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ABSTRACT

The direction of research in solid state physics and technology has changed since the
discovery of graphene. Now, a plethora of two-dimensional materials are being thor-
oughly investigated for their unique properties as well as for their implementation in
next-generation optoelectronic devices. Of course, much effort is needed in order to
reach the current level of modern electronics which is based on decades of research and
development.

For example, the level of miniaturisation modern technology requires can be achieved
with atomically thin materials, driving Moore’s Law forward. Conventional dielectrics
exhibit high leakage currents when their dimensions are reduced to the nano-scale and
the need for alternative materials compatible with two-dimensional electronics arises.
However, the techniques that are being used for the growth and processing of conven-
tional semiconducting materials are not always suitable with two-dimensional materi-
als, which need special handling. These are some of the points that will be addressed
in this PhD dissertation.

Here, a new method for generating a fundamentally two-dimensional high-£ dielec-
tric which can be automatically incorporated in atomically thin optoelectronics devices
is presented. The photo-oxidation of hafnium disulfide, HfS,, is a straight-forward,
non-invasive process that can be used to oxidise pristine few-layered HfSs, opening
new paths for applications ranging from optoelectronics to photonics. The resulting
dielectric, Hafnium dioxide, HfO,, exhibits outstanding properties that exceed those of
silicon dioxide, SiO, and its atomically thin nature makes it an ideal insulating layer
for next-generation nano-electronics.

Finally, the last part of this thesis is dedicated to a novel, CVD-grown, n-type
monolayer of tungsten diselenide, WSey. This is the first time negatively doped CVD-
grown WSe, is reported, which opens the possibility of choosing the doping of the

vil
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two-dimensional semiconductor before fabrication. For investigating and characteris-
ing this novel material, field-effect transistors are fabricated and characterised opto-
electronically, shining light on the carriers’ behaviour and the ability of the material
in light-detection applications. Vacuum and ambient annealing of the WSe, based de-
vices highlights a possible way to control the doping level of the material, and thus the

electrical behaviour of the devices.
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THEORETICAL BACKGROUND

INTRODUCTION

In this chapter the relevant background theory that describes and explains the acquired

experimental results in this PhD work will be presented. Historically, graphene was

the first fwo-dimensional (2D)| material which was isolated and characterised, making
it the most well-studied material. It is the material that paved the road for the

research of atomically thin materials and the discovery of their unique properties that

will be presented here.

In the research presented here, graphene was neither studied nor played a significant
role other than being used as a material for electrodes in heterostructures, due to its
unique electrical properties. This is the main reason the first section of this chapter
is dedicated to the study of the basic structural and optoelectronic properties of this
material. Without taking advantage of its unique transport properties, the performance

of the heterostructures would be severely hindered.

In the second section, the main properties of [transition metal dichalcogenides|

(TMD)k, which were exclusively used in the presented research, are summarised. How-
ever, due to the wide variety of materials and properties, only the most important ones
will be presented in this chapter, emphasising on their diverse crystal structures and
their unique optoelectronic properties, such as the large exciton binding energies and
the number of layers dependent bandgap. More details for individual [TMDE can be
found at the relevant research chapters.

Finally, the main mechanisms of photocurrent generation in [TMDE will be dis-

cussed. Those include the photovoltaic, the photothermoelectric, the photoconductive
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and thephotogating effects. It is important to highlight that there are several other
mechanisms that give rise to photocurrent, even infTMDE, but those are the most
important ones. Understanding these mechanisms is important for research in pho-

todetectors and photosensitive devices in general.

1.1 GRAPHENE

Carbon is one of the most abundant elements on Earth and the Universe in general 13,
Also, it is the basic element of all known organic life and for that reason there is a
dedicated branch of chemistry, called organic chemistry, that studies the structure,
properties and reactions of organic compounds (compounds which contain carbon-
carbon covalent bonds)®. The most abundant of the 3 natural isotopes of carbon
(carbon-12) is formed in the nuclei of stars as a byproduct of fusion (triple-alpha pro-
cess) or catalytic (C-N-O cycle) reactions and it is ejected in the interstellar medium by
stellar winds, novae and supernovae "5 Duye to its valency (it can form 4 hydrogen
bonds), it can form many different allotropes, with graphite and diamond being the

most recognisable@. Graphite is the most common form of carbon on Earth and it’s

formed of stacked atomic layers of carbon atoms, weakly coupled by [van der Waals]

interactions/™. FEach layer has carbon atoms arranged in a two-dimensional
honeycomb lattice. A single, isolated layer is called graphene and is one of the most

studied and promising materials since it was first isolated in 2004 8.

1.1.1  Crystal Structure of Graphene

Graphene and its electronic structure have been described since 19478 but it was its
isolation and electrical study by K.S. Novoselov and A.K. Geim in 2004® that ignited
the interest of the scientific community on the material. The ¢ bonds that are formed
because of the sp? hybridization between one s and two p orbitals, give graphene its

10

structural flexibility and electronic properties! The honeycomb crystal lattice of

graphene is shown in |[Figure|l.1} It is a triangular Bravais lattice, with a rhombus unit

cell, described by the primitive lattice vectors

=1 (3.v3). h=g (3.-v3). (1.1)
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(b)

Figure 1.1: Crystal structure of graphene. (a) Honeycomb lattice of graphene in real
space. This lattice can be decomposed in 2 Bravais sub-lattices, shown as A (blue) and B
(gold), where each dot represents a position of a carbon atom. aj and a3 are the lattice
vectors. (b) Reciprocal lattice of graphene with FBZ (shaded area), the high symmetry
points I', K, K’, M and the lattice vectors b_i and b;.

where o ~ 1.42 A is the nearest-neighbour distance between carbon atoms. The unit
cell consists of 2 carbon atoms (A and B). The reciprocal lattice is also triangular with

lattice vectors

b = g— (1.v3). by — 2T (1.-v3), (1.2)

T
o 3a

while the [First Brillouin Zone (FBZ)| is hexagonal, with the high-symmetry points

K, K’ (also named Dirac points) and M. The positions of these points in momentum

space are given by:

— 2 2 - 2 2 - 2
K: (_7-‘-7 il ) ) K/: (_ﬂ-u_ il ) ) M: <_7T70) : (13)
3a’ 3v/3a 3a’  3v/3a 3a
As we'll see in the next section, exactly at these points the band structure of

graphene exhibits specific behaviour that determines the unique properties of this

material.
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Figure 1.2: Electronic band structure of graphene. (a) Energy dispersion of
graphene. The conduction (7%)- and valence w-bands intersect at K and K’ points. (b)

Detailed depiction of the linear part of the band structure at the K and K’ points.

1.1.2  Electronic Structure of Graphene

The electronic band structure of graphene can be approximated by using the tight-
binding model™ and considering only the 7-states and nearest-neighbour hopping
terms (parameter t), in order to have only hopping between different sub-lattices.
[Figure |1.2] (a)| shows the band structure of graphene in nearest-neighbour tight-
binding model. Whilst [Figure [1.2] (b)| shows the zoomed-in region around the K and

K’ points, where the linear dispersion of energy is clearly seen.
The Hamiltonian of graphene for the nearest-neighbour tight-binding model is de-
scribed by the matrix:

s 0 tS(k)
H(k:)_<tS*<E) . ) (1.4)
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—

where ¢ is the hopping parameter, k the wavevector and

S(E) = Zeim = 2exp (ka&) cOs (ky 024\/§> + exp(—ik, ), (1.5)

is the geometrical form factor.
By solving the eigenvalues problem of the time-independent Hamiltonian |(Eq. |1.4)|
the energy spectrum of [MI] graphene can be derived. The resulting spectrum is:

E(k) = £t|S(k)| = +t\/3 + f(k),

f(E) = 2cos <\/§ k;x()é) + 4 cos (?k‘y a) cos (%kz &) | (1.6)

where the + sign applies to the upper (7*) and the — sign to the lower (7) band.

By substituting the coordinates of the high-symmetry points K and K’ (Eq. (1.3)))
to we find that S(K) = S(K') = 0. Thus, the two bands cross at this point
forming a conical point, as it is depicted in [Figure [1.2f (b)} [Eq. (1.4)| can be expanded
around these points (K and K')]

0

Hy(q) = hop .
Q1 1y

o B“Zy> = hwp (0uks + oyky) (1.8)

where k = K +¢, 7is the momentum relatively to the Dirac points, vy = 3a|t|/2h is the
Fermi velocity at the Dirac points, s;, i = z,y are two Pauli matrices and |q] < ‘I? ‘
The electronic dispersion of graphene is given by the eigenvalues of |[Eq.(1.8)| and is

found to be 210

B() ~ *vrldl + O [(a/KV] (1.9)

1

Experimentally, vp ~ ¢/300 ~ 10°ms™!, where c is the velocity of light in vacuum.

IThat is the result for point K. The general expression for both points is:

0

/\QJE - Z.Qy _
Mo + iy 0 = hor (Aozks + Aayk,), (1.7)

(@) = hor (

where A = &1 for K and K’ respectively.
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For undoped graphene,the Fermi Energy (Er) falls precisely at the crossing point of
the two bands also known as conical points. This charge neutral level of Er separates
the filled valence band from the empty conduction band, implying that graphene is a
gapless semiconductor. Although, due to quantum relativistic effects, graphene has a
finite conductivity at T' = OK despite the vanishing Fermi surface, making graphene a
semimetal 1213

The most important difference between and the energy dispersion for mas-
sive charges, (E) = h?k?/2m,-, is that the Fermi velocity in is independent
of the energy or the momentum. Thus, is similar to the energy dispersion for
massless photons. This is in contrast to the usual dependence of the Fermi velocity
for massive charges in a lattice, vp = pp/m = \/m, for which the velocity is a
function of the energy of the charge carriers.

In order to describe the electron and holes states at the area where the Fermi energy
is very close to the Dirac points, the effective Hamiltonian needs to be expanded around

K and K’ and momentum ¢ should be replaced by its corresponding quantum operator,

¢; = —iV,. Then, [Eq.(1.8)| takes the form:

ffK = —iﬁvpaivi, (110)

where o;,1 = x, y are the Pauli matrices. The above Hamiltonian is a 2D Dirac
Hamiltonian for massless fermions, but instead of the light velocity ¢ there is the
parameter vp (Fermi velocity).

The formula that relates the Fermi wavenumber (kr) with the carrier density (n)

1
ke = ) 2 (1.11)
9s9v

where g5 and g, are the spin and valley degeneracy, respectively (for graphene g, = 2,

1S:

since K and K’ are not equivalent). That means that near the Dirac points, the
Fermi energy can be calculated by combining Eq. (1.9) and Eq. (1.11]), producing the

following result:

EF = ﬁ’UFk?F = ﬁ’UF\/ﬂ'TL. (112)
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Finally, by following the expression for the [two-dimensional (2D)|[Density of States|

9s9v dlE
D(E) = / TR (1.13)

(1.14)

1.1.3  Transport Properties of Graphene

The simplest way to probe the electrical transport properties of graphene is by fabri-
cating and fully characterising a [Field Effect Transistor (FET)| (Figure [1.3[a)]). In a
typical graphene [FET] a layer of graphene is deposited on top of a heavily doped (n or

p) Si/SiOq substrate, where the thermally grown SiO, layer acts as a gate dielectric,
with relative static permittivity e, ~ 3.904,

The voltage applied to the Si gate terminal (V) of the transistor controls the
carrier concentration (n) and the type of the carriers (electrons, e™, or holes ™) in the
channel. Graphene shows ambipolar behaviour, since it is a gapless material, thus a
positive gate bias V; > 0 will induce electrons in the graphene channel, while negative
gate bias V; < 0 will induce holes in the channel and the device will show a p-type
conductivity, as depicted in [Figure [1.3(b)|

The geometry of the device resembles that of a parallel plate capacitor, consequently

the relation between the gate bias (V) and the induced carrier concentration is:

6061"‘/5;
qed

where ¢y and ¢, are the vacuum and gate dielectric permittivities, g. the elementary

=aV,,i=e,h", (1.15)

n; = - g

charge and d the thickness of the gate dielectric. Almost all the devices presented in
this thesis bear SiO, as gate dielectric, with a thickness of 280 nm. This thickness of
the oxide, allows a safe sweeping of the gate bias in a region of about £100V. For
these devices, @ = 7.698 x 10 cm™2V~!, and so an upper limit for the induced

carrier concentration can be obtained; this is found to be n ~ +1 x 10 cm~2 which
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(a) si0, (b)
/

‘:.\
= 2
£
o000 Ll =
CO0OO N’
© 1
ooooe giH
0
1 1 1 1 1 1L
-2 -1 0 2 3

n (10" cm™)

Figure 1.3: Conductivity of a graphene (a) Schematic of a pristine graphene
[Effect Transistor (FET)| device on Si/Si™™", with deposited Cr/Au contacts, under negative

gate bias. (b) Room temperature conductivity (o) with carrier density. By applying gate
bias, carrier concentration (thus, the Fermi energy as well) of the channel is accordingly
adjusted.

when introduced to [Eq. ([1.12)] yields a change to graphene’s Fermi energy level of
AFEr ~ 370meV.

