

stress" by Grillo et al. published on Small in 2020.

3.1 Gallium Oxide (Ga,053)

The first material investigated as field emitter is Ga,05. It is considered a promising candidate for
high power electronics application owing to its excellent physical and chemical properties!’>l.
Among the five polymorphs, f — Ga,0; is the thermodynamically stable phase at room
temperature and atmospheric pressure (1761, |t has a wide bandgap of about 4.8 eV!177] and a very
high breakdown electric field!'7® (E,,. ~ 8 MVcm™1), three times larger than that of SiC and GaN,
which enables handling huge switching voltages. Moreover, the Baliga figure of merit (BFOM =
&ruEg, where &, is the relative dielectric constant, u is the electron mobility and E is the bandgap
of the semiconductor), a parameter used to assess the suitability of a semiconductor for power
device applications, is several times larger than that of SiC and GaN*", Hence, B — Ga, 05 based
power devices offer a significant reduction of the current loss! 8%,

Due to the high mechanical strength, chemical stability, heat dissipation and charge transport
capability, the patterning of nanowires or nanopillars renders f§ — Ga, 05 a good candidate for field
emission applications!*>¢181-185 Hyang et al. reported field emission from quasi-aligned Ga,05

nanowires fabricated using a brass wire mesh as the substrate and estimated a field enhancement
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factor of about 880 at a cathode-anode distance of about 100 um!8, Lopez et al. investigated the
field emission properties of Ga, 05 nanowires with Sn-dopant enhanced electrical conductivity87],
They reported a field enhancement factor of 3287 measured at a cathode-anode distance of
400 um. Finally, Tien et al. investigated field emission from Ga,03; nanobelts synthesized in
different oxygen ambient and achieved a field enhancement factor as high as 2242 for 1% oxygen
level(188],

So far, all field emission studies have been dealing with meshes or arrays of Ga, 05 nanostructures,
where the field emission properties are averaged over a large number of emitters. During the
present PhD project, individual B — Ga,05 single crystal nanopillars were realized, purposely
designed for the investigation of the field emission current. The field emission from a single B-Ga;0s
nanopillar was investigated demonstrating that the § — Ga, 03 nano-patterning, combined with the
intrinsic properties of the material, enables a class of performant and competitive field emitters

with low turn-on field and very high current density and field-enhancement factor.

3.1.1 Nanolithography process for nanopillars fabrication

The sample used for the experiment was a (100) f — Ga, 05 single crystal, which was produced
using the Czochralski method*8-191, The unit cell of § — Ga, 05 as well as the crystal orientation of
the samples are presented in Figure (3.1 a). The size of the samples was 10x10 mm?. Prior to the
patterning process, the sample was cleaned in a sequence of 1-minute ultrasonic baths with ethanal,
acetone and distilled water, at a temperature of 22°C. Finally, an argon plasma was applied on it for
about 5 minutes at a pressure of 0.3 mbar and a power of 40 W. A Carl Zeiss Orion NanoFab
microscope was used for the fabrication and imaging of the nanopillars. The corresponding
experimental setup is shown in Figure (3.1 b). The imaging of the nanopillars was realized through

the collection of the sputtered secondary electrons with an Everhart-Thornley detector. The use of
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a helium source results in images with a great contrast and a large depth of field, because of the
small De Broglie wavelength of the ions (the probe size is typically ~0.5 nm°?). However, this
imaging technique is also destructive since the target atoms are also sputtered by the ions**3l. For
lithography purposes, the use of helium ions is not appropriate because of surface blistering!*®*, It
is possible to switch to neon ions in the Orion setup, for which there is no noticeable blistering
effect. The Net beam was used all throughout this work for the fabrication of nanostructures, while
the He™ beam is used for convenient in-situ imaging. The Ne™ beam was regulated at an energy of
30 keV for producing an isolated pillar. To increase the control on the single pillar diameter, the
nanofabrication process was divided in three steps: (i) milling of a 2x2 pm? square with a central
pillar of ~500 nm diameter, (ii) rough polishing of the central pillar, reduced to a diameter of
~150 nm, (iii) fine polishing of the central pillar to obtain the sharpest and finest pillar possible.
This process results in spatially separated individual pillars with a height of ~400 nm and a diameter

of 70 nm (Figure (3.1c)). Some squares were intentionally etched without the central pillar.
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Figure 3.1 — a) Monoclinic unit cell of 8-Ga,0s with the lattice parameters’ a = 12.214 A, b =3.0371 A, c =
5.7981 A and f8 = 103.8°7. A projection of the cell in the (100) plane is shown below the unit cell. b)
Experimental setup of the Carl Zeiss Orion NanoFab helium ion microscope. The inset shows an in-situ image

of the trimer. c) SEM image of three nanopillars with ~400 nm height and ~70 nm diameter.

3.1.2 Field emission measurements experimental setup

The electrical characterization of this devices was carried out in collaboration with the University of
L'Aquila, where the field emission properties were investigated during a series of scientific missions
of the candidate. All electrical measurements were performed with the sample kept inside a Zeiss
LEO 1530 SEM chamber in high vacuum (pressure < 10"® mbar) and at room temperature. A W-tip,
mounted on a piezoelectric-driven arm, installed inside the SEM chamber, and the SEM sample

holder were electrically connected to a semiconductor parameter analyser (Keithley 4200-SCS) and
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used as the anode and the cathode for the two-terminal device characterization. The W-tip
positioning was controlled with a resolution better than 5 nm in all directions. Figure (3.2 a) shows
a diagram of the measurement setup. The W-tip (anode), guided by the SEM arm, is gently
approached to the surface of the sample until it establishes an intimate electrical contact with it
(Figure (3.2 b)). An ohmic contact (cathode) on the backside of the sample is created with silver

paste covering a large scratched area of the f — Ga, 05 sample.

3.1.3 I-V characteristic

As usual, the first approach was to perform a standard electrical characterization. The |-V
characteristic between top and bottom contacts is shown in Figure (3.2 c). The curve exhibits a
pronounced rectifying behavior with a rectification ratio, defined as the current ratio at +5V,

greater than 10°, pointing to the formation of Schottky barriers, as explained in Chapter 2.[134
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Figure 3.2 — a) Diagram of the measurement setup: a tungsten tip, placed on the top surface of the sample
and a large silver paste bottom contact are electrically connected to a source measurement unit (SMU
Keithley 4200 SCS). b) SEM image of the tungsten tip used as contact for the electrical measurements. c)
Two-probe I-V characteristic between the W-tip and the back Ag-paste contact used as the anode and the
cathode of a two-terminal device. d) |-V characteristic between two silver-paste contacts placed on the top

and on the bottom of the device, respectively (the inset shows the current on linear scale).

The forward current at positive bias confirms the n-type behavior of the f — Ga,0; sample, which
can facilitate the extraction of a field emission current. To check that the Ag-contact on the bottom
of the device iwas non-rectifying, a similar contact of silver paste was realized on the top of the

sample and I-V measurements were performed between these two contacts. The result is shown in
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Figure (3.2 d), from which a symmetrical although non-linear characteristic is noted as a

confirmation of the non-rectifying nature of the Ag-paste contacts.

3.1.4 Field emission measurements

To perform field emission measurements, the W-tip was moved away from the sample surface at
given distances. The field-emission current was first measured from the edge of a box that does not
contain the pillar, at two selected tip-edge distances d’ ~200 nm and d’ ~350 nm (Figure (3.3 a)).
The current was monitored while the voltage was ramped up to 60 V (a constraint imposed to avoid

damage of the device and of the measurement setup).

a)

Figure 3.3 — SEM images showing the W-tip positioning for field emission measurements. The W-Tip is close

to (a) the step edge of the box or to (b) the apex of the nanopillar, which is the emitter site.

Figure (3.4 a) shows that for a voltage up to ~40 V' the current fluctuates around the noise floor
~ 107134, and no clear charge flow is detected. For V > 40 V an exponential increase of the current
is observed. Measurements at a distance d’ < 200 nm easily result in uncontrolled tip-edge
contacting caused by the attractive electrostatic-force, while for d’ > 350 nm a field emission

current is hardily extracted given the limitation imposed to the maximum applied voltage.
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Next, the W-tip was moved above the top of one of the nanopillars as shown in Figure (3.3 b), and
the current was measured with the same parameters reported above, at three different distances.
This time, a field emission current was measured, over the same voltage range, evenatd = 1 um
distance, clearly indicating the better field emission performance of the nanotip-shaped f —
Ga,05. The extraction of the current from the nanopillar occurs at a much lower voltage and
achieves higher current value under the same applied electric field if compared with the similar
measurements from the step edge (Figure (3.4 b)). The smoother increase of the field emission
current at higher voltages, as noticed from Figure (3.4 b) compared to Figure (3.4 a), is due to the
series resistance of the nanopillar. At d = 400 nm and 45V bias a remarkable density current
higher than 100 A/cm? is obtained. This current density, although affected by an incertitude
around 10%, is particularly relevant when compared to the one obtained from several other
materials under similar experimental conditions. For instance, at comparable high electric fields,
Gallium Nitride[*%>71%7] Zinc Oxide[*®®! or Molybdenum Oxide!*®! emit a current with a density that
is few orders of magnitude lower. The achieved current density is also higher than the one of
~ 10 A/cm? reported for carbon nanotubes 2002021 We note that the f — Ga,05 nanopillar also

competes with individual carbon nanotubes, measured in similar conditions, for the turn-on

field2032041 and the stability[204.205],
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Figure 3.4 — a) Field emission current as a function of the applied voltage measured at a tip-box edge
distance d’ of 200 nm (black line) and 350 nm (red line); the inset shows the measurement setup. b) Field
emission current as a function of the applied voltage measured at a tip-top nanopillar distance d of

400,700 and 1000 nm, the inset shows the measurement setup.

3.1.5 Fowler-Nordheim analysis

To confirm the field-emission nature of the measured current, the |-V curves are analyzed in the
framework of the classical Fowler-Nordheim (FN) theory294206l Equation (3.1) is used, imposing
@ = 4.8 eV for the Ga,05; work function.!?”) In a parallel plate configuration, the electric field is
simply V /d. As said in the introduction a slight deviation from the ideal FN equation is needed to
consider the 1D nature of the emitter. In particular, to account for the spherical termination of the

W -tip in our setup, an anode-correction factor k = 1.5 must be introduced?®! and the applied
electric field is expressed as % . Figure (3.4 b) shows a field emission current starting at 20 V for

d = 400 nm, which corresponds to the low applied turn-on field E,,, = 30 V/um. The pointed
cathode enables a local amplification of the applied field, owing to the accumulation of the field

lines at the apex of the emitting site. Introducing a 8 factor to account for such amplification, the
. e 14 . .
local field Ej is finally expressed as: E; = 8 e The so-called field enhancement factor 8 constitutes

an important figure-of-merit in field emission studies, being strictly dependent on the shape of the

emitter. The higher is 8, the more performant is the field emitter.