Owing to the atomically thin nature of graphene, the charges in this material are
truly confined to a2D|space. The Drude model predicts that the electrical conductivity

(o) varies linearly with the charge concentration (n) (see [Figure |1.3{(b)]):

Op = NiQepti , 1 =¢ ,hT, (1.16)

where p; is the mobility of the charge carriers. However, this behaviour is not valid
for n; — 0, where conductivity approaches a non-zero finite value, o oc ¢2/h.1 By
combining Eq. (1.16]) with Eq. (1.15)) a relation between conductivity and gate voltage

can be derived

0; = aqe:ui‘/g ’ 1= 6_, h+ . (117)
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Bl the research on it has revealed its re-

Since the isolation of graphene in 2004
markable transport properties, such as a very large values of room temperature charge
carrier mobility (up to 2 x 10°cm?V~1s7!)B18 and an electron mean free path of
~ 0.4pum®. For low temperatures the observed mobilities are even higher, from
~ 3.5 x 10%cm?® V= s T up to > 105ecm? Vs 1H8 Of course, different sub-
strates, device geometries, annealing procedures and many other factors can affect the

value of the charge carrier mobility.

1.1.4  Optical Properties of Graphene

Apart from its unusual electrical and mechanical properties, graphene also exhibits
unique optical properties. The light-matter interactions in graphene are surprisingly
strong, leading to very high absorbance for the single-atom layer of ~ 2.3%. This is
the property that allowed its initial discovery under an optical microscope. As a result,
optical spectroscopy is a powerful tool for probing graphene’s physics.

The source of this strong coupling between graphene atoms and photons lies in the

1020 Furthermore, the optical prop-

g[21—23]

delocalised m-orbitals of the graphene electrons

erties of graphene can be tuned through electrical gatin , structural engineer-

2425 " and coupling between graphene layers26. Controlling the optical properties

ing
of graphene opens new ways both for understanding the physics of graphene and for

applications in tunable photonics and optoelectronics.

1.1.4.1  Optical Absorption, Transmission and Reflection

In [Figure [1.4] (a)| the two bands (conduction and valence) of graphene are shown. At

the touching point between the conduction and valence bands, the energy dispersion
is linear leading to the so-called Dirac cones. For excitation wavelengths shorter than
far infra-red there are direct interband transitions (from the valence to the conduction
band) which are represented by the blue arrows, that govern the optical response of

Rl By using the tight-binding model, the optical sheet conductivity that

graphene
arises from these interband transitions can be calculated 2829 and, especially for pris-
tine graphene at T' = 0K, it is found that within the linear dispersion regime, it is

independent of frequency:
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Figure 1.4: Optical sheet conductivity of graphene. (a) Dirac cone and optical inter-
band transitions in graphene. (b) The optical sheet conductivity (right axis) and the sheet
absorbance of three different samples of graphene over the photon energy range of 0.5 eV
to 1.2 eV. The black horizontal line corresponds to the universal value of ma = 2.293% for
the sheet absorbance. (Adapted with permission7). (c) Interband transitions in hole-doped
graphene through applied gate bias. Optical transitions at photon energies greater than 2| Er|

are allowed, but those with energies less than 2|Ep| are suppressed.

Tq?
o

This quantity is defined only by fundamental constants and does not depend on material

o(w)= (1.18)

parameters. The equivalent absorbance is:

A(w):%-a(w)zﬁazZB %, (1.19)

where « is the fine structure constant B3

For photon energies between 0.5 eV and
1.2 €V this value for absorbance remains largely constant, which means that it is

not significantly affected by detailed nature of the sample or its local environment 52

as seen also in [Figure [1.4] (b)] where the frequency-dependent absorbance for three

different graphene samples is characterised. Over this spectral range, different samples
show equivalent responses not influenced by the detailed nature of the sample or its
environment.

Moreover, the absorbance is largely frequency independent, with an average value



11 CHAPTER 1. THEORETICAL BACKGROUND

over the specified spectral range of A = (2.28 + 0.14%) consistent with the universal
value of ma = 2.29% ~ 2.3%PR™2 The behaviour is not completely frequency inde-
pendent, as we can see mostly for higher photon energies. The reason for this is that
the band structure of graphene is not linear for energies that are not close to the Fermi
energy.

As the sheet conductivity of graphene is a universal constant, its observable quan-
tities like Transmittance and Reflectance are also universal. Indeed, for normal light
incidence, the transmittance and reflectance of graphene are given by the following

equations !

T=(1+1/2ra)?, R=1/41"T. (1.20)

This dependance of the reflectance, transmission and absorbance of graphene only on
fundamental parameters is regarded as a result of its structure and electronic properties.
As expected, the transmittance and reflectance of graphene follow the behaviour of
absorbance by remaining relatively stable across almost the entire optical spectrum BU.

Electrical doping can effectively change the Fermi energy of graphene, as well as

its optical absorption by changing the interband absorption through Pauli blocking.

As shown in [Figure [1.4] (c)| in these cases the interband transitions with F < 2|Ep|

are completely suppressed and thus, the optical response of graphene becomes highly

tunable. In a [FET] the carrier concentration and the Fermi energy can be tuned by

applying a gate bias (see Section (1.1.2)), Eq. (1.12]) and (1.15))).

In doped graphene, the optical absorption can be described by the formula 2842
2
mq hw + 2EF hw — 2EFr
T)=—° |tanh| ———— tanh| ————— 1.21
o(wT) 4h{an< TenT )+an< WonT (121)

showing how by controlling the Fermi energy it is possible to change the optical prop-

erties of graphene.

1.2 TRANSITION METAL DICHALCOGENIDES

The isolation and study of graphene marked the beginning of a new era for condensed

matter physics, that of [two-dimensional (2D)| materials. Among these, the layered

semiconducting Transition Metal Dichalcogenides (TMDs) present interesting opto-
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electronic propertiesB334 due to the existence of an energy gap in their electronic
structure. This brings them in the center of research of fundamental phenomena and

a wide spectrum of applications #5436

sBTH0 have shown that the band structure of these materials changes

Several studie
drastically depending on whether the examined flake is monolayer or multi-layer.
Specifically, the indirect bandgap observed in multilayer [TMDE is transformed to di-
rect for monolayer l4”, revealing the crucial role of interlayer hopping of carriers
in these compounds®2. In general, their electronic properties are highly tunable since
they are sensitive to external conditions such as temperature, pressure and strain. This
makes them ideal candidates for applications in optoelectronics .

In addition, there is a high interest in exploring the implementation of these mate-
rials in spintronics and valleytronics nanodevices. Due to the strong spin-orbit inter-
action present in semiconducting and the absence of inversion symmetry in a
single atomic sheet of the material, the spin degeneracy of the energy bands is lifted #3.
Due to the conservation of time reversal symmetry, the spin splitting in different valleys
is opposite. This phenomenon is called spin-valley coupling®. The coupling of the
valley, the spin and the layer degrees of freedom in semiconducting [TMDF opens new
possibilities for applications in valleytronics and spintronics nanodevices #3548,

Finally, manipulation of the optoelectronic properties of atomically thin [TMDg has
been exhibited as a result of the application of external strain, which is attributed to
their high stretchability ®. Strain engineering is the field that studies exactly how the
physical properties of materials can be modified at will by controlling the external strain
field applied to them. Especially atomically thin[TMD]materials are considered perfect
candidates for the implementation of these techniques. For example, strain engineering
has been used to probe the piezoelectric properties of RD|[TMDE like MoSes,, a material
which is not piezoelectric in its bulk configuration. The case changes entirely for

[50]

monolayer and few-layer MoSes, which becomes piezoelectric®*”. Furthermore, exciton

and charge carrier funnels have been created by using non-uniform strain profiles which
allow the localised concentration of carriers on a MoSe; photovoltaic device. This

results in a broad range of solar spectrum being captured #1.
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Figure 1.5: Crystal structure of TMDs. (a) Lattice arrangement of transitions metal
dichalcogenides in different phases, the trigonal prismatic (2H), the distorted octahedral (1T)
and the dimerised (17T”). (b) Structural phase of known TMDs depending on their respective

transition metal.

1.2.1  Crystal Structure and Electronic Properties

'TMDE consist of one transition metal (e.g. Mo, W, etc.) and two chalcogens (S, Se or
Te), with a general chemical formula of M X,, where M is the transition metal and X
the chalcogen. Their crystal structure resembles this of graphene , but
since a monolayer of a [TMD)] consists of three stacked atomic planes, the thickness of
each layer is higher than that of graphene and it is approximately 6A. The intralayer
bonds are covalent, whereas the different layers are held together by forces which
result in strong anisotropy of physical properties (e.g. electrical conductivity) and

make mechanical exfoliation easier.
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[TMDE crystallise in different structural phases, depending on the coordination of

the metal atoms. The most common crystalline structural phases result from trigonal

prismatic (2H) and octahedral (1T) coordination of metal atoms (Figure [1.5] (a)).

Another way of approaching the different structural phases is in terms of different
stacking orders of the three atomic planes (X-M-X) which make the individual layers
of TMDk. An A-B-A type of stacking (Figure [1.5] (a)) where the chalcogen atoms of

the upper and lower atomic planes seem to occupy the same position, A, in the direc-

tion perpendicular to the layer, result to 2H crystalline phase. On the contrary, 1T
crystalline phase is attained by an A-B-C stacking order. In each case, it is the combi-

nation between the metal and chalcogen atoms that determines which structural phase

is thermodynamically stable. The partial periodic table in [Figure [1.5] (b)| summarises

the existing structural phases, of the [TMD] compounds, indicating the presence of dis-
torted structural phases and observed electronic phases, depending on their building
transition metal.

Possible lattice distortions lower the periodicity of multilayer [TMDE and can possi-
bly lead to the formation of metal-metal bonds. For example, the dimerisation of the
1T phase of [TMDk that belong to the VI group results in the 1T distorted phase.

The crystallisation phase has great impact on the electronic properties of [TMDE,
meaning that different polymorphs of the same material exhibit different behaviour.
Two well known examples are MoS, and WSey, which have semiconducting behaviour
in the 2H phase and metallic in the 1T phase 5253

As in graphene, the [FBZ] of a monolayer [TMD] in the 2H phase is hexagonal. The
high symmetry points K and K’ of a[MLJ[TMD]| are the points where the direct bandgap
appears. Although, when the same material is in its bulk form, the bandgap is indirect
and it is located between the Q and I' points. This transition is related to the increase
in quantum confinement in the out-of-plane direction (given by the layered nature),
which causes an increase in the indirect gap, without affecting the direct gap at K
and K’B#56 - Thus, the band structure of a can be compared with that of
gapped graphene but with broken inversion symmetry ®?, since the metal and chalcogen
atoms belong to different atomic layers. It can be described by a pair of degenerate
conduction and valence bands at the K and K’ points.

In|Figure (1.6))[the concept of broken symmetry and the valley-dependent optical se-
lection rules in [I'MDE are described. The breaking of the inversion symmetry observed
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Figure 1.6: Broken inversion symmetry and valley-dependent optical selection
rules in . (a) Inversion symmetry in graphene’s honeycomb crystal structure
(top) and broken inversion symmetry in a corresponding lattice (bottom). (b) Valley-
dependent optical selection rules due to the lack of inversion symmetry. The electronic bands
are spin-split around the K and K’ points as a result of the spin-orbit interactions. The
absorption of circularly polarised light corresponds to excitation of specific spin and only in

a particular valley. Due to spin-orbit coupling this will define the momentum of the electron.

in [TMDJs allows contrasted circular dichroism in different k-space regions, leading to
optical selection rules for interband transitions at the K and K’ points. This results
in the coupling of circularly polarized light exclusively with a specific spin, a process
which defines the electron’s momentum due to spin-orbit coupling. In the vicinity of
the K (K’) point, incoming left (right)-handed circularly polarized light o~ (o) will

4558 The above concept is the cornerstone of

only excite spin-down (up) electrons!
valleytronics, where a specific valley can be used to store information, and [TMDE seem

possible candidates for the realisation of such devices®.

1.2.2  Optical Properties of |TMDs

The optical absorption, and the optical properties in general, of monolayer [TMDp

in the near-infrared (nIR) and visible regions of the [Electromagnetic (EM)| spectrum

is dominated by direct transitions at the K and K’ points®3660  The absorption

spectrum of [MI][TMDE provides evidence of strong excitonic effects in the form of
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[61162) and

sharp resonance features, even at room temperature®d. Several theoretical
experimental 836 studies have revealed that very large exciton binding energies can
exist for monolayer [TMDE, ranging from 0.5eV to as high as 1leV. This corresponds to
an exciton Bohr radius (the distance of the electron-hole pair) of ap ~ Inm —2nm €967

Apart from excitons, in single layer [TMDE there have been observed higher-order
quasi-particles including trions (bound states of a hole and two electrons, or vice-versa)
in doped monolayer [TMDEB and bi-excitons (bound states of two excitons), under
pulsed optical excitations™™  These quasi-particles in have very high
binding energies which surpass those found in conventional semiconductors about an
order of magnitude. This makes the detection of these quasi-particles possible even at

room temperature.

1.3 PHOTOCURRENT GENERATION MECHANISMS

There are many different mechanisms that generate photocurrent when light is im-
pinging on a photodetector and most of the times more than one are simultaneously
contributing to its total value. Depending on the material(s) that constitute the active
channel, the metallic contacts and the geometry of the device in general, a specific
mechanism can play more important role than the others and several can also not exist
in a specific case.

When attempting a categorisation in terms of the nature of the phenomena the
incident radiation produces, we can see two main categories of photocurrent genera-
tion mechanisms; photonic and thermal type. In the first case, the impinging light
excites carriers inside the active channel of the detector producing electron-hole pairs,
while in the latter it changes the temperature of the material leading to a change in a
measurable quantity of the electrical output. Generally, photonic detectors exhibit a
better performance than thermal detectors as their mechanism is faster because their
output is the photoexcited carriers, resulting in a better signal-to-noise ™.

The main photonic mechanisms that generate photocurrent are: the
(or photoelectric) effect, the [Photoconductive (PC)| effect and the edge effect.

Each of these mechanisms can be separated in several subcategories but such frag-

mentation is not contributing to the overall description of the phenomena attempted

here. Similarly, the main thermal-type mechanisms are the|Photothermoelectric (PTE),
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(a) (b)

Figure 1.7: Photovoltaic and Photothermoelectric effects. (a) Schematic of the

[Photovoltaic (PV)| effect in a p-n junction. The dashed line represents the Fermi energy
(EFr) of the system. (b) Schematic of the [Photothermoelectric (PTE)| effect in a
The temperature gradient, AT, created by impinging light, gives rise to voltage bias on the

interface of two different metals or two areas with different doping. Panel (a) is reproduced

from M. Buscema et al. 8 with permission from the Royal Society of Chemistry.

the |Photobolometric (PB) and the |Topology (TP) enhancement mechanisms. Here,

only the main photocurrent generation mechanisms found in photodetectors will

be presented. The reader interested in a thorough analysis of all the photodetection
mechanisms can check a plethora of review articles and books dedicated to photode-

tectors 2T not restricted to the references found here.

1.3.1  Photovoltaic effect

The [Photovoltaic (PV)| (or, photoelectric) effect is one of the most basic mechanisms

of photodetection. It relies on the generation and subsequent separation of excitons by
a built-in electric field. This can be due to a p-n junction ™82 or a Schottky barrier
formed at the interface between a semiconductor and a metal contact 834 (for an
analysis of the formation of Schottky barrier see [Section [2.2.2.1). The definition of

the [PV] effect doesn’t necessarily include an electric field, but especially in the field of

materials it is narrowed down to the separation of the photoexcited carriers by a
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built-in electric field. This electric field may also be produced, or enhanced, by means
of an external voltage.

Although the separated carriers can be collected with a short-circuit configuration
(no applied bias between the source and drain electrodes) they can also be accelerated
by applying an electric field to the source and drain electrodes. In this case, the
resulting photocurrent is proportional to the incident optical power

. n: P, opt W

Ipe = o, f%qme + pn)Vaa (1.22)

where 7; is the |[Internal Quantum Efficiency (IQE), hwy the energy of the incident

photon, W and L are the width and length of the active channel accordingly; 7. is the
photoexcited carriers’ lifetime, p. and p, are the electron and hole mobilities and V4
the applied voltage between the source and drain electrodes!™!.

In a schematic of the effect in a p-n junction (p-type semiconduc-
tor is on the left and n-type on the right, as indicated by the Fermi levels in the figure)
is shown. When a photon of energy larger than the bandgap E,, > E,, is absorbed,
an electron—hole pair is generated. The electron—hole pair is then separated and accel-
erated by the built-in electric field at the junction and collected from electrodes at the
edges of the channel.

However, the effect is not the only mechanism found in photoconductive [FETE,
p-n junctions and differently doped regions of 2D| materials. Specifically, a photovoltage
resulting from the [Photothermoelectric (PTE)| effect (see when metal-
semiconductor contacts®! or p-n juctions®¥ are illuminated has been observed to

contribute to the total photocurrent even more than the [PV] effect. Both of these
1[87]

mechanisms lead to moderate responsivities, R ~ mA W~

1.3.2  Photothermoelectric effect

In the [Photothermoelectric (PTE)| effect, light-induced heating leads in a temperature

gradient through a semiconductor channel, resulting to a temperature difference AT
between its two ends. As a result of the Seebeck effect, this temperature difference can

produce photovoltage (AV) at the junction

AV = (S, — Sy) AT, (1.23)
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where S, Sy are the Seebeck coefficients of the two sides of the junction.
More generally, photovoltage is generated when exposure to light creates a tem-
perature gradient (V7'(z)) on a material with varying Seebeck coefficient, S(x), then

AV = [S(z)VT(z)dz, as shown in [Figure [L.7] (b)) The Seebeck coefficient can be
8889

expressed using the Mott relation

B _WQkZ%Th Jo(F) _ 2n%kgT.
3qo(E) OF |p_p, 3qTF

(1.24)

where T}, is the temperature of the hot carriers, Trp = Fr/Kp the Fermi temperature, o
the conductivity of the material, kg the Boltzmann constant and ¢ the electron charge.
It is important to note that assumes that the mobility is independent of
Fermi energy Ep.

In [PTE] effect, photocurrent can exist without external bias voltage because of the
light-induced photovoltage. Similarly, in the[PV]effect the built-in voltage is responsible
for the separation and collection of the photoexcited carriers, without the need of an
externally applied field. In the case of a heterojunction photodetector, the photocurrent
produced by both mechanisms has the same direction and maximises when the light is
spotted at the junction interface. As a result, the distinction of the two mechanisms is
difficult.

According to the discussion in C. Yang et al., to identify the photocurrent gener-
ation mechanism there are three principles that should be followed ™. First, in the
case of [PV] detectors, photocurrent generation requires the incident photon energy be
greater than the material bandgap. In contrast, for [PTE] detectors which are based on
thermal effects, the spectral response is not limited by the bandgap. Second, [PV]detec-
tors are based on a built-in electric field and generate a nonlinear current-voltage (I-V)
curve, while detectors can operate on a linear current—voltage (I-V) curve. In
photodetectors, the photoresponse is limited to the area near the junction interface,
whereas in detectors the spatial distribution of photocurrents can be extensive.
Third, the distinction between the different mechanisms can also be based on whether
the spectral response is wavelength dependent. Specifically, the absorbance of the sens-
ing material of a detector is independent of wavelength!® . The disadvantage of
[PTE] photodetectors compared to the [PV]photodetectors is the relatively long response

time of phonon-dominated transport, typically in the order of milliseconds.
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Figure 1.8: Photoconductive effect. Schematic of the |Photoconductive (PC)| effect in
a device in dark (a) and under illumination (b), where external bias has been applied

between the source and drain electrodes. Reproduced from M. Buscema et al.[™ with per-

mission from the Royal Society of Chemistry.

1.3.3  Photoconductive and Photogating effects

The [Photoconductive (PC)| effect is based on the photo-induced decrease of the re-

sistance of the channel (increased conductance because of the excess carrier density)

due to an increase to the concentration of free carriers upon photon absorption from
the active layer. A descriptive schematic of the [PC]| effect can be seen in [Figure[1.§]

where an external bias has been applied between the two metallic terminals of a

device. When the device is in dark conditions (Figure [1.§8 (a))) there is a small current

(dark current, Ig41) due to thermal excitation and the applied bias as well. However,

upon illumination (Figure [1.8 (b)) with light of appropriate energy (E,, > E,) exci-

tons (bound electron-hole pairs) are created. These excess carriers are separated by
the applied bias voltage (V;,) resulting in the measured photocurrent, which usually is
orders of magnitude higher than the dark current. In comparison with the [PV]effect, if
the bias voltage is not applied, the photocurrent of the photoconductive effect cannot
be generated.

In heterogeneous structures or in the presence of disorder, the photoconductivity

can be further affected by the emergence of an internal gate mechanism known as
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Figure 1.9: Photogating effect. (a),(b) Schematic of trap-induced |Photogating (PG)|

effect in dark (panel a) and under illumination (panel b). (c¢) Schematic of [Photogating (PG)|

effect due to the injection of photoexcited carriers from the sensitiser to the channel. (d)

Schematic of [Photogating (PG)| effect due to the accumulation of photoexcited carriers on

the interface between the sensitiser and the channel. Panels (a),(b) are reproduced from M.

Buscema et al. ™ with permission from the Royal Society of Chemistry.

togating (PG )|effect ™. Here, after the electron-hole pair is created due to the exposure

of the device to light, one of the carriers is either transferred to a different material in
contact with the semiconducting channel (e.g. a semiconducting material, quan-
tum dot), or captured by trap states (e.g. defect states inside or on the semiconducting
channel, but also adsorbed atoms and molecules as well) B%92] These captured carriers
create strong electric fields, thus acting as a local floating gate, strongly modulating
the conductance of the channel and its electrical conductivity 2.

Figure [I.9) summarises the possible microscopic scenarios leading to the [PG| effect.
In the first case depicted in the first two panels of photogenerated electrons
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are trapped into electron trap states that exist in the material, leading to hole doping
of the channel and high values of I, which is added to the dark current. As a result,
the transfer curve (I;4 — Vi) shifts in a positive direction.

The second case where the generation of excitons takes place in a different material

(sensitiser) can be seen in |[Figure [1.9] (¢)-(d)} There are 2 subcategories in this case

regarding the way that carrier density in the channel is increased. Firstly, as shown
in |[Figure [1.9 (c)), after the creation of the electron-hole pairs in the sensitiser, one of
the two carrier types (in this case the electrons) flows in the sensitiser which now acts

as a gate (for this reason it is also called gating material) while the other is injected

to the channel material. On the contrary, [Figure [1.9] (d)| shows a different case. Here,

the photoexcited carriers are generated inside the sensitiser, but due to the barrier
that has been formed on the interface of the two materials, no carriers are ejected to
the channel. However, they accumulate on the interface between the two materials.
In this particular case, electrons are accumulated on the interface, while holes flow in
the sensitiser. As expected, the plethora of opposite charged carriers give rise to the
photocurrent.