The FN behavior of the measured emission current is confirmed by the linearity of In(I/V?) vs 1/V

curves (FN plot), shown in figures (3.5 a) and (3.5 b). The slope of the fitting straight lines ( m =

3
(b2 dk)/B ) are used to estimate the field enhancement factor??, which is displayed in Figure
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(3.6 a) for different cathode-anode distances. The nanopillar has a # about ten times larger than
that of the box edge because of its shaper form and higher aspect ratio that greatly enhance the
local electric field. Also, S increases with the cathode-anode distance, consistently with what has
been reported for field emission from carbon nanotubes?°42081 or nanowires?®!, The field
enhancement factor is often used as the parameter to benchmark a field emitter, despite it can
strongly depend on the measurement setup. A significant comparison is therefore possible only
when the measurements are performed under the same experimental conditions. That said, for a
rough assessment of the single Ga,0; nanopillar field emission performance against other cold
cathodes, the linear -distance behavior of Figure (3.5 a) to distances comparable with the ones of
100 — 400 um!*8-188 reported in previous works that have used differently-shaped Ga,05 has
been extrapolated. This is a reasonable assumption, based on the experimental observation that
the field enhancement factor increases with the distance332[210 The resulting f > 4000 at a
distance of 100 um suggests that the nanopillars here presented are not only better than other,
differently-shaped, Ga, 05 field emitters!*8-188 byt are also competitive with emitters known for

their high field enhancement factor and low turn on field like carbon nanotubes211.212],

In(1/\v/2)

In(I/V2)
8

voh

0020 0025 0.030
1V

Figure 3.5 - (a) and (b) Fowler- Nordheim plots corresponding to the currents of Figures (3.5 a) and (3.5 b),
respectively.
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The current stability is another important parameter that a good field emitter must possess. The
field emission stability of the f — Ga, 05 nanopillar was checked under the applied bias of 40 V with
the W-tip at 400 nm. Figure (3.6 b) plots the current for a time of 25 minutes and shows fluctuations
within 10% of the average value, which is a satisfactory result, especially taking into account the
difficulty to control the W-tip/nanopillar distance over time. As well known, the emission
current instability is mainly caused by the local heating effect in metal oxide
semiconductor emitters?13l. Then the observed good stability indicates an efficient heat dissipation
of the fabricated nanopillar, despite the low thermal conductivity of p —Ga,0;

(~21 Wm~1K~1).1214
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Figure 3.6 — a) Field enhancement factor f3 vs cathode-anode distance for the single nanopillar and for the
box edge emitter. b) Field emission current versus time. The inset shows the histogram of the current with

mean and standard deviation.
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3.2 Tungsten Disulphide (W'S,)

The last material whose electrical properties investigation is reported in this thesis is tungsten
disulphide (WS,), another member of the TMDs family, shaped in the form of a nanotube. As
described in Chapter 1, also WS, presents a layered structure where monolayers, constituted by a
plane of W atoms sandwiched between two planes of S atoms, are piled on top of each other and
bonded by weak van der Waals forces. WS, presents a highly anisotropic nature which is reflected
in its mechanical,[?'> optoelectronic and electrical properties,[2!% and has been proposed for several
applications, such as solar cells?'l and catalysis, 218219 or used as a solid lubricant.[?2%! Since the
electronic properties of INTs mostly derive from the bulk material counterpart, multi-walled WS,
NTs are exclusively semiconductors, with a well-defined band gap ranging from 0.1 eV to 1.9 eV/,
depending on their diameter.[?21.222] Theoretical calculations done for single layered nanotubes
showed that, depending on their chirality, WS, NTs band gap can be both direct (for zigzag) and
indirect (for armchair), with values varying with diameter as well.?Z31 W S, nanotubes were isolated
for the first time in 19922241 and ever since several synthesis methods have been explored.!?2>-
228ITheir scalable production was reported in 20091221 and further revised recently, extending the
acquired experience to the synthesis of MoS, INTs in pure phase and significant amounts.?3% The
availability of these nanotubes has raised a great interest in the scientific community and has
enabled the wide investigation of their properties. The layered structure of WS, INTs supports inert
van der Waals surface combined with excellent optoelectrical properties?31-2351 making WS, NTs
suitable candidates for the next generation of electronic and optoelectronic applications. Moreover,
the defect-free structural morphology of WS, NTs result in excellent mechanical properties,[236-240]
making them resistant to large tensile and compressive forces and pressure shockwaves.!?*!l |t has

been also demonstrated that WS, NTs are nontoxic and biologically benign.?*?! Although there are
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many studies on the structural and mechanical properties of WS, nanotubes, still few researches
have been dealing with their electronic!?#*243 and, particularly, with electro-mechanicall?4¢]
properties. For instance, a study of the resonant torsional behaviour has shown that WS, NTs have
higher quality factor (Q) and torsional resonance frequency than boron nitride or carbon nanotubes,
which makes them promising building blocks for high-Q nanoelectromechanical systems.[?47]
Moreover, using density-functional theory, it has been predicted that substantial tensile strain can
reduce the bandgap, or even induce a semiconductor-to-metal transition, and dramatically affect
the quantum conductance in large diameter single- and multi-walled WS, NTs,[2%¢! but no
experimental evidence has been provided yet.

The paragraphs below report the fabrication and an experimental electrical and electro-mechanical
characterization of individual multi-walled WS, nanotubes. The electrical conduction of WS, NTs is
measured in a standard two-contact configuration, under electron beam (e-beam) irradiation and
axial strain. Carbonaceous deposits induced by electron irradiation of the nanotube-metal electrode
area are used to improve the electrical quality and the mechanical stability of the contacts. Indeed,
electron beam exposure of both contacts yields more than two orders of magnitude increase of the

NT current. The high aspect ratio of WS, NTs suggests their use for field emission applications. In

this study, a field emission current density up to 600% , with turn-on field of ~100HLm and field

enhancement factor f~50, is obtained from a single WS, NT. Despite the theoretically predicted
reduction of the bandgap!?*®, it is found that the resistivity of a multi-walled WS, NT increases
exponentially with the applied axial tensile stress. Changes in resistivity have been recorded for
strain increasing up to 12%, evidencing the suitability of individual multi-walled WS, NTs as

piezoresistive strain sensors.
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3.2.1 Solid-gas synthetic approach fabrication method

Multi-walled WS, NTs were synthesized through the high temperature solid-gas synthetic approach
using tungsten oxide nanoparticles as precursor and H,S and H, as reactive gases.!?*8 As the first
step, tungsten oxide nanowhiskers with length < 20 um are obtained from loosely agglomerated
oxide nanospheres of ~ 80 nm diameter. The mild reduction of the precursor oxide into the
intermediate volatile tungsten suboxide phase served as a building material for the suboxide
nanowhiskers growth. Subsequently, the suboxide nanowhiskers are converted into hollow multi-
walled tungsten disulphide NTs by an outside inwards oxygen/sulphur exchange reaction. Figure
(3.7) shows transmission electron microscope (TEM) and scanning electron microscope (SEM)
images of the final product. The multi-walled WS, NTs have length in the range 2-20 um and
diameter between WS, and 120 nm. The radial direction, perpendicular to the layers and nanotube

axis, is the c-axis (002), while the interlayer distance is 0.63 nm.

3.2.2 Sample preparation and field emission setup

For the electrical characterization, the as prepared NTs were dispersed into acetone and solution-
casted on a flat Si0,/p — Si substrate. The SEM image of Figure (3.7 d) shows that the WS, NTs
deposited on the substrate form a random mesh of bundles, from which individual NTs can be
picked up by a piezo-driven nanotips, as we will see next. The setup for the electrical measurements

is the same used for the characterization of the Ga, 05 nanopillar.
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Figure 3.7 - a) TEM image of a single multi-walled WS2 NT. b) SEM image of the WS, NTs as obtained from

the production process. c) Higher magnification SEM image of as-produced W S, NTs. d) SEM image of mesh

of WS, NT bundles deposited after dispersion on a SiO, /p — Si substrate.

3.2.3 X-ray photoelectron spectroscopy

The morphology and the compositional-electronic properties of the WS, NTs were obtained by SEM
and X-ray photoelectron spectroscopy (XPS), respectively. The SEM images were taken through the
same microscope used for the electrical characterization, equipped with two piezoelectric-driven
tungsten nanoprobes (referred as W-tips), that were used to manipulate and contact the WS, NTs

for the electrical transport measurements. XPS measurements were performed in a PHI ESCA ultra-
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high vacuum chamber (P ~1071° Torr) endowed with a Mg X-ray source (hv = 1253.6 eV) and
a hemispherical analyser. To get the relative concentration and chemical states of the elements in
the WS, NTs, XPS analysis was surveyed in the binding energy (BE) 0 - 1000 eV range, over
0.8 x 2.0 mm? area, as shown in Figure (3.8 a). The survey scan shows the presence of O, C, S,
and W. In particular, C 1s and O 1s peaks are attributed to surface adventitious atmospheric carbon
and adsorbed surface water molecules, respectively. No contamination species were observed
within the sensitivity of the instrument. High-resolution spectrum of all the core level spectra were

acquired with a pass energy of 11.85 eV, corresponding to an overall experimental resolution of

0.75 eV, and the BE calibration of the spectra was referred to C 1s peak located at BE =

284.8 eV 1249
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Figure 3.8 - a) Survey spectrum of the as-prepared multi-walled WS, NTs. High-resolution XPS spectra; b) S

2p and W 4f core level peaks; c) Valence band of WS, NTs.

Figure (3.8 b) illustrates the deconvoluted S 2p and W 4f electron core-level XPS spectra from the
WS, NTs. The S 2p and W 4f levels are each formed by the convolution of two peaks due to the

spin-orbit splitting (s.o.s.) that produce the 2ps and 2p: and 4f7 and 4f’s core level peaks for S and
2 2 2 2
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W, respectively. The XPS data analysis of the S, W, O and C (that are not shown here) was performed
with the XPSPeak4.1 program, and a Shirley function was used to subtract the background. The BE
core level peak positions, the s.o.s. and the calculated atomic concentration, of the elements, are

listed in Table (3.1). In the last column, the functional groups of the C 1s are reported.

Table (3.1). Core level peaks position BE, s.o.s. and atomic concentration (%) of different elements; BE of the

functional groups C 1s and the relative O 1s.

WOs;

WS, Functional groups of C 1s

Elements Core level peak BE(s.0.s.)

Core level peak BE(s.0.s.) (eV) (eV
(eV)
At. Co.
2ps32 a5/ a5 1s At.Co. (%) C-C C-OH C-0-C C=0
(%)
S 162.6(1.2)- 66 - - - - - - -
W - 32.8(2.1)34 35.8(2.1)- 30 - - - -
0] - - - - 530.6 70 - 533.8 532.3 -
C - - - - - - 284.8 285.9 286.9 288.2

From the BE of the deconvoluted peaks (Table (3.1)), W 4f level has two core peaks at a BE of 32.8

and 34.9 eV that can be ascribed to the W** 4f7 and W** 4fs in WS, NTs. In addition, the W
2 2

spectrum (Figure (3.7 b)) presents a double peak, at BE of 35.8 and 37.9 eV, due to W°* 4f, which
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indicates a slight amount of WO, in the WS, NTs. The s.o.s. for S 2p produces two well defined

peaks at 162.6 and 163.8 eV, respectively due to 2ps and 2p1 core levels, which correspond to the
2 2

$2~ orbitals. A quantitative analysis of the integrated peak area gives the atomic concentration of
various constituents, by using the Physical-Electronic peak area sensitivity factors: 0.717 for S,
3.863 for W and 0.733 for 0. The results reported in Table (3.1) indicate a W: S atomic ratio of
1.0: 1.9 indicating a very close stoichiometric composition of the grown WS, NTs. Furthermore,
W: 0 atomic ratio of about 1.0: 2.5, very closed to WO, ,,, that can be ascribed to suboxide
residuals (intermediate precursor) rest in the core of anomaly wide nanotubes (slow diffusion
reaction of gases into wide tubes may not complete oxygen-to-sulphur conversion), which is in
compliance with the INTs’ growth mechanism.[23%2481 The S 2p well-resolved peaks, the W** and
52~ species character, in agreement with the elemental composition data, suggest a good quality
WS, NTs.