Photogating effect can lead to high gain (G), according to the relationship G ~
Terap/ Transits WHere Ty, is the trapped carrier lifetime and 7,4y, the free carrier transit
time. The gain mechanism in the [PG] phenomenon can be described as follows; the
photogenerated majority carriers (in this example, electrons) need time Tyqnsi; to drift
through the channel. If the time the photogenerated minority carriers remain trapped is
larger, Tirap > Tiransit, then more carriers are collected at the drain electrode before the
trapped carrier recombines. However, this greatly affects the high-frequency response
of the photodetector, as the large recombination times make the trapped carriers induce

more majority carriers for some time after illumination stops.
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EXPERIMENTAL METHODS

INTRODUCTION

The isolation and experimental characterisation of graphene in 2004 sparked the in-
terest of the global scientific community and paved the way for a plethora of other
two-dimensional materials. Handling and investigating the properties of these materi-
als needs the application of specific techniques that sometimes are different from the
corresponding ones being used in bulk semiconductors.

In this chapter, the main optoelectronic characterisation techniques will be pre-

sented. First, [|Raman spectroscopy| which is an important technique to identify the

material and its structural properties will be thoroughly discussed, followed by a pre-

sentation of the [experimental apparatus., Raman spectroscopy is a valuable tool in

condensed matter physics, as a detailed examination of the Raman spectrum gives
an insight on structural properties and formation of a material. In general, Raman
spectroscopy was used constantly throughout the research included in this thesis, but
mainly to give an insight on the quality of the crystal used for the device fabrication.
As a result, only a single Raman spectrum is presented in Chapter 5, where we use the
spectrum to extract useful information that are crucial to the following experiments.
All the setups that are being described in the second section are exclusively used
for the optoelectronic characterisation of the samples. Designed and built by our
group, these characterisation apparatus allow for complete and in-situ optoelectronic
characterisation of a wide range of nanodevices, without the need to transfer them
between different setups. This keeps the contamination level to a minimum, enhances

the characteristics of the devices and extends their lifetime.

29
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This will lead to the main part of the optoelectronic characterisation where the

techniques used for transport measurements| [photoresponsivity|and [photoluminescence
are presented. Additionally, the [effect of the metallic contacts on a semi]

lconducting channel| and the characterisation of contact resistance will be thoroughly

discussed as it plays a very important role on the behaviour of the semiconducting de-
vices. Finally, a summary of the basics of the that we used for the research

presented in Chapter 5 and a description of the setup conclude this chapter.

2.1 RAMAN SPECTROSCOPY

Raman spectroscopy is a non-invasive, optical technique used to characterise the prop-
erties of a material. In principle, the Raman effect is associated with the inelastic
scattering of photons by the lattice vibrational modes (phonons) in a solid. Semi-
classically, the covalent bonds between atoms in a molecule can be described by a
spring with spring constant k. Such a description helps to illustrate the vibrations of
the atoms in a molecule. Raman spectroscopy probes the spring constant of the atomic
bonds resulting in a characteristic spectrum for each material and substance, thus it is
widely used for chemical identification of unknown samples 2

In the case of graphene and [TMDE, the spring constant that describes the bonds
between the atoms is highly sensitive to numerous physical parameters. Thus, careful
analysis of a sample’s Raman spectrum allows the determination of the number of
layers B4 the degree of doping™! disorder!®, defects™! and strain @910,

For crystalline solids, the scattering takes place between an electron-hole pair and
an elemental vibration (phonon) of the material. A photon impinging on the material
will excite an electron from the valence band to either a virtual empty state within the

bandgap or a real state in the conduction band. In the case where the excited state is

a real state, the effect is referred as [resonant Raman scattering (RRS)

This will create an electron-hole pair, which subsequently will scatter inelastically
with a phonon of the material of energy h{). Depending on whether the phonon was
absorbed or emitted during the scattering, the photon resulting after the relaxation of

the electron-hole pair will have frequency shift (Raman shift) of

Aw=w; £ Q, (2.1)



31 CHAPTER 2. EXPERIMENTAL METHODS

where w; is the excitation frequency (hw; is the excitation energy). The minus sign
corresponds to the absorption of a phonon (Stokes process), while the plus to the
emission of a phonon (anti-Stokes process).

The Raman shift between the initial and the excited state is typically reported in

wavenumbers

1 1
Ak =|—— 2.2
()\’L )\exc) ’ ( )

where )\; and \... are the wavelengths corresponding to the initial and excited states
respectively. In addition, Raman shift is also reported in units of reciprocal centime-
ters (cm™!), so [Eq. (2.2)| can be further modified to get the result with the wanted

dimensions as follows

1 1 > 107 [nm)] (2.3)

nm) B Aeze(nm)

Ak fon] = (57

In the next two sub-sections, this shift will be approached by both a classical and

[cm]
a quantum point of view.

2.1.1 Classical theory of Raman scattering

In terms of classical theory, Raman scattering is described by the interaction of an
incoming wave that excites a diatomic molecule. The electric field carried by the
m wave along its direction of propagation, 2, is described by the equation

E = Eycoswot &; , (2.4)

where 2; - 7; = (5,-j[|, Ejy is the amplitude and wy = 27y, the frequency of the incoming
[EM| wave. The light source commonly used in Raman spectroscopy is a laser. The
laser light is used as it is a very intense beam of nearly monochromatic light that can
interact with sample molecules.

When a diatomic molecule is irradiated by this light, an electric dipole moment will

! Here §;; is the Kronecker delta, for which takes only the values 0 and 1 as follows

1 i
0ij =1 Z ].’
0, i#j.
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be induced

H = OéijEj (25>

where «;; is the polarisability tensor of the molecule. Let the molecule vibrating with
a frequency €2,,, then the nuclear displacement ¢; along a direction z; is given by the

expression

7= qocos Ut & (2.6)

with go being the vibrational amplitude. In general, the polarisability tensor co; is
a function of ¢, so a;; = a(q);;. Thus, for small vibrations the polarisability can be

expanded to gain the following expression

8042"
Oy = (aij>0 + (ﬁ)oqg + ..., (2.7)

where index ¢ implies that quantities are calculated at the equilibrium position and

only 1st order approximation terms have been kept. Finally, by introducing [Eq. (2.7))

and |[(Eq. [2.6)| to [Eq. (2.5}, the dipole moment of a diatomic molecule irradiated by

light becomes

P; = (ayj)oEq cos wot T

1 80@- ~
+5( aq,j>0 d0Evcos (s — )0) 2, 28)

1 <8aij> R
+5 qoEo cos ((wo + Qi )t) Z5 .
2 \ O¢F 0 J

Thus, according to the classical theory of Raman scattering, [Eq. (2.8)| can be seen
as a sum of three terms. The first describes an oscillating dipole radiating at frequency
wo (Rayleigh scattering) and the remaining two terms describe the inelastic (Raman)
scattering at frequencies wy — €2, (Stokes) and wy + €2, (anti-Stokes). From the above
expression, it can be seen that if the rate of change of polarisability with the vibration
is equal to zero (Oa; / dg*® = 0), then the transition is not Raman active and the
light is not scattered. summarises the Raman scattering processes within
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Figure 2.1: Raman scattering. Simplified Jablonski diagram for Normal and Resonance
Raman transitions within a diatomic molecule. Rayleigh scattering is referred as transition

”R”, while the Stokes transition as ”S” and the anti-Stokes as 7A”.

a diatomic molecule. In the case of Normal Raman spectroscopy, the energy of the
excitation light (Awy) is chosen far below the first electronic excited state. As a result,
the excited electrons are led to a ”virtual state” (depicted here with a dotted line) to

distinguish it from the real excited states.

In comparison, [resonant Raman scattering (RRS)| occurs when the excitation en-

ergy is chosen so that it intercepts the manifold of an electronic excited state. The
excitation of continuous vibrational states found in solid, liquid and gaseous states,
produces extremely strong enhancement of the Resonant Raman bands. Specifically,
the intensities of Raman bands observed in this area (chromophore) are selectively
enhanced by a factor of 103 to 10°. 11

2.1.2  Quantum theory of Raman scattering

Although the classical approach explains quite well the mechanisms behind the rise of

Raman bands, in order to understand the phenomenon in its entirety it is necessary
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HIHISI - Here, only a couple of important points of the

to consider quantum mechanics
quantum theory of Raman scattering will be presented as a complete approach falls
out of the scope of this dissertation.

From a quantum physics point of view, Raman effect is described as an interaction
of the wavefunction of the excited electron with the [EM]field of the incident light. The
interaction of the wavefunction of the necleus with the field of the incident light
can be treated separately due to the Born-Oppenheimer approzimation (or adiabatic
approximation). Due to the much larger mass of the atomic nuclei in comparison to
that of the electrons, their motions can be separated, allowing the separate treatment
of their corresponding wavefunctions. As a result, we can consider the wavefunction of
a molecule as a product of a vibrational (nuclear) and an electronic wavefunction.

For the system of the excited molecule under the Born-Oppenheimer approximation,

the total energy along with the crystal momentum must be conserved

hw; = hw, £ S, (2.9)
hk; = hk, + hq, (2.10)

where w; and l%; are the incident frequency and wavevector, while w, and k_; are the
equivalent quantities of the scattered light and €2 and ¢ are the frequency and wavevec-
tor of the phonons. Additionally, the ”+" sign is true for a scattering process involving

”_ "

the creation of a phonon (anti-Stokes process), while the sign corresponds to a
scattering process where a phonon is annihilated (Stokes process).

A main point where the quantum theory of Raman scattering can shed light upon,
is the different intensities between Stokes and anti-Stokes emissions. When the sam-
ple is at thermodynamic equilibrium, the upper state will be less populated than the
ground state. As a result, the rate of transitions from the lower to the upper state
(Stokes transitions) will be higher than in the opposite direction (anti-Stokes transi-
tions). Correspondingly, the Stokes process is much more intense than the anti-Stokes,
thus, normally, only the Stokes component is being measured. The ratio of the Stokes
(S) to anti-Stokes (A) intensity depends on temperature, therefore it is used as a tem-

perature probe according to the following equation 1415
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IS hw;n
— =C(Cexp (/{:BT) : (2.11)

here, C is a parameter that depends both on the optical properties of the examined

material, as well as on the optical elements of the system used.

2.1.3  Raman spectrum of TMDs

The crystal structure of [transition metal dichalcogenides (TMD)s gives the Raman

spectrum of these materials a certain degree of complexity, at least in comparison
with graphene and graphite compounds. The variety of these materials in terms of
lattice dynamics is almost unique, as there is a strong dependence from the number
of atomic layers constituting the material of the symmetry, force constants and peak
frequency 16,

Considering the unit cell of bulk MX,, one can see that it includes 6 atoms of the
X-M—-X (X: chalcogen atom, M: metal atom) configuration, which implies the existence
of 18 phonon (3 acoustic and 15 optical) modes. Due to the Dgj, point group symmetry,

the lattice vibrations at the I' point can be expressed as?