Figure (3.8 c) shows the valence band of the WS, NTs in which, between W S,and Fermi level (Er),
five peaks (black dashed line), mainly due to the strong hybridization of W 5d and S 3p states, are
well resolved. At ~2.2 eV electronic states from W 5d, orbital are generated with a valence band
edge located at 0.68 eV below Ef, that gives to the WS, NTs a behavior alike the WS, bulk.[2>%
Moreover, considering a bandgap of 1.57 eV for the bulk?>! this material can be considered a p-
type semiconductor, with a little amount of states near the Fermi level due to W0,.. We note that
WO, residuals, being highly conducting, can be beneficial for NT contacting and field emission
applications.

Finally, for the electrical measurements the same setup described for the charcaterization of f —

Ga, 03 nanopillar was used.
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3.2.4 I-V and field emission characterizations

As usual. The first approach was to perform a standard |-V characteristic. The W-tip labelled 2 was
slowly moved through the WS, NT mesh on the Si0,/p — Si substrate to allow NT bundles to attach
to it by van der Waals forces. A bundle oriented perpendicularly to the W-tip and with a protruding
single WS, nanotube was selected and approached by the other W-tip (labelled 1) until the
nanotube got stuck to it (Figure (3.9 a)). The black curve in Figure (3.9 c) shows the |-V current-
voltage characteristic recorded in this configuration, highlighting a non-linear symmetric behaviour
typical of high resistance electrical contacts with tunnelling barriers.[134252253 To improve the
electrical contact between the WS, NT and the W-tips, the nanotube-tip 2 contact region was
irradiated for increasing time intervals, using the electron beam of the SEM (10 keV, 10 pA). The I-
V characteristics changed as shown by the coloured curves of Figure (3.9 c). Although the qualitative
behaviour of the device remained the same, a clear enhancement of the current was detected with
the increasing irradiation time up to 20 min. After 30-minute total irradiation, we observed only a

negligible increase of the current.
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Figure 3.9 - a) SEM image showing bundles and individual NTs attached to W-tip 2. A single, long NT, held
between tips 1 and 2 by van der Waals forces, is used for electrical measurements. b) SEM image of the
configuration adopted for field-emission characterization with the single NT detached from tip 1, which is
used as the anode. The inset shows a magnification of the tip 1 and the nanotube-tip region. c) I-V
characteristic recorded for different irradiation times. The inset shows the experimental data on logarithmic
scale. d) Field emission current density as a function of the applied voltage recorded before and after 30
minutes irradiation. The inset shows the linear fit of the FN plot used to estimate the field enhancement

factors.

At this point, field emission characterization, one of the main purposes of this experiment, was
carried out. To do that, tip 1 was detached and moved away from the WS, NT edge, at a distance
d ~ 400 nm. The measurements were repeated both before and after the e-beam conditioning of
the WS, NT-tip 2 contact (Figure (3.9 b)). The applied voltage was ramped from 0 to 100 V (a
constraint imposed to avoid damage of the device and the measurement setup) while monitoring
the current. The black curve of Figure (3.9 d) shows that, before irradiation, the current density J,
obtained as the ratio between the measured current and the nanotube section area, is below the

A . . . .
~1072 3 hoise floor for V < 38 V, while for higher voltage an exponential increase of the current
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density is observed, up to a maximum value of ~ 6%' After 30 minutes total irradiation time of
the WS, NT-tip 2 contact, the field emission current density increases reaching a maximum value

of ~ 600 C’%, as shown by the red curve in the same figure.

3.2.5 Fowler-Nordheim analysis

To confirm the field-emission nature of the measured currents, the /] — V curves are analysed in the
framework of the classical Fowler-Nordheim (FN) theory.!2%! Equation (3.1) was used to describe

the current behaviour and the same slight deviation from the classical model made in the case of
the Ga,03 nanopillar, i.e. considering that the applied electric field as o where k =1.5 is a

corrective factor, has been taken into account to consider the spherical termination of the W-tip.[2>4
Moreover, also in this case the sharp shape of the nanotube causes the accumulation of the field
lines at its end, resulting in an amplification of the local field, so also the field enhancement factor
p needs to be considered. The typical field emission figures of merit were obtained following the

procedures described in the previous paragraph. Before irradiation, it was obtained ~65, turn-on

field E,,~100 V/um and Jyax = 6% while after 30 min irradiation on tip 2 contact f~50,

c]::Z' The slight reduction of the field enhancement factor is likely

E,n~100V/um and Jyax = 600

due to the removal of surface adsorbates from the nanotube tip by Joule heating during the first
sweep. Generally, these adsorbates act as accumulation points for the electrical fields lines further
increasing the local electric field. The study on the field emission properties of WS, NTs follows a
pioneering study?**! which showed that WS, NTs can be a potential candidate for vacuum
nanoelectronics and flat panel display applications. In that work the authors demonstrated that
free-standing WS, NTs protruding on top of silicon microstructures are efficient cold emitters. Here

it has been demonstrated that the electron beam irradiation of the contact area can highly increase
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the maximum current density. Indeed, Jy4x is increased by a factor 100 after irradiation and is
higher or comparable to the maximum current density of others well-established field emitters, such
as Mo tips,?>> bare and metal coated Si tips,!?°® carbon nanotubes,2°%%>71 MoS, nanoflowers, 2>

graphene or graphene-like nanosheets.[2>%-261
3.2.6 The effects of electron irradiation

In the previous section the effects of electron irradiation on the transport properties have been
reported. In this section such effects are depth and their causes are investigated. To understand the
effects of the e-beam irradiation, the device can be divided into three resistive elements, as shown
in Figure (3.10 a). Ry and R, indicate the contact resistance of the NT with tip 1 and tip 2,
respectively, while R; is the intrinsic resistance of the WS, NT. The total resistance, referred to as

R;ot, is given by the sum of the three components:

RtOt = RCl + RCZ + R3 (3 2)

Since up to this phase of the experiment the NT contact with tip 2 was the only one irradiated, R,
is the unique resistance improved by e-beam. However, as can be seen from Equation (3.2), a
reduction of one of the three resistances affects the total resistance leading to the experimentally
observed increase of the device current. R;,;, estimated from low bias part (|V| < 5 V) of the I-V

curves of Figure (3.9 c), exhibits an exponential decrease with increasing electron fluence (Figure

(3.10 b)).

115



107 ' ' ' ' ]

N )

14 0 3

Cq
irradiation

Before
{irradiation CZ

irradiation

Resistance (GQ)

0.1+

0 5 10 15 20 25
Fluence (10*e7/nm?)

Figure 3.10 - a) Modelling of the tip 1-WS, NT-tip 2 device. Rc; and Rc; indicate the two resistances at the
interface between the nanotube and the W-tips, while Rs is the nanotube intrinsic resistance. b) Measured
total resistance as function of the electron fluence on the two exposed area. The red line represents the

exponential fit.

The main effect of electron irradiation is a physical modification of the WS, NT-tip 2 contact. Indeed,
since the pressure inside the SEM chamber is about 107° Torr some residual hydrocarbon
molecules are present inside it. Such molecules are decomposed under the electron beam
irradiation resulting in carbonaceous material across the exposed area.[236:262-264] This carbonaceous
material acts as a glue which strengthen the contact between the nanotube and the tip and reduces
the contact resistance. Before the electron beam exposure, contact is only due to van der Waals
forces with a mean bonding distance of several angstroms.[?®! This contact is unstable, and
vibrations of the measuring apparatus can cause a further increase of NT-tip distance. The
carbonaceous deposit at the junction introduces an additional mechanical stability, which allows a
more effective interaction between the NT and the tip, resulting in the reduction of R;,;. Moreover,

the electron irradiation facilitates, via local annealing, the removal of unavoidable residual surface
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adsorbates, such as water, nitrogen, and oxygen, that can contribute to the global resistance of the
device. The experimentally observed negligible increase of the current after 30 minutes irradiation
is due to the saturation of both the described mechanisms. Indeed, after a certain time, the beam-
induced deposit is not expected to further contribute to the mechanical stability of the NT/tip
junction, leading only to a progressive growth of the carbonaceous deposit. The e-beam effect on
R;o¢ is corroborated by the field-emission measurements. Indeed, while the turn on field and the
field enhancement factor, which are mainly related to the intrinsic WS, properties, are the same
before and after electron beam irradiation, the maximum current density increases by two orders

of magnitude after electron beam exposure, highlighting the effect of the reduction of R;,;.

To further decrease R;,;, we irradiated the WS, NT-tip 1 contact for 30 minutes obtaining another
order of magnitude lowering, as shown in Figure (3.10 b). The presence of carbonaceous material

at the contact region is evident in the SEM images shown as inset in Figure (3.11 a).

3.2.7 Electrical response to mechanical stress

Once the effects of irradiation are understood, the research has focused on another important
property of NTs, their electrical response when subjected to mechanical stress. The measurements
were carried out taking advantage from the stronger WS, NT-tip adhesion. Tip 1 was moved
stepwise, using the piezo-driven controller of the tip. The evolution of the stretching process is
shown in Figures (3.11 a-f). Starting from an initial length of 9.200 um, the WS, NT was stretched
until breaking after 20% elongation of its initial value, corresponding to a length of 10.995 um as
shown in Figures (3.11 a-f), highlighting a high axial strength. From Figure (3.11 f), it is clear that the
sum of the lengths of the two nanotube fragments obtained after breaking is greater than the initial
length of the nanotube. This indicates that the breaking occurs well beyond the elastic limit, after a

phase of plastic deformation of the nanotube in which sliding of walls with respect to each other
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could occur. For this reason, in the study of the piezoresistive response reported below, the trend
was limited to 12% elongation, i.e. to the elastic regime for WS, nanotubes, consistently with

previous experimental results and theoretical calculations.!236]

Figure 3.11 - a-f) SEM images of the elongation process of the WS2 NT. The strain is obtained moving tip 1
to the left of the image. The initial NT length (figure a) is 9.200 um while the final length before NT rupture
(figure e) is 10.995 um. The inset in figure 5a shows a magnification of the NT-tip 1 area in which the

presence of the carbonaceous deposit, circled in red, is clearly visible.