F = Alg -+ 2A2u -+ 2B29 -+ Blu + Elg + 2E1u -+ QEQQ + E2u7 (212)

where one of the A,,, Fy, are [infra-red (IR)| active while the remaining are acoustic

modes, A4, By, and Ey, are Raman active and By, By, and Es, are optically inactive
(silent).
However, the situation drastically changes when the thickness of the material is

reduced to just a few atomic layers. In this case, due to the lack of translational sym-

metry along the z-axis, there is a reduction of symmetry in [Few Layer (FL)|{TMDg 18,
Particularly, the point group symmetry of odd number{FL|[TMDE is reduced from Dg,
to D3, as a result of the existence of a reflection symmetry plane which coincides with
the plane of metal atoms. Specifically for a fmonolayer (ML)|[TMD] the unit cell of
which is composed of 3 atoms, the 9 normal vibrational modes at the I" point are given
by

' =2A5+ A, +2E'+ E”, (2.13)



2.1. RAMAN SPECTROSCOPY 36

By LR T

el e e B

Bulk B2g AZU B1U A1g Ezg E1U E2u E1g BZg LB A2u EZg E1U LA/TA
2HNX2 (silenty (R) (Silenty (R) (R) (R) (Sienty (R) (Sienty (R) (R) (R

aax, Ay A Ay AL Bl E, B B2 AYLB) A2 ES(C)E, (LATA)
®R (R (R [ ® R ®  ® () R (R)
s s b

1L-MX, >
X < < <

LMy A A, E' E" A, (ZA) E'(LATA)
(IR) (R) (IR+R) R) (IR) (R)

Figure 2.2: Optical vibration modes in bulk, 2-layer and monolayer 2H-MX,.
Summary of all optical phonons with identified Raman active (R), infra-red active (IR) and
the corresponding inactive (silent) modes. Each optical vibration modes of a monolayer
(1L) MXy with 2H polytype, splits into two modes in the case of bilayer (2L) and bulk
material (dotted line), where one vibrates in-phase and the other out-of-phase. LA, LB (layer

breathing), TA, ZA and C are different phonon modes. Reproduced with permission 19,

where A} and E” are Raman active modes, one of A} and E’ are|IR]active and the rest
are acoustic modes. All the optical vibration modes for bulk, bilayer and monolayer
2H-MX, [TMDE are summarised in along with the symmetry and normal
mode displacement in each case. Starting from the case of a monolayer MX, of 2H
polytype and going to bulk material, each of the nine vibrational modes (here presented
only 6, as it includes only the optical phonons) is split into two modes for a bilayer
2H-MX, (dotted line). In these ”derivative” modes, the displacement between the top
and bottom layer is in phase in one case and out of phase in the other.

At this point, the reader interested to dive into the details of the quantum descrip-
tion of Raman scattering is redirected to the detailed review article of Zhang et al. 10l

where the physics of the phenomenon in [TMDE, from bulk to monolayer, is studied in
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detail.

2.2 OPTOELECTRONIC CHARACTERISATION

The following sections present a detailed overview of the bespoke experimental setups
developed for the characterization of the opto-electronic properties of 2D materials with
controlled atmosphere, illumination with a range of light sources (incoherent monochro-
matic, continuous and pulsed laser light), for a range of electrical frequencies up to 2
GHz.

2.2.1 FEzxperimental Setups

To properly characterise semiconducting devices like those presented in this thesis, a
combination of many different techniques was implemented. For the complete charac-
terisation of the devices mentioned here, two custom-made experimental setups were
used. These units were built and configured for minimising the exposure of the devices

to contamination while maximising the different characterisation abilities.

2.2.1.1  Multi-purpose microscope setup

The first experimental setup is developed around an upright optical microscope (Olym-
pus BX51) and it carries all the necessary components for performing different kind of
optical and electrical measurements without the need of removing the sample from the
holder, as shown in With this setup the user can perform low frequency

electrical transport measurements, micro-Raman, [photoluminescence (PL)| absorption

spectroscopy and mapping. Full automation of the system is achieved with a custom
made LabVIEW-based software which is able to communicate to all electronic instru-
ments via general purpose interface (GPIB)/universal serial bus (USB) and to modulate
the lasers via digital-to-analog interface (DAC) (National Instruments NI-DAQ). The
whole system is built on a vibration-isolated 120 x 90 cm? optical table.

Optical measurements are limited by the five different continuous wave lasers the
machine bears, which cover an area from [ultra-violet (UV)|to red (A = 375,473,514, 561
and 685 nm), with powers ranging from 30 to 50 mW. The laser light delivery system

is enclosed within a ThorLabs stackable tube lens system, allowing a light-tight con-
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Figure 2.3: Schematic of the optoelectronic characterisation setup. The optical
and electrical components of the multi-purspose microscope setup for the characterisation of
2D optoelectronic devices can be seen in detail here. Abbreviations: mirror (M), kinematic
mirror (M, ), half-wavelength plate (A/2), beam expander (BE, followed by magnification),
drop-in filter (DiF), beam splitter (BS, dichroic in red), Polariser/Analyser (Pol.), white light
(WL), voltage (V) or current (I) sources/meters, flip mirror (FM), sample holder (PCB),
photodetector (PD), condenser (Cond), microscope objective (Obj), imaging camera (Cam),

spectroscopy camera (CCD), ground line (GND). Reused with permission 1.
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nection. In addition, there is the possibility of changing the light polarisation by
using a rotatable (360°) achromatic A/2 plate. Also, it provides the user with the
option to characterise the device in vacuum (or under a desired atmosphere), as it
is equipped with a custom-made vacuum chamber. The main element for the anal-
ysis of the spectrum collected by the device is the mounted spectrometer (Princeton
Instruments SP2500).

A high precision motorised Prior Scientific OptiScan ES111 with ProScan III con-
troller enables the accurate control over the position of the illuminated region by a
focused laser light, with a spatial accuracy of 200 nm. Focus control is also achieved
through the same controller. The laser light propagates through the upright microscope

column and is focused onto the sample by the chosen objective lens. Direct imaging of

the sample and of the laser spot is possible by using a|Charge-Coupled Device (CCD)|

in combination with an appropriate set of filters.

If the aim of the experiment is to measure the photocurrent produced in a device,
then the generated carriers are extracted from the contacts of the device bonded to a
IPrinted Circuit Board (PCB)| and then connected though a shielded multi-core cable

to a breakout [Bayonet Neill-Concelman (BNC)[ box. This enables connections with

different measuring instruments. Furthermore, there is the possibility to modulate the
lasers by connecting them to a function generator, which locks them to a user-specified
frequency, resembling the outcome of a mechanical chopper. The proper shielding from
external electric field is achieved by using conductive fabric to enclose the microscope
and then by grounding the whole measuring setup (including the optical table, the
fabric and the walls of the box).

In the case of a spectroscopic analysis of the device/material, the reflected light
from the device is collected by the microscope’s objective lens and with the use of a
flip mirror (FM) is redirected to the spectrometer. The control of the spectrometer,
[CCD]and the extraction of spectroscopic data is achieved with the use of native software
(Princeton Instruments LightField).

2.2.1.2  Photodetector characterisation setup

The setup described in the above section gives only the option for narrow band excita-

tion around five different wavelengths. Hence, the need for a different apparatus where
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Figure 2.4: Schematic of the photodetector characterisation setup. The main
optical and control elements of the setup are described here. The combination of the wide-
spectrum Xenon lamp and the monochromator, offers the possibility of characterising the
photoresponse of a device over a large spectral region (between 300 nm and 1150 nm). The
sample along the neutral density filters and the chopper wheel is located within a light-tight

enclosure to ensure minimum parasitic light detection.

the response of a device over a broad range of impinging light is possible arises. This
need is covered by a second experimental setup which is mainly used to completely
characterise a photodetecting device, presented in [Figure [2.4]

The combination of a Xenon lamp (Ushio UXL 302-OX Xe 300W) which emits
over a wide spectral range (~ 300nm to 1100nm), a monochromator (Cornerstone
130) and collimating optics (Oriel TLS-300X) results in a spectrally tunable incident
light source, giving the user the ability to characterise the spectral response and the
main figures of merit of a photodetector over that spectral range. For measuring a
photosensitive device, the sample is loaded on a holder that bears a heating element
for in-situ annealing and is then inserted in a custom-built vacuum chamber (P, <
107%mbar). A chopper wheel and neutral density filters are used to attenuate and
modulate the incident light, while a multi-pin feedthrough is used to extract the signal
from the sample to the connected measuring equipment. The vacuum chamber along
the aforementioned elements are located inside a light-tight enclosure for minimising
the effects of parasitic light impinging on the device. Calibration data for the spectral
measurements are acquired by use of a ThorLabs PM320E power meter equipped with
a S130VC sensor, or by a ThorLabs FDS1010 photodiode connected to a Stanford
Reseasrch Systems SR560 Low-Noise Preamplifier, depending on the needs of each
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experiment.

2.2.2  Transport Measurements

A typical characterisation of an optoelectronic device begins with measuring its trans-
port properties (see also . From this kind of measurements we can un-
derstand fundamental properties of the semiconductive channel, such as the resistivity
of the material, the doping type, the carrier density, the contact resistance, field effect
mobility, the ON/OFF ratio, the spectral photoresponse, etc. 2%,

A complete initial characterisation of different RD|[FETE can be seen in [Figure 2.5
Initially, the transfer curves of the device under a source-drain bias are measured un-

der dark conditions to determine the threshold voltage Vi, where the channel starts

conducting (Figure [2.5 (b)). After that, we characterise the source-drain output of the

device over a wide range of back gate biases (Figure [2.5 (c)|), still without any expo-

sure to light. This gives a complete characterisation of the device in dark conditions.
The final step of the initial characterisation is to measure the photocurrent produced
when the device is exposed to light. The spectral dependence of the photocurrent is
determined using the monochromator, making it possible to identify the wavelength at

which the largest photoresponse is measured. The photocurrent is calculated as

Iph = Isd,z’llum — dsd,dark, (214)

where Iq iium 1S the current running between the source and the drain when the device

is illuminated (with light of a specific wavelength) and Is44ax is the dark current.

2.2.2.1 Metal-Semiconductor Contact & Contact Resistance

When a semiconductor comes in contact with a metal, an energy barrier is formed at
the interface. This barrier controls the current conduction as well as its capacitance
behaviour and has been widely studied since 1875 when F. Braun investigated rectifying

metal-semiconductor systems 2!

. A more in-depth analysis on this potential barrier was
performed by Schottky in 193822/ while the same year a more complete theoretical
model of the metal-semiconductor contact was put forward. The potential barrier
formed at the interface of a metal and a semiconductor in contact is called Schottky

barrier and the theoretical model describing the ideal metal-semiconductor contact is
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Figure 2.5: Drain characteristics of 2D FET devices. (a) Schematic of a simple
on a Sit*/SiO, substrate. (b) Transfer characteristics of the same ReSes [FET]
for different source-drain biases. The absolute value of the same data is also plotted in
logarithmic scale where the behaviour of the transistor can be seen easier. The voltage is
applied at the Source (S) terminal and the signal is measured from the Drain (D) terminal.
The channel conductivity is controlled by the applied bias at the Gate (G) terminal. (c)
Output characteristics of the 2D ReSes [FET]shown in the inset, taken for different back gate
biases. The measurements were taken at room temperature and under vacuum (P = 1073
Torr). (d) Output characteristic curves of a device with TiO nanoparticle ink as an active
channel, in dark (blue curve) and under illumination (300nm - black curve, 550nm - red curve
and 800nm - green curve). The measurements were taken at room temperature, without back-

gate bias (V3 = 0V) and under vacuum (P = 1073 Torr).
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Figure 2.6: Energy-band diagrams describing the formation of Schottky barrier.
(a) Metal (left) and semiconductor (right) as separated systems. (b) Metal and semiconductor
in close contact with a separation length §, connected in one system. (c) The Schottky barrier

is formed when 6 — 0.

called Schottky-Mott rule and predicts the height of the Schottky barrier.
The formation of a Schottky barrier between a metal with high work function
and a n-type semiconductor is shown in [Figure [2.6, where we consider the ideal case

where no surface traps or other defects are present. When the two materials are

isolated, they keep their band characteristics (Figure [2.6] (a)). However, the moment

they start interacting and charge flow is established at a separation length o, then
thermal equilibrium is achieved at the system and the Fermi energies are aligned
. Specifically, the Fermi energy of the semiconductor is reduced by the difference
between the two work functions, relative to the Fermi level of the metal.

The work function of a material is defined as the energy difference between the Fermi
energy and the vacuum level of this material. In this analysis, the work function of the
metal is denoted as ¢ ¢,, and in the case of the semiconductor is the sum g(x+¢,, ), where
qx is the electron affinity measured from the bottom of the conduction band, while E¢
and q¢,, is the energy difference between F- and the Fermi energy of the semiconductor
(Er). The potential difference between the two work functions, ¢,, — (x + ¢,), is
called contact potential. As the separation d between the metal and the semiconductor
decreases, the electric field within the gap increases, making the negative charge flowing
in from the semiconductor to the metal to accumulate on the metal surface. This leads
also to an accumulation of an equal positive charge inside the semiconductor depletion
region (W). When 6 — 0, the gap becomes transparent to electrons and the limiting
value of the potential barrier height g¢g,g is
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q®Bn0 = ¢(Pm — X)- (2.15)

However, in reality such a simple description of a Schottky barrier height is never
achieved, because an interface layer between the metal and the semiconductor is always
formed, making § # 0 along with the existence of interface states (e.g. dangling bonds).
Since the mechanism is not entirely predictable, the fabrication of the desired contact
for a device is not trivial and there is a great amount of research effort directed towards
contacts engineering.

Macroscopically, the quality of a contact is expressed by the parameters of specific

contact resistivity (or specific contact resistance), p. (2cm?), and contact resistance

R ()28

AN pe
e = (—) , Ro=-Lc (2.16)
8‘/ V=0

where A is the area of the contact that overlaps with the semiconductor.

From the above, it is evident that when characterising the resistivity (or conductiv-
ity) of a semiconducting material, the existence of metal contacts affects the measure-
ments. As a result, special measuring techniques need to be implemented to bypass
the effect of the contacts and gain a result just for the material itself. In general,

several methods are being used. However, we will analyse the two methods used in

the presented research, which are the [Transfer Length Method and the four terminal

contact resistance method.
The [Transfer Length Method] often abbreviated as [TLM] (also know as Trans-

mission Line Measurement), requires a semiconducting channel with more than three

identical metal contacts deposited on top but with different spacing between them,

as shown in |Figure [2.7] (a)l Here, a simplified version of the method is presented,

emphasising only on some key points that were used in the research. Several aspects
that were either not applicable in the cases studied or concern parameters that did not
need to be calculated for the purposes of the experiment are omitted. This method
combines the easiness of the two-terminal measurements along with a straightforward
data analysis which provides relatively robust results.

When characterising a semiconducting device, its total resistance Ry is a sum of
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Figure 2.7: Transfer Length Method. (a) Device geometry and measuring circuit

(dashed lines) for [Transfer Length Methodl The metal contacts have the same geometri-

cal characteristics: they cover the full width of the channel and the separation for each pair
is different. For determining the contact resistance, multiple two-terminal measurements of
the adjacent contact pairs are needed, with prior knowledge of the separation between them.
(b) Data of total resistance (Rr) plotted as a function of the separation between the contact
pairs. The red line is fitted on the measured data and by extrapolating it at d = 0 (green

dashed line), we get a value for contact resistance, R¢.

the resistance of the channel and the resistance caused by the contacts

Ry = 2Ry + 2Rc + Ry. (2.17)

where R, is the resistance of the metal(s) comprising the contacts, R¢ is the contact
resistance and R, is the resistance of the semiconducting channel. The contact and
metal resistance is multiplied by a factor of 2, since the carriers pass through two metal
contacts in a two-terminal measurement, the Source terminal and the Drain terminal
contact.

Usually, R,, < R¢ and so it is ignored in most of the cases. For R, it is known
that

(2.18)
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where p; is the semiconducting channel’s resistivity, d is the length and W the width

of the contact. Thus, [Eq. (2.7)| gives

d
Ry =2Rc + pay - (2.19)

This is the equation of a straight line of slope ps/W, while for d = 0 the contact
resistance is obtained. Finally, the transfer length is calculated by taking the intercept
of the fitted line at Ry = 0, giving 2Ly = d|(g,—0). The transfer length can be thought
of as the distance over which most of the current transfers from the semiconductor into
the metal or vice-versa. The last result is obtained after taking into account several
simplifications of a more general equation than but this detail is out of the
scope of this thesis. For a detailed analysis of the method, the reader is redirected to
the textbook of D.K. Schroder 29,

From the graph in [Figure [2.7] (b)[ we can see that there is some uncertainty in the

fitted line, which leads to errors in the calculation of Ry and p.. Additionally, the
uncertainty of the exact value of sheet resistance under the contacts (along with the
assumption of constant electrical and geometrical contact parameters across the device)
add even more to the error of the calculations.

The last method that was used during the experiments that led to this PhD thesis
is the four-terminal method. These measurements are used to evaluate the intrinsic
transport properties of 2D materials by isolating and separating, to some degree, the
effects of the conducting metal conductor or the Schottky barriers formed between the
metal conducts and the semiconducting channel.

The working principal of four-terminal method along with the appropriate circuit
is illustrated in where the device is under bias, applied between contact
1 and contact 4. At this point, the current I flowing through the device is stable and
same through the whole channel, because the voltmeter connected at contacts 2 and 3
has very high input impedance (Z > 1 GS2) prohibiting the current to flow through it.
Hence, the voltage drops across the voltage probe and the contact of the metal with
the semiconducting channel are negligibly small and can be neglected. As a result, the

measured voltage is essentially the voltage drop across the tested device (i.e. between

contacts 2 and 3 in [Figure [2.8] (a)]) and the semiconducting channel’s resistance (Rs.)
24)

can be extracted from the four-terminal I-V characteristics by using
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Figure 2.8: Four-terminal contact resistance method. (a) Device geometry and mea-
suring circuit for the four-terminal method. Ideally, the contacts need to cover the whole
width of the channel to avoid current flow around the contact. The voltmeter used to mea-
sure the voltage drop between contacts 2 and 3 has a high-input impedance to minimise the
current flow through it. (b) Hall bar geometry used in four-terminal measurements. Here,
the voltage probes are located further away from the channel of the device where the car-
riers’ transport is taking place. Since the voltmeter has high input impedance, there is no
current flow through the voltage probes and on average the flow of charges is restricted to

the direction parallel to the channel.

Vas d
Rse = T doy (2.20)
where d is the length of the semiconducting channel and ds3 is the length of the channel
between contact pads 2 and 3.
Furthermore, the contact resistance (R¢) can be extracted by subtracting the cal-
culated channel resistance R. from the total (or two terminal) resistance, Ry.
Although four-terminal method is generally preferred for the characterisation of
devices, it has several disadvantages that need to be taken into account. First of
all, in materials, the middle probes affect the transport of the carriers. Due to
the atomical thickness of the material, when the voltage probes are deposited directly

on the channel they affect the flow of carriers inside the material. Specifically, the
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depletion region of the Schottky barrier created can be comparable to the thickness of
the channel, thus restricting the flow of carriers.
An alternative method for contact deposition would be to fabricate a Hall bar geom-

etry, where the contacts are located further away from the channel where the current is

flowing, as illustrated in [Figure [2.8 (b)l However, this means reshaping of the channel

material by using processes (mainly [Reactive Ion Etching (RIE)) which can affect the

intrinsic transport properties of the material. Finally, the assumption that no current is
flowing through the voltage probes is valid only if the input impedance of the voltmeter
(Z) is much higher than the channel’s resistance (Z > R ), which experimentally is
translated to Z/r > 102. This condition is not always fulfilled, especially when a device
is in the OFF state (V4, < Vr)), where the channel is completely depleted of carriers

and the resistance of the channel is very high.

2.2.3  Photoresponsivity

Photoresponsivity, R = I,/ Py, is one of the most important figures-of-merit of a
photodetector and measures the electrical output I, per optical input power. All pho-
toresponsivity measurements presented here were performed with the setup described
in [Section 2.2.1.2]

The process includes the measurement of the photocurrent produced by impinging

light over a wide spectral area, mostly between 350 nm and 1100 nm. However, the
emission spectrum, and consequently the emitted power of the lamp changes with
time and for this reason an additional calibration measurement is needed. Then, right
before or after the main measurement, the lamp’s emission spectrum is measured over
the same spectral area by using a calibrated photodiode (ThorLabs FDS1010). Only

then the optical power can be efficiently determined to allow proper data analysis.

2.2.4  Scanning Photocurrent Mapping

IScanning Photo-Current Mapping (SPCM)|is a technique that allows the mapping of

the spatial distribution of the photocurrent. For performing [SPCM] the microscope
setup described in [Section [2.2.1.1]is used. Initially, the sample is attached on the [PCB]

that bears the electrical contacts circuit which takes the generated signal out of the

device and leads it to the [BNC| box where the measuring instruments are connected.
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Then, the sample is loaded in the vacuum chamber and an appropriate wavelength laser
beam is focused on the device and the induced photocurrent is recorded as a function
of position. The local photoconductivity is mapped with sub-micrometer precision due

to the diffraction limited spot size and the ~ 100 nm resolution of the stage.

2.2.5  Photoluminescence Spectroscopy

All semiconducting optoelectronic devices belong to the family of luminescent devices.
Luminescence is the emission of optical radiation , visible, result-
ing from the excitation of electrons in the device’s active material and the subsequent
radiative recombination of the excited carriers. Depending on the type of the source
of excitation, luminescence can be distinguished in 4 categories, which are photolumi-
nescence, cathodoluminescence, radioluminescence and electroluminescence.

In cathodoluminescence, the excitation source is an electron beam or a cathode ray,
while in radioluminescence the excitation is caused by other fast particles or even high
energy radiation. Electroluminescence is caused by an electric field or a current and
finally, the source of photoluminescence is impinging optical radiation.

In-situ measurements of the electroluminescence and the photoluminescence spec-

tra of the devices were possible with the setup described in [Section [2.2.1.1] As was
mentioned in [Section [1.2] monolayer have direct bandgap and large exciton

binding energy. Thus, even at room temperature these material exhibit strong light

emission, which makes them promising for light-emitting applications.

2.3 HALL EFFECT

Hall measurements are essential in the characterisation of semiconductors. Especially,
in semiconductors the reduced dimensions of the channel give rise to several in-

2529 " Tn the research presented here, we used the Hall effect for

teresting phenomena
the determination of carrier concentration in monolayer [CVD}grown WSey. There-
fore, some basic elements of the theory of Hall effect and a brief description of the

experimental setup used in this PhD work are presented in the following sections.
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Figure 2.9: Hall effect geometry for 2D material. When magnetic field transverse to
the current flow is present, the carriers are experiencing a Lorentz force which makes them
accumulating at the edge of the channel. Thus, a transverse electric field is created and
steadily increasing up to the point where the Coulomb force exerted on the charge carriers by
it balances the Lorentz force from the magnetic field. At this point, a steady state is reached

where the carriers’ flow is suppressed only parallel to the channel.

2.3.1 Basic Theory

Hall effect is one of the most fundamental and useful phenomena as it allows the direct
determination of the carrier concentration, the mobility and the charge carrier type (p
or n). This phenomenon was named after E. H. Hall who was the first to study it in
187910,

Figure [2.9 shows the standard geometry for Hall measurements where an electrical
field is applied on the z-direction (E = FE,2) and a magnetic field on the z-direction
(E = B.%). The Lorentz force applied on the carriers due to the existence of transverse
electric and magnetic field (F = q(E +@ x B)) causes the charges to deviate from their
initial path parallel to E, and accumulate on the edges of the channel. Consequently,

the accumulated carriers give rise to an electric field £, (Hall field) which eventually
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stabilises when the force applied by it completely balances the Lorentz force so that
the carriers travel in a path parallel to F,. This is the steady state of the system where
there is no current flowing on the y-direction.

In the presence of an external magnetic field applied to the material, the magneto-
conductivity (o;;) and magnetoresistivity (p;;) relate the current density to the electric
field through the identities

Ji=Y ou(B)E;, Ei=Y py(B)J;, ij=uyz. (2.21)
J J

The components of the magnetoresistivity tensor can be experimentally determined
in a magneto-transport experiment conducted in a Hall bar geometry (Figure [2.9)), in

the steady state, where J, = 0, as follows

E, pye(B)  pyy(B) Jy =0 E, = py(B)J, ‘ ‘

To
which is also known as Hall resistivity. From this quantity, one can extract the Hall

The off-diagonal magnetoresistivity component, py., is py.(B) = —puy(B) =

coefficient

Pyx<B) Ey 1
Apran = — -, 2.2
Hall B BJ, ne (2.23)

which is a function of the free charge carrier density and type (+ for hole and - for

electrons).

The current flowing parallel to the z-axis is proportional to the current density
and the length of the channel (for a material), I = J,L, where L is the length of
the channel. The accumulation of carriers at the edges of the channel leads to Hall
potential Vi = E,W, where W is the width of the channel.