Figure (3.12 a) shows the |-V characteristics of the WS, NT recorded for every stretching step. The
device current decreases when the strain increases. The last detectable signal is recorded at 12%
elongation, while the current falls below the noise floor level when the nanotube is extended by
20% of its initial length. It has been reported in literature that the stress—strain plot of an individual
WS, NT has a linear trend until the nanotube rupture at 14% elongation.!?3%! This feature indicates

that WS, nanotubes deform elastically making it possible to know the applied stress, o, from the
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measurement of the nanotube deformation, € = % , through the equation 6 = E¢, where Ly and

4

L; are the final and the initial lengths of the nanotube and E = 171 GPa is the Young’s modulus. 26!
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Figure 3.12 - a) I-V characteristics of the individual WS, NT for each elongation step. The black curve
represents the I-V for the unstrained NT, while the brown line is the noise floor. b) Resistivity as function of
the strain with exponential fit (red line). The inset shows the measured resistivity as function of the applied

stress with the exponential fit.

Figure (3.12 b) shows the W S, NT resistivity (p) versus strain. The resistivity is obtained as p = Ry %,

where Ry is the resistance measured from the low-bias I-V curves, A is the nanotube section area
and L is its length. The plot shows an exponential growth of the resistivity as function of the strain.
The large variation of resistance with stress enables the use of WS, NTs as piezoresistive sensors.
Although the contribution of the contact resistances is included, this strong dependence is likely
dominated by the WS, nanotube, indicating an increasing NT resistivity with growing tensile strain.
Indeed, as shown in Figure (3.11), no apparent change is observed at the NT-tip contacts, owing to
the e-beam strengthening effect, while the NT is stretched. Moreover, a similar behaviour has been

already reported for carbon nanotubes.[?67:268] According to a recent theoretical study,[?*! the
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bandgap of WS, NTs decreases with the tensile strain, which could induce a reduction of the
resistivity. However, the study refers to an ideal single wall NT with well-defined chirality and does
not consider inter-layer interaction of layers with different chirality and diameter in real multi-
walled NTs. Indeed, it was shown that the chirality, diameter and number of layers strongly
influence the electronic structure of bent layered nanostructures.[221:223,246]

Additionally, the incommensurate stacking of WS, layers stimulates the “locking” between the
layers and therefore facilitates the elongation of the nanotube as a whole.[?3® This results in
collective influence of all layers on the band gap and resistivity.

In another study, it was shown that under specific conditions the outer walls could slide over the
inner ones,!3”l and this option also should be taken into account. Moreover, structural
imperfections in the real nanotubes could induce further defects upon the application of a tensile
stress.

Although the physical mechanisms that cause the observed increase of resistivity are not clear yet,
the strong dependence of the resistivity on the tensile strain, up to 12%, is a unique feature of WS;
nanotubes. For comparison, CNTs are only studied in 0 — 1% strain range.!?®27% The observed
electrical response over a wide range of strain makes WS, nanotubes suitable as piezoresistive

strain sensors.

3.3 Summary

In summary, in this chapter two studies have been reported concerning the electrical properties of
two 1D materials, such as Ga, 05 nanopillars and WS, nanotubes. The obtained results showed that
both materials are excellent candidates for the realization of practical field emitting devices thanks
to their remarkable figures of merit.

Specifically, in the first paragraph the fabrication of nanopillars with 400 nm height and 70 nm
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diameter from B — Ga,05 single crystals using Ne™ ion milling is reported. The field emission
properties of such nanopillars were experimentally investigated using a tip-shaped anode with fine
movement control. The main result of this research was the achieving of a stable field emission
current, with a high current density over 100 A/cm?, well described by the standard Fowler-
Nordheim theory, with a turn on field of 30 V /um. The field enhancement factor was found to be a
linear function of the distance and achieves the remarkable value of about 200 at 1 um distance.
The turn-on field and the B factor could be further improved by sharpening the nanopillar tip. This
study shows that f — Ga, 05 nanopillars are suitable candidates for field emission applications and,
if appropriately patterned, can compete with well-established emitters such as carbon nanotubes.
Then, in the second paragraph, the fabrication of multi-walled WS, NTs and their electrical
characterization under electron beam irradiation and axial tensile strain is reported. This study
demonstrated that electron beam exposure can be used to improve the quality of the nanotube-

electrode contacts, leading to a reduction of the contact resistance through mechanical

e . . I . . kA .
stabilization. A field emission current, achieving the high current density of 600 g with turn on

field ~100MLm and field enhancement factor ~50, has been reported. Finally, it was demonstrated

that individual WS, nanotubes can be suitable for piezoresistive strain sensors as they can
withstand over 12% strain without rupture and their resistivity exponentially increases with strain,

similarly to what has been observed for carbon nanotubes.

121



[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]

[9]
[10]

[11]
[12]
[13]
[14]
[15]

[16]
[17]

[18]

[19]
[20]

[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]

[30]
[31]

[32]
[33]

Bibliography

Zhen, H. Zhu, In Graphene, Elsevier, 2018, pp. 1-12.

Hubbard, Powder Diffr. 2017, 32, 1.

R. Wallace, Phys. Rev. 1947, 71, 622.

C. Yung, W. M. Wu, M. P. Pierpoint, F. V. Kusmartsev, Contemporary Physics 2013, 54, 233.
S. Novoselov, Science 2004, 306, 666.

V. Yazyev, S. G. Louie, Nature Mater 2010, 9, 806.

Wei, Y. Liu, Y. Wang, H. Zhang, L. Huang, G. Yu, Nano Lett. 2009, 9, 1752.

Cao, Q. Yu, L. A. Jauregui, J. Tian, W. Wu, Z. Liu, R. Jalilian, D. K. Benjamin, Z. Jiang, J. Bao,
S. Pei, Y. P. Chen, Appl. Phys. Lett. 2010, 96, 122106.

De, J. N. Coleman, ACS Nano 2010, 4, 2713.

H. Lv, H. Wu, J. Liu, J. Yu, J. Niu, J. Li, Q. Xu, X. Wu, H. Qian, Appl. Phys. Lett. 2013, 103,
193102,

F. Schwierz, Proc. IEEE 2013, 101, 1567.

F. Xia, V. Perebeinos, Y. Lin, Y. Wu, P. Avouris, Nature Nanotech 2011, 6, 179.

E. Watanabe, A. Conwill, D. Tsuya, Y. Koide, Diamond and Related Materials 2012, 24, 171.

J. T. Smith, A. D. Franklin, D. B. Farmer, C. D. Dimitrakopoulos, ACS Nano 2013, 7, 3661.

L. Wang, I. Meric, P. Y. Huang, Q. Gao, Y. Gao, H. Tran, T. Taniguchi, K. Watanabe, L. M.
Campos, D. A. Muller, J. Guo, P. Kim, J. Hone, K. L. Shepard, C. R. Dean, Science 2013, 342, 614.
A. N. Mina, A. A. Awadallah, A. H. Phillips, R. R. Ahmed, J. Phys.: Conf. Ser. 2012, 343, 012076.
M. Yankowitz, J. Jung, E. Laksono, N. Leconte, B. L. Chittari, K. Watanabe, T. Taniguchi, S.
Adam, D. Graf, C. R. Dean, Nature 2018, 557, 404.

D. R. Cooper, B. D’ Anjou, N. Ghattamaneni, B. Harack, M. Hilke, A. Horth, N. Majlis, M.
Massicotte, L. Vandsburger, E. Whiteway, V. Yu, ISRN Condensed Matter Physics 2012, 2012, 1.
E. McCann, Phys. Rev. B 2006, 74, 161403.

L. Liao, Y.-C. Lin, M. Bao, R. Cheng, J. Bai, Y. Liu, Y. Qu, K. L. Wang, Y. Huang, X. Duan,
Nature 2010, 467, 305.

B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti, A. Kis, Nature Nanotech 2011, 6, 147.
R. G. Dickinson, L. Pauling, J. Am. Chem. Soc. 1923, 45, 1466.

Physical properties of layer structures : optical properties and photoconductivity of thin crystals of
molybdenum disulphide, Proc. R. Soc. Lond. A 1963, 273, 69.

S. Manzeli, D. Ovchinnikov, D. Pasquier, O. V. Yazyev, A. Kis, Nat Rev Mater 2017, 2, 17033.

K. F. Mak, C. Lee, J. Hone, J. Shan, T. F. Heinz, Phys. Rev. Lett. 2010, 105, 136805.

A. D. Oyedele, S. Yang, L. Liang, A. A. Puretzky, K. Wang, J. Zhang, P. Yu, P. R. Pudasaini, A.
W. Ghosh, Z. Liu, C. M. Rouleau, B. G. Sumpter, M. F. Chisholm, W. Zhou, P. D. Rack, D. B.
Geohegan, K. Xiao, J. Am. Chem. Soc. 2017, 139, 14090.

W. Choi, N. Choudhary, G. H. Han, J. Park, D. Akinwande, Y. H. Lee, Materials Today 2017, 20,
116.

A. Castellanos-Gomez, M. Poot, G. A. Steele, H. S. J. van der Zant, N. Agrait, G. Rubio-Bollinger,
Adv. Mater. 2012, 24, 772.

L.Li, Y. Yu,G.J. Ye, Q. Ge, X. Ou, H. Wu, D. Feng, X. H. Chen, Y. Zhang, Nature Nanotech
2014, 9, 372.

P. Wu, M. Huang, physica status solidi (b) 2016, 253, 862.

C. S.Jung, D. Kim, S. Cha, Y. Myung, F. Shojaei, H. G. Abbas, J. A. Lee, E. H. Cha, J. Park, H. S.
Kang, Journal of Materials Chemistry A 2018, 6, 9089.

A.-Q. Cheng, Z. He, J. Zhao, H. Zeng, R.-S. Chen, ACS Appl. Mater. Interfaces 2018, 10, 5133.

F. Shojaei, H. S. Kang, J. Phys. Chem. C 2016, 120, 23842.

Z.
C.
P.
K.
K.
0.
D.
H.
S.
S.

122



[34]
[35]
[36]
[37]

[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]

[47]
[48]

[49]

[50]
[51]
[52]

[53]

[54]
[55]

[56]
[57]

[58]
[59]

[60]

[61]
[62]
[63]

M. Miao, J. Botana, E. Zurek, T. Hu, J. Liu, W. Yang, Chem. Mater. 2016, 28, 1994.

K. Lee, S. Kamali, T. Ericsson, M. Bellard, K. Kovnir, Chem. Mater. 2016, 28, 2776.

J. W. Rau, C. R. Kannewurf, Phys. Rev. B 1971, 3, 2581.

J. Guo, Y. Liu, Y. Ma, E. Zhu, S. Lee, Z. Lu, Z. Zhao, C. Xu, S.-J. Lee, H. Wu, K. Kovnir, Y.
Huang, X. Duan, Adv. Mater. 2018, 30, 1705934.

S. Yang, Y. Yang, M. Wu, C. Hu, W. Shen, Y. Gong, L. Huang, C. Jiang, Y. Zhang, P. M. Ajayan,
Adv. Funct. Mater. 2018, 28, 1707379.

G. R. Bhimanapati, N. R. Glavin, J. A. Robinson, In Semiconductors and Semimetals, Elsevier,
2016, pp. 101-147.

J. Yang, Z. Zeng, J. Kang, S. Betzler, C. Czarnik, X. Zhang, C. Ophus, C. Yu, K. Bustillo, M. Pan,
J. Qiu, L.-W. Wang, H. Zheng, Nat. Mater. 2019, 18, 970.