The simplest application of the Hall theory is achieved when considering an isotropic

one-band model (single type of carriers in a parabolic energy band) for a semiconducting

2D channel. Starting from |[Eq. [2.23| and |[Eq. [1.16| (0, = napgept), we can calculate the

carrier concentration and sign in the semiconducting channel, as well as the mobility
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of the carriers as follows

dB 1/]q| Axa I/lq|
2P Pzy |Q| dVH/dB a Pz nQDV;W/L ( )

To use [Eq. |1.16| we consider that the basic assumptions of the classical Drude

model are valid in the semiconducting channel. Drude built the model for the case

of metals, where he approximated the metal as a gas of mobile electrons that collide
with positively-charged ions that are immobile and much heavier. However, since free
carriers introduced into semiconductors by doping behave in many ways like those in
simple metals, the Drude model serves as a good approximation and can be used in
this case.

The first hypothesis of the model is that between two collisions, the electrons do not
interact with neither ions (free electron approximation) nor between them (independent
electron approximation), thus moving in a straight line. Also, in the frame of this model,
an electron undergoes a collision with a probability per unit time 1/7, where 7 is known
as the relazation time and has an important part in the theory of metal conduction.
This means that on average, an electron will travel for a time 7 before its next collision.
The final of the main assumptions of the model is that thermal equilibrium is achieved

only through collisions.

2.3.2  Ezperimental setup

In the research presented here, Hall measurements were performed to determine the
carriers concentration and type (i.e. electrons or holes) in [CVD}grown WSe,. The
measurements were conducted at cryogenic temperatures with the sample in vacuum
using a ICEYY COLD PROBE where the sample is loaded, after it is attached to a 3D-
printed, 1ecm X lcm receptacle that bears 12 electrical connections. A superconducting
magnet is attached to the end of the probe, with the sample resting in the middle of
the solenoid, which can create a varying magnetic field up to 2T.

The ICECP COLD PROBE is operated in a cryogenic dewar containing liquid
helium, 7" ~ 4.15K.
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CONTRAST ANALYSIS OF GRADIENTLY
PHOTO-INDUCED HFO,

NOTE: The ideas and data presented in this chapter have been the subject of the fol-
lowing publication: Laser writable high-k dielectric for van der Waals nano-electronics.
Science Advances, 2019. N. Peimyoo, M. D. Barnes, Jake D. Mehew, A. De Sanctis,
[.Amit, J. Escolar, K. A. Anastasiou, A. P. Rooney, S. J. Haigh, S. Russo, M. F.
Craciun and F. Withers.

In this publication, my contribution was in the fabrication of the resistive-switching

Random Access Memory devices.

INTRODUCTION

Dielectric materials constitute a vital part of all optoelectronic and photonic devices.
However, devices are not exhibiting their full potential when they are in contact with
commonly used amorphous oxides like silicon oxide, SiO5. This is due to the existence
of many defects inside and on the surface of these materials which create defect states
that hamper the electrical transport properties in 2D materials 2. Furthermore, some
of the industrially used dielectrics are not inert and react with the semiconducting
layers, greatly affecting the channel properties and limiting the capabilities of the
examined device 35!,

A possible solution to this problem would be to substitute these materials with
dielectrics, such as HfO,, ZrOs, hBN and CaF, among others. These materials
have dangling bond-free surfaces resulting in sharp interfaces with semiconductors.

Additionally, layered dielectrics like hexagonal boron nitride (hBN) can be exfoliated

25
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and stacked with other to make complex heterostructures, resulting in
more complex and sophisticated devices while maintaining two-dimensional character
(i.e. clean interfaces, reduced defects, nano-scale dimensions, high exciton energies,
transparency and flexibility). However, hBN is shown to have extremely large leakage
currents for sub-Inm equivalent oxide thickness (the thickness of SiOy which would
produce the same capacitance as the insulator in use) which is due to its rather narrow

6 A more suitable candidate for the replacement of

bandgap and low permittivity!
currently used dielectrics would be HfO,, which is the native oxide of the [TMD] HfS,
and is shown to have a very high dielectric constant.

Bulk three-dimensional hafnium oxide can be grown by a number of methods in-
cluding [CVD] atomic layer deposition and sputtering. However, none of the aforemen-
tioned methods is suitable for the synthesis of a single layer of HfO,. For this task,
a novel approach is required such as the recently discovered photo-oxidation of HfS,
first demonstrated by De Sanctis et alf. This technique can revolutionise the fabri-
cation of devices, as it is simple in application and produces high quality oxide.
However the novelties do not stop here, as it also allows the oxidation of a HfSy within
a heterostructure without affecting the surrounding layers. Finally, it allows the
detailed definition of nano-patterns of HfOy on the HfS; flake, opening new paths for
atomically thin waveguides and their implementation to complex nanophotonic and
nanoelectronic hybrid systems.

In this chapter the photo-oxidation process will be presented, along with a study
of optical contrast between photo-oxidised areas which were exposed to different laser
powers and for different time. This study will reveal the level of oxidation along
this gradient of HfO, which is an important step in understanding the layer-by-layer
formation of the oxide. Ultimately, photo-oxidised HfS; can play a central role in the

development of 2D graded dielectrics.

3.1 PHOTO-OXIDATION MECHANISM

A major part of the research presented in this dissertation is on photo-oxidised Hafnium
disulfide (HfS,) and its use as a high-k (k ~ 15) 8l dielectric in [2D|devices. Therefore, a
description of the mechanism of photo-oxidation of HfS, is essential for understanding

the phenomenon and the innovation behind the technique that was used.
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Figure 3.1: Charge-transfer model for the photo-oxidation of HfS,. (a) Schematic
energy diagram of multi-layer HfSs in contact with the redox couple Oy/H>0 present in air in

ambient conditions ™. The following parameters were used for the calculation of the redox

couple [Density of States (DOS)t the chemical potentials of the oxidizing and reducing species

are o, = —3.1eV and p..q = —5.1eV, respectively; the chemical potential of the oxygen
acceptor state is ugedw = —4.1eV; the intrinsic work function of HfSs is u; = —5.7eV with
E;, =1.96eV. (b) Simulated crystal structure of 1T-HfSy, monoclinic HfO2 and 2D HfOs.
The energy required for the reactions leading to the formation of the oxides is shown in respect

to the formation of monoclinic HfOy (AE = —11.58¢V). Adapted with permission .

HfS, is a semiconducting[TMD]crystallising in a 1T phase, with an indirect bandgap
that ranges between 2eV¥! and 2.8eV (bulk)®? decreasing down to approximately
1.2V for monolayer material M. When the material is exposed to light of appropriate
wavelength and power in ambient conditions, it oxidises due to charge transfer between
the surface and oxygen in the air, or surface-bound water 12/13]

Specifically, the oxidation occurs via the oxygen-water redox couple. Redox, or
reduction-oxidation, is a chemical reaction where the oxidation states of atoms change
due to transfer of electrons between chemical substances. The oxygen-water redox

reaction occurs in ambient conditions wherever moisture is present

2H,0 = Oy (aq) +4de~ +4H™" | (3.1)

and creates the Oy which will bind to Hf and S atoms of HfSs,.
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The model for the reaction leading to the formation of HfO, is shown in
. It is important to highlight that photo-oxidation relies on the band alignment
of the material with the redox potential and as a result, only specific materials
can be photo-oxidised. In that model, the intrinsic chemical potential of HfS, is u; =
—5.2eV (calculated from the distance from the vacuum level to the top of the valence
band, ¢ = —6.68eV and indirect bandgap E, = 1.96eV), while that of the oxygen
acceptor state is p0 , = —4.1eV. This induces a band-bending at the surface of the
layered semiconductor such that an optical transition above the bandgap can make
an electron ready to be transferred to the oxygen empty states, making the photo-
oxidation reaction highly feasible across the whole visible range, explaining the high
instability of few-layer HfS, in atmospheric conditions@.

When the material is exposed to light, impinging photons of energy hv optically
excite HfS,

HfSs+hv — HfSy ", (3.2)

which creates an abundance of carriers that will take part to the charge transfer process

at the surface of the material, as described by

HfSQ 4+ 02 (CLQ) — HfSQ + 02 - (aq) + h+ . (33)

The produced oxygen radical ion O, *~(aq) then reacts with H fSs and upon cleav-
age of the Hf-S bond binds to both substances

Hf 428 +30,° (aq) + 3h" — HfO, + 250,(yg) . (3.4)

The above reactions can be combined to give a single chemical reaction that de-

scribes the whole process

In the model described above, the energy costs for the formation of different crystal
phases of HfO, were calculated, for [Eq. (3.5)l The most favourable was found to be
the formation of monoclinic HfOy with an energy cost of -11.58 ¢V per HfS,, while

the formation of two-dimensional (2D)|or cubic HfO, have higher energy requirements.

Thus, the photo-oxidation of HfS; in ambient conditions leads to the formation of
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monoclinic HfO,. The crystal structure of HfS,, monoclinic HfO, and PD| HfO, can be
seen in |[Figure [3.1] (b)]

As a consequence of photo-oxidation of HfS,, the bandgap of the material is in-
creased to E, ~ 4eV, resulting in an electrical insulating material 8370 Further-
more, the photo-oxidation can occur even when the HfSy layer is embedded in het-
erostructures, or even under metal contacts due to the diffraction of light in the latter.
The mechanism likely involves migration of interfacial water between the 2D material-
HfS, /HfO, interface to the reaction site that is being irradiated. Upon exfoliation, the
surface layer of the HfS; will naturally oxidize within 10 to 15 minutes prior to encap-
sulation, which could allow for diffusion of atmospheric water between the graphene
and the more hydrophilic HfO, surface. Similar diffusion effects have previously been

U8l This selective oxidation of HfS, in complex het-

observed for graphene on SiOq
erostructures, allows the definition of the insulating layer after the fabrication of com-

plex devices without using invasive or destructive techniques.

3.2  IMPLEMENTATION OF THE PHOTO-OXIDATION PROCESS

The oxidation of HfS, was carried out by exposing the microcleaved |2D|semiconductors
to blue (A = 473nm) or (A = 375nm) laser light in ambient conditions. The control
of the laser source as well as the stage is crucial for writing correctly the desired pattern
on the flake and for this reason a custom-made, NI LabView-based software was used.
This software accepts as input the desired laser parameters as well as a pattern that the
user has defined prior to the oxidation. By choosing the correct scale at the software’s
interface, the desired pattern is written with very high precision due to the diffraction

limited laser light spot and the ~ 100 nm resolution of the stage.

3.3 FORMATION OF HFO,

To demonstrate the creation of a uniform layer of HfO, and perform an initial char-
acterisation of the laser-written HfO, we fabricated a MoS; FET with an 8 nm HfS,
flake separating bottom layer of graphene that serves as gate electrode and the Cr/Au

contacts deposited on top, as shown in [Figure [3.2] (a), After laser exposure, the trans-

parency of the HfS, film increases significantly, indicating an increase in the bandgap to
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much larger values than the 2.85 eV characterising HfS,, consistent with the formation
of an oxide (E, ~ 5.5eV, expected for HfO, H]).

Vertical electron transport through the oxide further supports the transformation to
the oxide and indicates that oxidation occurs not only under the flakes of [2D| materials
but also under the thick Au contacts (d = 60 nm) facilitated by diffraction of the laser

beam around the approximately micrometer-wide contacts. |Figure [3.2] (b)[ shows the

1,4-Vyq characteristics for such a device. [,4-V,q values were collected using a Keithley
2400 voltage/current source meter. Before oxidation, the I-Viq shows the typical
nonlinear behaviour expected for electron transport through a series of semiconducting
materials 22| with a low-bias vertical resistivity R ~ 20x10% Q pm. After oxidation, the
resistivity around Vy; = 0V increases to R ~ 10" Qpum, consistent with an increased
barrier height.

Further evidence for the oxidation of the oxidation of HfS,; are given by means

of [Energy-dispersive x-ray spectroscopy (EDX)| analysis of a simple heterostructure

constituting of HfO, sandwiched between two graphene layers on SiO,, where the

HfO, channel results from the photo-oxidation of a HfS, layer. |[Figure |3.2] (¢)| shows a

high-resolution [Scanning Transmission Electron Microscopy (STEM )|image %21l of the

cross section of this device, where the few-layer top and bottom graphene electrodes are
still clearly visible, while the long-range crystal order of HfS, is lost and the resultant
material appears in an amorphous phase. [EDX] analysis confirms that the only species
present in this phase are hafnium and oxygen, with only low levels of sulfur left after
laser irradiation, as shown in the right panel of .