W. Zheng, R. Lin, Z. Zhang, F. Huang, ACS Appl. Mater. Interfaces 2018, 10, 27116.

N. Petrone, T. Chari, I. Meric, L. Wang, K. L. Shepard, J. Hone, ACS Nano 2015, 9, 8953.

E. Chen, W. Xu, J. Chen, J. H. Warner, Materials Today Advances 2020, 7, 100076.

A. Avsar, A. Ciarrocchi, M. Pizzochero, D. Unuchek, O. V. Yazyev, A. Kis, Nat. Nanotechnol.
2019, 14, 674.

Y. Zhao, J. Qiao, Z. Yu, P. Yu, K. Xu, S. P. Lau, W. Zhou, Z. Liu, X. Wang, W. Ji, Y. Chai, Adv.
Mater. 2017, 29, 1604230.

G. Y. Guo, W. Y. Liang, J. Phys. C: Solid State Phys. 1986, 19, 995.

H. L. Zhuang, R. G. Hennig, J. Phys. Chem. C 2013, 117, 20440.

Y. Wang, L. Li, W. Yao, S. Song, J. T. Sun, J. Pan, X. Ren, C. Li, E. Okunishi, Y.-Q. Wang, E.
Wang, Y. Shao, Y. Y. Zhang, H. Yang, E. F. Schwier, H. lwasawa, K. Shimada, M. Taniguchi, Z.
Cheng, S. Zhou, S. Du, S. J. Pennycook, S. T. Pantelides, H.-J. Gao, Nano Lett. 2015, 15, 4013.

L. Ansari, S. Monaghan, N. McEvoy, C. O. Coileain, C. P. Cullen, J. Lin, R. Siris, T. Stimpel-
Lindner, K. F. Burke, G. Mirabelli, R. Duffy, E. Caruso, R. E. Nagle, G. S. Duesberg, P. K. Hurley,
F. Gity, npj 2D Mater Appl 2019, 3, 33.

W. Zhang, J. Qin, Z. Huang, W. Zhang, Journal of Applied Physics 2017, 122, 205701.

X. Chia, A. Adriano, P. Lazar, Z. Sofer, J. Luxa, M. Pumera, Adv. Funct. Mater. 2016, 26, 4306.
T.-Y. Su, H. Medina, Y.-Z. Chen, S.-W. Wang, S.-S. Lee, Y.-C. Shih, C.-W. Chen, H.-C. Kuo, F.-
C. Chuang, Y.-L. Chueh, Small 2018, 14, 1800032.

C. Yim, K. Lee, N. McEvoy, M. O’Brien, S. Riazimehr, N. C. Berner, C. P. Cullen, J. Kotakoski, J.
C. Meyer, M. C. Lemme, G. S. Duesberg, ACS Nano 2016, 10, 9550.

M. Sajjad, E. Montes, N. Singh, U. Schwingenschldgl, Adv. Mater. Interfaces 2017, 4, 1600911.
T.-Y.Su, Y.-Z. Chen, Y.-C. Wang, S.-Y. Tang, Y.-C. Shih, F. Cheng, Z. M. Wang, H.-N. Lin, Y .-
L. Chueh, J. Mater. Chem. C 2020, 8, 4851.

Q. Liang, J. Gou, Arramel, Q. Zhang, W. Zhang, A. T. S. Wee, Nano Res. 2020, 13, 3439.
C.Yim, V. Passi, M. C. Lemme, G. S. Duesberg, C. O Coileéin, E. Pallecchi, D. Fadil, N. McEvoy,
npj 2D Mater Appl 2018, 2, 5.

H. Zheng, Y. Choi, F. Baniasadi, D. Hu, L. Jiao, K. Park, C. Tao, 2D Mater. 2019, 6, 041005.

S. Smidstrup, T. Markussen, P. Vancraeyveld, J. Wellendorff, J. Schneider, T. Gunst, B. Verstichel,
D. Stradi, P. A. Khomyakov, U. G. Vej-Hansen, M.-E. Lee, S. T. Chill, F. Rasmussen, G. Penazzi,
F. Corsetti, A. Ojanperd, K. Jensen, M. L. N. Palsgaard, U. Martinez, A. Blom, M. Brandbyge, K.
Stokbro, J. Phys.: Condens. Matter 2020, 32, 015901.

M. J. van Setten, M. Giantomassi, E. Bousquet, M. J. Verstraete, D. R. Hamann, X. Gonze, G.-M.
Rignanese, Computer Physics Communications 2018, 226, 39.

H. J. Monkhorst, J. D. Pack, Phys. Rev. B 1976, 13, 5188.

L. Ansari, G. Fagas, F. Gity, J. C. Greer, Appl. Phys. Lett. 2016, 109, 063108.

M. Dion, H. Rydberg, E. Schrdder, D. C. Langreth, B. I. Lundqvist, Phys. Rev. Lett. 2004, 92,
246401,

123



[64]
[65]

[66]
[67]
[68]
[69]

[70]
[71]

[72]

[73]
[74]

[75]
[76]

[77]
[78]
[79]

[80]
[81]

[82]
[83]
[84]

[85]
[86]

[87]

[88]
[89]
[90]
[91]

J. Neugebauer, M. Scheffler, Phys. Rev. B 1992, 46, 16067.

Y. Gong, Z. Lin, Y.-X. Chen, Q. Khan, C. Wang, B. Zhang, G. Nie, N. Xie, D. Li, Nano-Micro
Lett. 2020, 12, 174.

Z.-X. Zhang, Long-Hui Zeng, X.-W. Tong, Y. Gao, C. Xie, Y. H. Tsang, L.-B. Luo, Y.-C. Wu, J.
Phys. Chem. Lett. 2018, 9, 1185.

F. Urban, F. Gity, P. K. Hurley, N. McEvoy, A. Di Bartolomeo, Appl. Phys. Lett. 2020, 117,
193102,

F. Giannazzo, G. Fisichella, A. Piazza, S. Di Franco, G. Greco, S. Agnello, F. Roccaforte, Beilstein
J. Nanotechnol. 2017, 8, 254.

J. Jiang, C. Ling, T. Xu, W. Wang, X. Niu, A. Zafar, Z. Yan, X. Wang, Y. You, L. Sun, J. Lu, J.
Wang, Z. Ni, Adv. Mater. 2018, 30, 1804332.

W.-C. Shen, R.-S. Chen, Y.-S. Huang, Nanoscale Res Lett 2016, 11, 124.

M.-A. Kang, S. Kim, I.-S. Jeon, Y. R. Lim, C.-Y. Park, W. Song, S. S. Lee, J. Lim, K.-S. An, S.
Myung, RSC Adv. 2019, 9, 19707.

E. Liu, M. Long, J. Zeng, W. Luo, Y. Wang, Y. Pan, W. Zhou, B. Wang, W. Hu, Z. Ni, Y. You, X.
Zhang, S. Qin, Y. Shi, K. Watanabe, T. Taniguchi, H. Yuan, H. Y. Hwang, Y. Cui, F. Miao, D.
Xing, Adv. Funct. Mater. 2016, 26, 1938.

Y.Wang, Z. Yu, Y. Tong, B. Sun, Z. Zhang, J.-B. Xu, X. Sun, H. K. Tsang, Appl. Phys. Lett. 2020,
116, 211101.

Z.Yu,Y.Wang, B. Sun, Y. Tong, J. Xu, H. K. Tsang, X. Sun, Adv. Optical Mater. 2019, 7,
1901306.

L. Li, W. Wang, Y. Chai, H. Li, M. Tian, T. Zhai, Adv. Funct. Mater. 2017, 27, 1701011.

M. Furchi, A. Urich, A. Pospischil, G. Lilley, K. Unterrainer, H. Detz, P. Klang, A. M. Andrews,
W. Schrenk, G. Strasser, T. Mueller, Nano Lett. 2012, 12, 2773.

M. Huang, M. Wang, C. Chen, Z. Ma, X. Li, J. Han, Y. Wu, Adv. Mater. 2016, 28, 3481.

G. Z. Liu, R. Zhao, J. Qiu, Y. C. Jiang, J. Gao, J. Phys. D: Appl. Phys. 2019, 52, 095302.

Y. Zhang, X. Li, X. Lin, G. Li, Y. Cai, C. Wen, K. Wang, D. Liu, S. Hu, Y. Hu, Materials Science
in Semiconductor Processing 2019, 98, 106.

X. Xiao, J. Li, J. Wu, D. Lu, C. Tang, Appl. Phys. A 2019, 125, 765.

Y. Han, X. Zheng, M. Fu, D. Pan, X. Li, Y. Guo, J. Zhao, Q. Chen, Phys. Chem. Chem. Phys. 2016,
18, 818.

Y. Liu, P. Fu, Y. Yin, Y. Peng, W. Yang, G. Zhao, W. Wang, W. Zhou, D. Tang, Nanoscale Res
Lett 2019, 14, 144,

Y. Wang, Z. He, J. Zhang, H. Liu, X. Lai, B. Liu, Y. Chen, F. Wang, L. Zhang, Nano Res. 2020, 13,
358.

P. Han, E. R. Adler, Y. Liu, L. St Marie, A. El Fatimy, S. Melis, E. Van Keuren, P. Barbara,
Nanotechnology 2019, 30, 284004.

C.-C. Lee, Y. Yamada-Takamura, T. Ozaki, J. Phys.: Condens. Matter 2013, 25, 345501.

F. Gity, F. Meaney, A. Curran, P. K. Hurley, S. Fahy, R. Duffy, L. Ansari, Journal of Applied
Physics 2021, 129, 015701.

A. Castellanos-Gomez, L. Vicarelli, E. Prada, J. O. Island, K. L. Narasimha-Acharya, S. I. Blanter,
D. J. Groenendijk, M. Buscema, G. A. Steele, J. V. Alvarez, H. W. Zandbergen, J. J. Palacios, H. S.
J. van der Zant, 2D Mater. 2014, 1, 025001.

Y. Takao, A. Morita, Physica B+C 1981, 105, 93.

D. Warschauer, Journal of Applied Physics 1963, 34, 1853.

H. Asahina, K. Shindo, A. Morita, J. Phys. Soc. Jpn. 1982, 51, 1193.

F. Bachhuber, J. von Appen, R. Dronskowski, P. Schmidt, T. Nilges, A. Pfitzner, R. Weihrich,
Angew. Chem. Int. Ed. 2014, 53, 11629.

124



[92]
[93]
[94]
[95]
[96]

[97]
[98]

[99]

[100]
[101]

[102]
[103]

[104]
[105]
[106]
[107]
[108]
[109]
[110]
[111]
[112]
[113]
e
[116]
[117]
[118]

[119]

X. Ren, P. Lian, D. Xie, Y. Yang, Y. Mei, X. Huang, Z. Wang, X. Yin, J Mater Sci 2017, 52,
10364.

X.Ren, Z. Li, Z. Huang, D. Sang, H. Qiao, X. Qi, J. Li, J. Zhong, H. Zhang, Adv. Funct. Mater.
2017, 27, 1606834.

M. Batmunkh, M. Bat-Erdene, J. G. Shapter, Adv. Energy Mater. 2018, 8, 1701832.

D. J. Late, Microporous and Mesoporous Materials 2016, 225, 494.

Y. C. Shin, S.-J. Song, Y. B. Lee, M. S. Kang, H. U. Lee, J.-W. Oh, D.-W. Han, Biomater Res
2018, 22, 31.

Q. Feng, F. Yan, W. Luo, K. Wang, Nanoscale 2016, 8, 2686.

H. Tian, B. Deng, M. L. Chin, X. Yan, H. Jiang, S.-J. Han, V. Sun, Q. Xia, M. Dubey, F. Xia, H.
Wang, ACS Nano 2016, 10, 10428.

D. Lee, Y. Choi, E. Hwang, M. S. Kang, S. Lee, J. H. Cho, Nanoscale 2016, 8, 9107.

H. Liu, A. T. Neal, Z. Zhu, Z. Luo, X. Xu, D. Toméanek, P. D. Ye, ACS Nano 2014, 8, 4033.

D. Hanlon, C. Backes, E. Doherty, C. S. Cucinotta, N. C. Berner, C. Boland, K. Lee, A. Harvey, P.
Lynch, Z. Gholamvand, S. Zhang, K. Wang, G. Moynihan, A. Pokle, Q. M. Ramasse, N. McEvoy,
W. J. Blau, J. Wang, G. Abellan, F. Hauke, A. Hirsch, S. Sanvito, D. D. O’Regan, G. S. Duesberg,
V. Nicolosi, J. N. Coleman, Nat Commun 2015, 6, 8563.

J. O. Island, G. A. Steele, H. S. J. van der Zant, A. Castellanos-Gomez, 2D Mater. 2015, 2, 011002.
A. H. Woomer, T. W. Farnsworth, J. Hu, R. A. Wells, C. L. Donley, S. C. Warren, ACS Nano 2015,
9, 8869.

A. Favron, E. Gaufres, F. Fossard, A.-L. Phaneuf-L’Heureux, N. Y.-W. Tang, P. L. Lévesque, A.
Loiseau, R. Leonelli, S. Francoeur, R. Martel, Nature Mater 2015, 14, 826.

H. Uk Lee, S. C. Lee, J. Won, B.-C. Son, S. Choi, Y. Kim, S. Y. Park, H.-S. Kim, Y.-C. Lee, J. Lee,
Sci Rep 2015, 5, 8691.

R. A. Doganov, E. C. T. O’Farrell, S. P. Koenig, Y. Yeo, A. Ziletti, A. Carvalho, D. K. Campbell,
D. F. Coker, K. Watanabe, T. Taniguchi, A. H. C. Neto, B. Ozyilmaz, Nat Commun 2015, 6, 6647.
W. Zhu, M. N. Yogeesh, S. Yang, S. H. Aldave, J.-S. Kim, S. Sonde, L. Tao, N. Lu, D. Akinwande,
Nano Lett. 2015, 15, 1883.

C. R. Ryder, J. D. Wood, S. A. Wells, Y. Yang, D. Jariwala, T. J. Marks, G. C. Schatz, M. C.
Hersam, Nature Chem 2016, 8, 597.

Y. Zhao, H. Wang, H. Huang, Q. Xiao, Y. Xu, Z. Guo, H. Xie, J. Shao, Z. Sun, W. Han, X.-F. Yu,
P. Li, P. K. Chu, Angew. Chem. Int. Ed. 2016, 55, 5003.

N. Clark, L. Nguyen, M. J. Hamer, F. Schedin, E. A. Lewis, E. Prestat, A. Garner, Y. Cao, M. Zhu,
R. Kashtiban, J. Sloan, D. Kepaptsoglou, R. V. Gorbachev, S. J. Haigh, Nano Lett. 2018, 18, 5373.
G. Abellan, S. Wild, V. Lloret, N. Scheuschner, R. Gillen, U. Mundloch, J. Maultzsch, M. Varela,
F. Hauke, A. Hirsch, J. Am. Chem. Soc. 2017, 139, 10432.

A. Di Bartolomeo, A. Grillo, F. Urban, L. lemmo, F. Giubileo, G. Luongo, G. Amato, L. Croin, L.
Sun, S.-J. Liang, L. K. Ang, Advanced Functional Materials 2018, 28, 1800657.

A. Grillo, A. Di Bartolomeo, Adv. Electron. Mater. 2021, 7, 2000979.

A. N. Rudenko, S. Brener, M. I. Katsnelson, Phys. Rev. Lett. 2016, 116, 246401.

Y. Trushkov, V. Perebeinos, Phys. Rev. B 2017, 95, 075436.

X. Liu, K.-W. Ang, W. Yu, J. He, X. Feng, Q. Liu, H. Jiang, Dan Tang, J. Wen, Y. Lu, W. Liu, P.
Cao, S. Han, J. Wu, W. Liu, X. Wang, D. Zhu, Z. He, Sci Rep 2016, 6, 24920.

M. Buscema, D. J. Groenendijk, S. I. Blanter, G. A. Steele, H. S. J. van der Zant, A. Castellanos-
Gomez, Nano Lett. 2014, 14, 3347.

A. Grillo, A. Di Bartolomeo, F. Urban, M. Passacantando, J. M. Caridad, J. Sun, L. Camilli, ACS
Appl. Mater. Interfaces 2020, 12, 12998.

A. Di Bartolomeo, A. Pelella, X. Liu, F. Miao, M. Passacantando, F. Giubileo, A. Grillo, L. lemmo,
F. Urban, S. Liang, Adv. Funct. Mater. 2019, 29, 1902483.

125



[120]
[121]

[122]
[123]

[124]
[125]

[126]
[127]
[128]
[129]
[130]
[131]
[132]
[133]
[134]
[135]
[136]
[137]
[138]
[139]
[140]
[141]
[142]
[143]

[144]
[145]

[146]
[147]
[148]

[149]
[150]
[151]

W. Bao, X. Cai, D. Kim, K. Sridhara, M. S. Fuhrer, Appl. Phys. Lett. 2013, 102, 042104.

A. Grillo, F. Giubileo, L. lemmo, G. Luongo, F. Urban, A. Di Bartolomeo, J. Phys.: Conf. Ser.
2019, 1226, 012013.

L. Li, M. Engel, D. B. Farmer, S. Han, H.-S. P. Wong, ACS Nano 2016, 10, 4672.

F. Urban, F. Giubileo, A. Grillo, L. lemmo, G. Luongo, M. Passacantando, T. Foller, L. MadauR, E.
Pollmann, M. P. Geller, D. Oing, M. Schleberger, A. Di Bartolomeo, 2D Mater. 2019, 6, 045049.
A. Di Bartolomeo, A. Pelella, A. Grillo, F. Urban, F. Giubileo, Applied Sciences 2020, 10, 5840.
A. D. Bartolomeo, F. Giubileo, S. Santandrea, F. Romeo, R. Citro, T. Schroeder, G. Lupina,
Nanotechnology 2011, 22, 275702.

X.-B. Li, P. Guo, T.-F. Cao, H. Liu, W.-M. Lau, L.-M. Liu, Sci Rep 2015, 5, 10848.

Y. Guo, S. Zhou, J. Zhang, Y. Bai, J. Zhao, 2D Mater. 2016, 3, 025008.

N. Goyal, S. Mahapatra, S. Lodha, IEEE Trans. Electron Devices 2019, 66, 4572.

T. Grasser, H. Reisinger, P.-J. Wagner, B. Kaczer, Phys. Rev. B 2010, 82, 245318.

R. Blachnik, E. Irle, Journal of the Less Common Metals 1985, 113, L1.

L. Zhou, Y. Guo, J. Zhao, Physica E: Low-dimensional Systems and Nanostructures 2018, 95, 149.
B. Mortazavi, M. Shahrokhi, G. Cuniberti, X. Zhuang, Coatings 2019, 9, 522.

S. Huang, Y. Tatsumi, X. Ling, H. Guo, Z. Wang, G. Watson, A. A. Puretzky, D. B. Geohegan, J.
Kong, J. Li, T. Yang, R. Saito, M. S. Dresselhaus, ACS Nano 2016, 10, 8964.

A. Di Bartolomeo, A. Grillo, F. Urban, L. lemmo, F. Giubileo, G. Luongo, G. Amato, L. Croin, L.
Sun, S.-J. Liang, L. K. Ang, Advanced Functional Materials 2018, 28, 1800657.

A. D. Bartolomeo, F. Giubileo, F. Romeo, P. Sabatino, G. Carapella, L. lemmo, T. Schroeder, G.
Lupina, Nanotechnology 2015, 26, 475202.

A. Di Bartolomeo, S. Santandrea, F. Giubileo, F. Romeo, M. Petrosino, R. Citro, P. Barbara, G.
Lupina, T. Schroeder, A. Rubino, Diamond and Related Materials 2013, 38, 19.

Y. Liu, J. Guo, Q. He, H. Wu, H.-C. Cheng, M. Ding, I. Shakir, V. Gambin, Y. Huang, X. Duan,
Nano Lett. 2017, 17, 5495.

A. Di Bartolomeo, L. Genovese, F. Giubileo, L. lemmo, G. Luongo, T. Foller, M. Schleberger, 2D
Mater. 2017, 5, 015014.

N. Liu, J. Baek, S. M. Kim, S. Hong, Y. K. Hong, Y. S. Kim, H.-S. Kim, S. Kim, J. Park, ACS Appl.
Mater. Interfaces 2017, 9, 42943.

F. Urban, F. Giubileo, A. Grillo, L. lemmo, G. Luongo, M. Passacantando, T. Foller, L. MadauB, E.
Pollmann, M. P. Geller, D. Oing, M. Schleberger, A. Di Bartolomeo, 2D Mater. 2019, 6, 045049.
A. Di Bartolomeo, A. Pelella, X. Liu, F. Miao, M. Passacantando, F. Giubileo, A. Grillo, L. lemmo,
F. Urban, S. Liang, Adv. Funct. Mater. 2019, 29, 1902483.

K. H. Han, G.-S. Kim, J. Park, S.-G. Kim, J.-H. Park, H.-Y. Yu, ACS Appl. Mater. Interfaces 2019,
11, 20949.

S. M. Sze, K. K. Ng, Physics of semiconductor devices, 3rd ed., Wiley-Interscience, Hoboken, N.J,
2007.

Y.S. Ang, H. Y. Yang, L. K. Ang, Phys. Rev. Lett. 2018, 121, 056802.

H. Ji, M. K. Ghimire, G. Lee, H. Yi, W. Sakong, H. Z. Gul, Y. Yun, J. Jiang, J. Kim, M.-K. Joo, D.
Suh, S. C. Lim, ACS Appl. Mater. Interfaces 2019, 11, 29022.

D. G. Mead, Infrared Physics 1982, 22, 209.

S. Ghatak, A. N. Pal, A. Ghosh, ACS Nano 2011, 5, 7707.

S. J. Choi, B.-K. Kim, T.-H. Lee, Y. H. Kim, Z. Li, E. Pop, J.-J. Kim, J. H. Song, M.-H. Bae, Nano
Lett. 2016, 16, 3969.

N. F. Mott, Journal of Non-Crystalline Solids 1968, 1, 1.

C. Barreteau, B. Michon, C. Besnard, E. Giannini, Journal of Crystal Growth 2016, 443, 75.

W. G. Oldham, A. G. Milnes, Solid-State Electronics 1964, 7, 153.

126



[152]

[153]

[154]
[155]

[156]
[157]
[158]
[159]
[160]
[161]
[162]
[163]
[164]
[165]
[166]

[167]

[168]

[169]
[170]

[171]
[172]
[173]
[174]
[175]

[176]
[177]
[178]
[179]
[180]

[181]

F. Hernandez-Ramirez, A. Tarancén, O. Casals, J. Rodriguez, A. Romano-Rodriguez, J. R.
Morante, S. Barth, S. Mathur, T. Y. Choi, D. Poulikakos, V. Callegari, P. M. Nellen,
Nanotechnology 2006, 17, 5577.

T. Nagano, M. Tsutsui, R. Nouchi, N. Kawasaki, Y. Ohta, Y. Kubozono, N. Takahashi, A.
Fujiwara, J. Phys. Chem. C 2007, 111, 7211.

R. Nouchi, Journal of Applied Physics 2014, 116, 184505.

A. J. Chiquito, C. A. Amorim, O. M. Berengue, L. S. Araujo, E. P. Bernardo, E. R. Leite, J. Phys.:
Condens. Matter 2012, 24, 225303.

A. Di Bartolomeo, F. Urban, M. Passacantando, N. McEvoy, L. Peters, L. lemmo, G. Luongo, F.
Romeo, F. Giubileo, Nanoscale 2019.

A. Di Bartolomeo, F. Giubileo, A. Grillo, G. Luongo, L. lemmo, F. Urban, L. Lozzi, D. Capista, M.
Nardone, M. Passacantando, Nanomaterials 2019, 9, 1598.

K. Sotthewes, R. van Bremen, E. Dollekamp, T. Boulogne, K. Nowakowski, D. Kas, H. J. W.
Zandvliet, P. Bampoulis, J. Phys. Chem. C 2019, 123, 5411.

A. Di Bartolomeo, F. Giubileo, G. Luongo, L. lemmo, N. Martucciello, G. Niu, M. Fraschke, O.
Skibitzki, T. Schroeder, G. Lupina, 2D Mater. 2016, 4, 015024.

F. Giubileo, A. Di Bartolomeo, Progress in Surface Science 2017, 92, 143.

A. Di Bartolomeo, Physics Reports 2016, 606, 1.

F. Léonard, A. A. Talin, Nature Nanotech 2011, 6, 773.

F. Urban, G. Lupina, A. Grillo, N. Martucciello, A. Di Bartolomeo, Nano Express 2020, 1, 010001.
D. S. Schulman, A. J. Arnold, S. Das, Chem. Soc. Rev. 2018, 47, 3037.

H. S. Yoon, H.-E. Joe, S. Jun Kim, H. S. Leg, S. Im, B.-K. Min, S. C. Jun, Sci Rep 2015, 5, 10440.
A. J. Chiquito, A. J. C. Lanfredi, R. F. M. de Oliveira, L. P. Pozzi, E. R. Leite, Nano Lett. 2007, 7,
1439.

A. Pelella, O. Kharsah, A. Grillo, F. Urban, M. Passacantando, F. Giubileo, L. lemmo, S. Sleziona,
E. Pollmann, L. Madauf3, M. Schleberger, A. Di Bartolomeo, ACS Appl. Mater. Interfaces 2020, 12,
40532,

A. Di Bartolomeo, F. Urban, M. Passacantando, N. McEvoy, L. Peters, L. lemmo, G. Luongo, F.
Romeo, F. Giubileo, Nanoscale 2019, 11, 1538.

A. Grillo, M. Passacantando, A. Zak, A. Pelella, A. Di Bartolomeo, Small 2020, 16, 2002880.

M. Sup Choi, G.-H. Lee, Y.-J. Yu, D.-Y. Lee, S. Hwan Lee, P. Kim, J. Hone, W. Jong Yoo, Nat
Commun 2013, 4, 1624.

S. Das, H.-Y. Chen, A. V. Penumatcha, J. Appenzeller, Nano Lett. 2013, 13, 100.

S. McDonnrell, R. Addou, C. Buie, R. M. Wallace, C. L. Hinkle, ACS Nano 2014, 8, 2880.

Y. Liang, S. Huang, R. Soklaski, L. Yang, Appl. Phys. Lett. 2013, 103, 042106.

A. Kuc, N. Zibouche, T. Heine, Phys. Rev. B 2011, 83, 245213.

J. Millan, P. Godignon, X. Perpifia, A. Pérez-Tomas, J. Rebollo, IEEE Transactions on Power
Electronics 2014, 29, 2155.

R. Roy, V. G. Hill, E. F. Osborn, J. Am. Chem. Soc. 1952, 74, 7109.

GALLIUM OXIDE : PROPERTIES AND APPLICA 498 A REVIEW, .

A.J. Green, K. Chabak, E. R. Heller, R. C. Fitch, M. Baldini, A. Fiedler, K. Irmscher, G. Wagner,
Z. Galazka, S. E. Tetlak, A. Crespo, K. Leedy, G. H. Jessen, IEEE Electron Device Letters 2016,
37, 1.

M. Higashiwaki, A. Kuramata, H. Murakami, Y. Kumagai, Journal of Physics D: Applied Physics
2017, 50, 333002.

M. Higashiwaki, K. Sasaki, A. Kuramata, T. Masui, S. Yamakoshi, Applied Physics Letters 2012,
100, 013504.

F. Giubileo, A. D. Bartolomeo, A. Scarfato, L. lemmo, F. Bobba, M. Passacantando, S. Santucci, A.
M. Cucolo, Carbon 2009, 47, 1074.

127



[182]
[183]
[184]
[185]
[186]
[187]

[188]
[189]

[190]

[191]

[192]
[193]
[194]
[195]
[196]
[197]
[198]
[199]

[200]
[201]

[202]
[203]
[204]
[205]
[206]
[207]

[208]

F. Urban, M. Passacantando, F. Giubileo, L. lemmo, A. Di Bartolomeo, Nanomaterials (Basel,
Switzerland) 2018, 8, 151.

A. D. Bartolomeo, M. Passacantando, G. Niu, V. Schlykow, G. Lupina, F. Giubileo, T. Schroeder,
Nanotechnology 2016, 27, 485707.

L. lemmo, A. D. Bartolomeo, F. Giubileo, G. Luongo, M. Passacantando, G. Niu, F. Hatami, O.
Skibitzki, T. Schroeder, Nanotechnology 2017, 28, 495705.

F. Giubileo, L. lemmo, M. Passacantando, F. Urban, G. Luongo, L. Sun, G. Amato, E. Enrico, A.
Di Bartolomeo, J. Phys. Chem. C 2019, 123, 1454.

Y. Huang, Z. Wang, Q. Wang, C. Gu, C. Tang, Y. Bando, D. Golberg, J. Phys. Chem. C 2009, 113,
1980.

I. Lopez, E. Nogales, P. Hidalgo, B. Mendez, J. Piqueras, Physica Status Solidi a-Applications and
Materials Science 2012, 209, 113.

L.-C. Tien, C.-C. Tseng, C.-H. Ho, Journal of Electronic Materials 2012, 41.

Z. Galazka, R. Uecker, K. Irmscher, M. Albrecht, D. Klimm, M. Pietsch, M. Briitzam, R. Bertram,
S. Ganschow, R. Fornari, Crystal Research and Technology 2010, 45, 1229.

Z. Galazka, K. Irmscher, R. Uecker, R. Bertram, M. Pietsch, A. Kwasniewski, M. Naumann, T.
Schulz, R. Schewski, D. Klimm, M. Bickermann, Journal of Crystal Growth 2014, 404, 184.

Z. Galazka, R. Uecker, K. Irmscher, D. Klimm, R. Bertram, A. Kwasniewski, M. Naumann, R.
Schewski, M. Pietsch, U. Juda, A. Fiedler, M. Albrecht, S. Ganschow, T. Markurt, C. Guguschev,
M. Bickermann, Journal of Physics: Condensed Matter 2016, 29, 075701.

G. Hlawacek, V. Veligura, R. van Gastel, B. Poelsema, Journal of Vacuum Science & Technology B
2014, 32, 020801.

Livengood 20, .

donnelly 21, .

I. Berishev, A. Bensaoula, I. Rusakova, A. Karabutov, M. Ugarov, V. P. Ageev, Applied Physics
Letters 1998, 73, 1808.

R. D. Underwood, D. Kapolnek, B. P. Keller, S. Keller, S. P. Denbaars, U. K. Mishra, Solid-State
Electronics 1997, 41, 243.

T. Kozawa, M. Suzuki, Y. Taga, Y. Gotoh, J. Ishikawa, In 10th International Conference on
Vacuum Microelectronics, 1997, pp. 750-753.

Y. -K. Tseng, C. -J. Huang, H. -M. Cheng, I. -N. Lin, K. -S. Liu, I. -C. Chen, Advanced Functional
Materials 2003, 13, 811.

J. Zhou, N. -S. Xu, S. -Z. Deng, J. Chen, J. -C. She, Z. -L. Wang, Advanced Materials 2003, 15,
1835.

X. Calder6n-Colén, H. Geng, B. Gao, L. An, G. Cao, O. Zhou, Nanotechnology 2009, 20, 325707.
Q. Zhang, X. Wang, P. Meng, H. Yue, R. Zheng, X. Wu, G. Cheng, Applied Physics Letters 2018,
112, 013101.

W. Zhu, C. Bower, O. Zhou, G. Kochanski, S. Jin, Applied Physics Letters 1999, 75, 873.

J.-M. Bonard, K. A. Dean, B. F. Coll, C. Klinke, Phys. Rev. Lett. 2002, 89, 197602.

M. Passacantando, F. Bussolotti, S. Santucci, A. D. Bartolomeo, F. Giubileo, L. lemmo, A. M.
Cucolo, Nanotechnology 2008, 19, 395701.

V. Semet, V. T. Binh, P. Vincent, D. Guillot, K. B. K. Teo, M. Chhowalla, G. A. J. Amaratunga, W.
I. Milne, P. Legagneux, D. Pribat, Applied Physics Letters 2002, 81, 343.

R. H. Fowler, L. Nordheim, Proceedings of the Royal Society of London. Series A, Containing
Papers of a Mathematical and Physical Character 1928, 119, 173.

S. J. Pearton, J. Yang, P. H. Cary, F. Ren, J. Kim, M. J. Tadjer, M. A. Mastro, Applied Physics
Reviews 2018, 5, 011301.

A. D. Bartolomeo, A. Scarfato, F. Giubileo, F. Bobba, M. Biasiucci, A. M. Cucolo, S. Santucci, M.
Passacantando, Carbon 2007, 45, 2957.

128



[209]
[210]
[211]
[212]
[213]
[214]
[215]
[216]
[217]
[218]
[219]

[220]
[221]

[222]
[223]
[224]
[225]
[226]
[227]
[228]
[229]
[230]
[231]
[232]

[233]

[234]
[235]
[236]

[237]

F. Giubileo, A. Di Bartolomeo, L. lemmo, G. Luongo, M. Passacantando, E. Koivusalo, T. V.
Hakkarainen, M. Guina, Nanomaterials (Basel, Switzerland) 2017, 7, 275.

J.-M. Bonard, M. Croci, I. Arfaoui, O. Noury, D. Sarangi, A. Chatelain, Diamond and Related
Materials 2002, 11, 763.

J.-M. Bonard, J.-P. Salvetat, T. Stockli, W. A. de Heer, L. Forro, A. Chatelain, Applied Physics
Letters 1998, 73, 918.

L. Nilsson, O. Groening, C. Emmenegger, O. Kuettel, E. Schaller, L. Schlapbach, H. Kind, J.-M.
Bonard, K. Kern, Applied Physics Letters 2000, 76, 2071.

P. Feng, X. Q. Fu, S. Q. Li, Y. G. Wang, T. H. Wang, Nanotechnology 2007, 18, 165704.

M. D. Santia, N. Tandon, J. D. Albrecht, Applied Physics Letters 2015, 107, 041907.

Z. Li-na, W. Cheng-biao, W. Hai-dou, X. Bin-shi, Z. Da-ming, L. Jia-jun, L. Guo-lu, Applied
Surface Science 2012, 258, 1944.

C. Ballif, M. Regula, F. Lévy, Solar Energy Materials and Solar Cells 1999, 57, 189.

Y. Lin, B. Adilbekova, Y. Firdaus, E. Yengel, H. Faber, M. Sajjad, X. Zheng, E. Yarali, A.
Seitkhan, O. M. Bakr, A. El-Labban, U. Schwingenschlogl, V. Tung, I. McCulloch, F. Laquai, T. D.
Anthopoulos, Adv. Mater. 2019, 31, 1902965.

G. Alonso, M. Del Valle, J. Cruz, A. Licea-Claverie, V. Petranovskii, S. Fuentes, Catalysis Letters
1998, 52, 55.

F. Pedraza, J. Cruz-Reyes, D. Acosta, M. J. Yanez, M. Avalos-Borja, S. Fuentes, J. Phys.: Condens.
Matter 1993, 5, A2109.

M. Ratoi, V. B. Niste, J. Walker, J. Zekonyte, Tribol Lett 2013, 52, 81.

L. Scheffer, R. Rosentzveig, A. Margolin, R. Popovitz-Biro, G. Seifert, S. R. Cohen, R. Tenne,
Phys. Chem. Chem. Phys. 2002, 4, 2095.

M. Staiger, P. Rafailov, K. Gartsman, H. Telg, M. Krause, G. Radovsky, A. Zak, C. Thomsen,
Phys. Rev. B 2012, 86, 165423.

N. Zibouche, A. Kuc, T. Heine, Eur. Phys. J. B 2012, 85, 49.

R. Tenne, L. Margulis, M. Genut, G. Hodes, Nature 1992, 360, 444.

M. Nath, A. Govindaraj, C. N. R. Rao, Advanced Materials 2001, 13, 283.

A. Rothschild, J. Sloan, R. Tenne, J. Am. Chem. Soc. 2000, 122, 5169.

M. Virsek, A. Jesih, 1. MiloSevi¢, M. Damnjanovi¢, M. Remskar, Surface Science 2007, 601, 2868.
Y. Q. Zhu, W. K. Hsu, N. Grobert, B. H. Chang, M. Terrones, H. Terrones, H. W. Kroto, D. R. M.
Walton, B. Q. Wei, Chem. Mater. 2000, 12, 1190.

A. Zak, L. Sallacan-Ecker, A. Margolin, M. Genut, R. Tenne, NANO 2009, 04, 91.

P. Chithaiah, S. Ghosh, A. Idelevich, L. Rovinsky, T. Livneh, A. Zak, ACS Nano 2020, 14, 3004.
Y. J. Zhang, T. Ideue, M. Onga, F. Qin, R. Suzuki, A. Zak, R. Tenne, J. H. Smet, Y. lwasa, Nature
2019, 570, 349.

Y. J. Zhang, M. Onga, F. Qin, W. Shi, A. Zak, R. Tenne, J. Smet, Y. lwasa, 2D Mater. 2018, 5,
035002.

Y. Yang, H. E. Unalan, P. Hiralal, K. Chremmou, A. Teh, I. Alexandrou, R. Tenne, G. A. J.
Amaratunga, In 2008 8th IEEE Conference on Nanotechnology, IEEE, Arlington, TX, 2008, pp.
85-87.

T. V. Shubina, M. Remskar, V. Yu. Davydov, K. G. Belyaev, A. A. Toropov, B. Gil, ANNALEN
DER PHYSIK 2019, 531, 1800415.

C. Zhang, S. Wang, L. Yang, Y. Liu, T. Xu, Z. Ning, A. Zak, Z. Zhang, R. Tenne, Q. Chen, Appl.
Phys. Lett. 2012, 100, 243101.

I. Kaplan-Ashiri, S. R. Cohen, K. Gartsman, V. Ivanovskaya, T. Heine, G. Seifert, I. Wiesel, H. D.
Wagner, R. Tenne, Proceedings of the National Academy of Sciences 2006, 103, 523.

D.-M. Tang, X. Wei, M.-S. Wang, N. Kawamoto, Y. Bando, C. Zhi, M. Mitome, A. Zak, R. Tenne,
D. Golberg, Nano Lett. 2013, 13, 1034.

129



[238]
[239]
[240]
[241]
[242]

[243]
[244]

[245]
[246]

[247]
[248]
[249]
[250]

[251]
[252]

[253]
[254]
[255]
[256]
[257]
[258]
[259]
[260]
[261]
[262]
[263]

[264]

K. R. O’Neal, J. G. Cherian, A. Zak, R. Tenne, Z. Liu, J. L. Musfeldt, Nano Lett. 2016, 16, 993.

O. Grinberg, S. Deng, E. Zussman, T. Livneh, A. Zak, Phys. Chem. Chem. Phys. 2017, 19, 18443.
I. Kaplan-Ashiri, S. R. Cohen, K. Gartsman, R. Rosentsveig, G. Seifert, R. Tenne, J. Mater. Res.
2004, 19, 454,

Y. Q. Zhu, T. Sekine, Y. H. Li, M. W. Fay, Y. M. Zhao, C. H. Patrick Poa, W. X. Wang, M. J. Roe,
P. D. Brown, N. Fleischer, R. Tenne, J. Am. Chem. Soc. 2005, 127, 16263.

E. B. Goldman, A. Zak, R. Tenne, E. Kartvelishvily, S. Levin-Zaidman, Y. Neumann, R. Stiubea-
Cohen, A. Palmon, A.-H. Hovav, D. J. Aframian, Tissue Engineering Part A 2015, 21, 1013.

R. Levi, O. Bitton, G. Leitus, R. Tenne, E. Joselevich, Nano Lett. 2013, 13, 3736.

C. Zhang, Z. Ning, Y. Liu, T. Xu, Y. Guo, A. Zak, Z. Zhang, S. Wang, R. Tenne, Q. Chen, Appl.
Phys. Lett. 2012, 101, 113112.

G. Viskadouros, A. Zak, M. Stylianakis, E. Kymakis, R. Tenne, E. Stratakis, Small 2014, 10, 2398.
M. Ghorbani-Asl, N. Zibouche, M. Wahiduzzaman, A. F. Oliveira, A. Kuc, T. Heine, Sci Rep 2013,
3, 2961.

Y. Divon, R. Levi, J. Garel, D. Golberg, R. Tenne, A. Ya’akobovitz, E. Joselevich, Nano Lett.
2017, 17, 28.

A. Zak, L. Sallacan-Ecker, A. Margolin, Y. Feldman, R. Popovitz-Biro, A. Albu-Yaron, M. Genut,
R. Tenne, Fullerenes, Nanotubes and Carbon Nanostructures 2010, 19, 18.

C. Cantalini, W. Wlodarski, H. T. Sun, M. Z. Atashbar, M. Passacantando, A. R. Phani, S. Santucci,
Thin Solid Films 1999, 350, 276.

H. L. Zhu, C. J. Zhou, B. S. Tang, W. F. Yang, J. W. Chai, W. L. Tay, H. Gong, J. S. Pan, W. D.
Zou, S. J. Wang, D. Z. Chi, Appl. Phys. Lett. 2018, 112, 171604.

Y. Guo, J. Robertson, Appl. Phys. Lett. 2016, 108, 233104.

J. Wang, Q. Huang, P. Shi, K. Zhang, Y. Tian, S. Yan, Y. Chen, G. Liu, S. Kang, L. Mei,
Nanoscale 2017, 9, 16073.

S. Vaziri, M. Belete, E. Dentoni Litta, A. D. Smith, G. Lupina, M. C. Lemme, M. Ostling,
Nanoscale 2015, 7, 13096.

A. Di Bartolomeo, A. Scarfato, F. Giubileo, F. Bobba, M. Biasiucci, A. M. Cucolo, S. Santucci, M.
Passacantando, Carbon 2007, 45, 2957.

C. M. Lin, S. J. Chang, M. Yokoyama, I-Nan Lin, J. F. Chen, B. R. Huang, IEEE Electron Device
Lett. 2000, 21, 560.

B. Glnther, F. Kaldasch, G. Mdller, S. Schmitt, T. Henning, R. Huber, M. Lacher, J. Vac. Sci.
Technol. B 2003, 21, 427.

M. Passacantando, F. Bussolotti, S. Santucci, A. Di Bartolomeo, F. Giubileo, L. lemmo, A. M.
Cucolo, Nanotechnology 2008, 19, 395701.

A. Grillo, F. Giubileo, L. lemmo, G. Luongo, F. Urban, M. Passacantando, A. Di Bartolomeo,
Materials Today: Proceedings 2020, 20, 64.

S. Santandrea, F. Giubileo, V. Grossi, S. Santucci, M. Passacantando, T. Schroeder, G. Lupina, A.
Di Bartolomeo, Appl. Phys. Lett. 2011, 98, 163109.

T. Matsumoto, T. Nakamura, Y. Neo, H. Mimura, M. Tomit, In Graphene Simulation (Ed.: Gong,
J.), InTech, 2011.

F. Urban, M. Passacantando, F. Giubileo, L. lemmo, A. Di Bartolomeo, Nanomaterials 2018, 8,
151.

M. Yu, M. J. Dyer, G. D. Skidmore, H. W. Rohrs, X. Lu, K. D. Ausman, J. R. V. Ehr, R. S. Ruoff,
Nanotechnology 1999, 10, 244.

F. Bussolotti, L. D’Ortenzi, V. Grossi, L. Lozzi, S. Santucci, M. Passacantando, Phys. Rev. B 2007,
76, 125415.

M. S. Wang, I. Kaplan-Ashiri, X. L. Wei, R. Rosentsveig, H. D. Wagner, R. Tenne, L. M. Peng,
Nano Res. 2008, 1, 22.

130



[265]
[266]

[267]
[268]
[269]
[270]

Y. Wang, J. C. Kim, R. J. Wu, J. Martinez, X. Song, J. Yang, F. Zhao, A. Mkhoyan, H. Y. Jeong,
M. Chhowalla, Nature 2019, 568, 70.

I. Kaplan-Ashiri, In AIP Conference Proceedings, AIP, Kirchberg, Tirol (Austria), 2004, pp. 306—
314.

W. Obitayo, T. Liu, Journal of Sensors 2012, 2012, 1.

N. Liu, G. Fang, J. Wan, H. Zhou, H. Long, X. Zhao, J. Mater. Chem. 2011, 21, 18962.

M. Yu, Science 2000, 287, 637.

M.-F. Yu, B. S. Files, S. Arepalli, R. S. Ruoff, Phys. Rev. Lett. 2000, 84, 5552.

131