For further details regarding the properties of the photo-induced oxide, see
4.2l

3.4 CONTRAST STUDY OF GRADED PHOTO-OXIDISED HFS,

The photo-oxidation of HfS; depends highly on the laser power, the exposure time,
the concentration of Oy and H,O as well as the thickness of the flake. Thus, it is
possible to control these parameters in order to achieve a layer-by-layer oxidation of
the HfS, flake. This can be very important for the creation of graded dielectrics, such
as graded refractive index materials that can be used to define waveguides in [vdW]

heterostructures. In our system, we use a custom-made LabView software to control
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Figure 3.2: Formation of HfO, insulating layer. (a) Optical image of a graphene-
HfSy/MoSs heterostructure before (top) and after (bottom) oxidation. Black outlines the

(c)

region of the graphene back gate, green outlines the HfS,, and red outlines the MoSs. (b)
Current (Is4) versus applied voltage (Vsq) for the heterostructure in (a) before (red) and af-
ter (green) photo-induced oxidation. Inset shows the stacking sequence. (c¢) High resolution
image showing a cross section of a graphene/HfO, /graphene device on SiOy after
laser-assisted oxidation (left) and elemental analysis (right). The panels on the right
part of the image correspond to the cross section of the heterostructure shown in the mid-
dle panel. The bright spots represent detected atoms of the corresponding element in this
heterostructure, thus higher brightness corresponds to higher concentration of an element at
the corresponding area. For convenience, red dashed lines extend the HfO, channel of the

middle panel to the EDX elemental maps on the right.
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the laser power and set it to gradually increase/decrease with each step when oxidising
HfS,.

Upon oxidation, a HfSy; flake becomes transparent for optical wavelengths as the
bandgap of the newly-formed HfO, increases to ~ 5.5¢VE. When a multi-layer HfS,
flake is written with varying laser power, the contrast along the written area changes
gradually from the region of HfS, to the transparent fully oxidized part of the sample.
Therefore, optical contrast study can reveal the level of oxidation of the semiconductor.

So far there are many attempts to establish a way to determine the number of layers
of a [2D| material with optical contrast analysis?¥26  as it is a very quick and effective
way to get the thickness of a semiconductor which is most of the times an important
parameter for device fabrication. The analysis presented in this chapter aims to explore
the use of contrast analysis to determine the level of oxidation induced in HfS, by laser

exposure.

3.4.1 Analysis of graded 2D oxide

Contrast is the difference in brightness between a specific region of interest relative
to the background brightness. The contrast of an object relative to its background is
determined by numerous factors like the absorption of light, brightness, reflectance,
birefringence, light scattering, diffraction, fluorescence, or color variations. As a result,
different semiconducting materials of the same thickness and on the same substrate will
exhibit different contrast with the background due to the different bandgap energies
which control their absorbance.

There are several definitions and mathematical expressions of contrast that have to
do mainly with specific details of the background, the material and the distribution of

light and features across the image. In this research we considered the Webber contrast

I, — [
Cy = =222, (3.6)
I
and the Michelson contrast
Is - I_b
=) 3.7
o (3.7

where I is the brightness of the examined area (sample), I, is the mean value of the
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brightness of the background and I7"** is the maximun intensity of the pristine HfS,
flake.

Eventually, in our analysis we used the Michelson contrast as its values do not
strongly depend on the selected substrate.

A [CVD}grown HIS, crystal purchased from HQ Graphene was mechanically exfo-
liated and transferred on quartz and p-doped Si wafer with 300 nm of thermal oxide
(SiOy). Multi-layer flakes of thickness ¢ > 20nm (~ 30 HfS, layers) were identified
by means of optical microscopy and exposed to blue (A = 473nm) laser light of lin-
early varying power (P, = 3.7TmW, Py, = OW, AP/step = 74pW, step size: 0.25pm,
texp = 0.28) over a length of 50 pm. This resulted in gradients of HfOy being written

on the flakes, as shown in the panels of [Figure [3.3] (a),(b)!

To perform the contrast analysis, high-quality optical images of the flakes were
acquired and the optical contrast of a multi-layer flake and substrate was directly
measured by using the software ImageJ. The optical contrast is calculated using the
brightness values of the red (R), green (G) and blue (B) channels of the pixels compris-
ing the colour image. RGB pixels are converted to brightness values using the formula
I = (R+ G + B)/3 and these values are used for the calculation of the contrast.

The extracted contrast profile along the specified line is shown in [Figure |3.3] (a)|
for gradient written in a HfS, flake exfoliated on top of quartz substrate (Figure |3.3
(b)). Here, the contrast is calculated with respect to the fully oxidised area at the
beginning of the gradient (see , thus negative contrast values correspond
to brighter regions of the image (see , while positive values correspond to the

darker quartz substrate. This difference between the substrate contrast and that of the

fully oxidised region is a result of the loss of power due to the multiple reflections from
the layers of oxidised material and absorption from the substrate and the microscope
stage. However, since both the oxide and the substrate are transparent, the losses are
relatively small, resulting in a contrast difference of ~ 0.06.

By close examination of the curves, it is clear that the contrast value follows the
written pattern. It exhibits a steep rise of the contrast value when going from the
unoxidised to the fully oxidised part of the gradient and then the contrast values slowly
decay, reaching the value of unoxidised flake after about 50 pm. This corresponds to

the actual length of the written region, implying that even low laser power can oxidise

the upper HfS, layer. In|Figure |3.3| (a)l after the gradient, the contrast values present
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Figure 3.3: Analysis of optical contrast along a HfO, graded area. (a) Contrast
along the line starting from the quartz substrate and finishing outside of the oxidised region.
The red vertical lines delimit the length of the graded area. (b) Optical image of the flake
with the graded oxide and the path (yellow dashed line) along which contrast is measured.
(c) Percentage of remaining HfSy along the line shown in panel (b). The red vertical lines
delimit the length of the graded area. (d) Percentage of remaining HfSs as a function of
contrast value for sample shown in panel (b). Negative contrast values correspond to the

quartz substrate while values higher than 100% correspond to thicker unoxidised material.
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a steep fall, which is due to the increase of thickness of the flake on the right side (see

IFigure [3.3] (b)|), making it appearing brighter.

The part of the graded area that was exposed to the higher laser power shows almost
zero contrast with the SiO, reference background (the small difference from the values
of SiO, region are due to the aforementioned energy losses). Along with the uniformity

the material shows after oxidation under examination with optical microscope (see
Figure[3.3[ (b)), we have strong evidence that the HfS, oxidation is only complete, with

only residues of sulfur remaining (as in [Figure [3.2] (¢)l The uniformity of the material
is important, as it shows that the oxidation process did not lead to extreme rise of the

local temperature in the material causing structural damages which could expose the
substrate and thus, affecting the contrast values. More information and examples of
damaged flakes due to oxidation process can be found at the supplementary information
of De Sanctis et al@.

As a result, we can estimate the percentage of semiconducting HfS, remaining

after oxidation, along the line we took the contrast measurements. This estimation

is presented in [Figure [3.3) (c)| and shows that for a length of about 25um the laser

power was high enough to almost completely oxidise the exposed area. After that,
the percentage of HfS, starts gradually rising, which reveals that the oxidation is not
complete and some absorbing semiconducting material remains in the exposed area.
As expected, after the 50pm that correspond to the exposed area, the measurements
reach a plateau at 100% HfS, since these regions were not exposed to laser light.

Finally, a reference plot where the percentage of unoxidised HfS, is plotted against

the contrast values across the gradient can be seen in [Figure|3.3| (d)l This can be used

as a reference for instantly identifying the level of oxidation and choosing the flake

according to the needs of any potential experiment and/or application.

3.5 SUMMARY AND OUTLOOK

In summary, in this chapter the controlled photo-oxidation of ultrathin HfS, was pre-
sented, showing a straight-forward and non-invasive technique to calculate the percent-
age of semiconducting material left after oxidation at an area of graded oxide. This
graded oxide was created after exposing the semiconducting HfS, thin flakes to a raster

laser scan of linearly varying power. According to the findings, the photo-oxidation
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process is readily controllable and can be used to embed dielectric layers in complex
systems, as well as to create graded dielectrics with a variety of applications.

Furthermore, a contrast analysis of an area written by linearly varying laser power
was discussed. We showed that optical contrast is a robust method for quick determi-
nation of the level of oxidation, which is crucial in avoiding further exposition of the
flake to a series of different measurements for determining the appropriate flake to
use. Although the findings are already interesting, the gradiently oxidised areas also
present high scientific interest as they can be used as waveguides for excitons in [vd W]
heterostructures, which is a concept being tested at the moment.

However, there are several aspects that need further studying. First of all, the
contrast method does not provide any information on the layer arrangement of a non-
uniformly oxidised area. For example, the oxidation can occur layer-by-layer starting
with the top and moving towards the bottom. But it is also possible that the top
and bottom layers are oxidised simultaneously, since between the flake and the sub-
strate and at the top of the flake there is the highest concentration of aqueous oxygen.
To determine the exact arrangement of the HfS; and HfO, layers, should be
performed on a gradient of HfOy to see exactly how the material is oxidised, as it
is a very important parameter. This would give more information that would assist
in optimising the coupling between the excitons and the photo-induced HfOs in [vd W]
heterostructures. Additionally, the effect of the spot size of the focused laser beam on
the resulting material should be systematically studied to determine how it affects the
resolution of the oxidation (i.e. how uniform is the oxide).

Finally, in order to pursue the development of graded dielectrics from photo-oxidised
HfS,, a detailed characterisation of the refractive index along a gradient of HfO5 should
be performed. In this direction, absorbance spectroscopy and micro-ellipsometry could

be used to give a thorough and robust characterisation of the refractive index.
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LASER WRITABLE HIGH-K DIELECTRIC FOR VAN
DER WAALS NANOELECTRONICS

NOTE: The ideas and data presented in this chapter have been the subject of the fol-
lowing publication: Laser writable high-k dielectric for van der Waals nano-electronics.
Science Advances, 2019. N. Peimyoo, M. D. Barnes, Jake D. Mehew, A. De Sanctis,
[.Amit, J. Escolar, K. A. Anastasiou, A. P. Rooney, S. J. Haigh, S. Russo, M. F.
Craciun and F. Withers.

In this publication, my contribution was in the fabrication of the [resistive switching]

[Random Access Memories devices.

INTRODUCTION

The high quality of the native oxide that can be grown on the surface of silicon has
underpinned the wide success of modern micro- and nanoelectronics. In recent years,
high-£ dielectrics such as HfO, have been adopted to reduce the dimensions of nano-

electronic components and boost their performance™. Recent work has shown similar

native oxides in [two-dimensional (2D )| materials such as HfSes, ZrSe, ™ TaS,E! and
TaSe, ¥, However, use of these oxides embedded within [van der Waals (vdW)| het-

erostructures has not been shown. In comparison to silicon, heterostructure

devices are likely to play an important role in future electronic device applications®.

With a rapidly growing family of layered materials® | the multitude of possible
heterostructure combinations available will allow for device designs with unprecedented
functionalities and improved performance. To date, many such heterostructure

devices have been demonstrated, such as vertical tunneling transistors@ with nega-

69
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B0 photovoltaics FH16 and

tive differential resistance®, light-emitting quantum wells
memory devices 1.

Contrary to the conventional molecular beam epitaxy growth of semiconductor
devices, heterostructures make it possible to produce atomically sharp interfaces
between different materials (i.e. semiconductors, insulators, semimetals etc.) without
concerns for their intercompatibility during fabrication. The absence of dangling bonds
on the surface of atomically thin materials allows for the creation of atomically sharp
interfaces, eliminating the problem of interdiffusion known to impose severe limitations
on the downscaling of devices fabricated by standard semiconductors.

To date, the state-of-the-art devices studied experimentally rely on the use of
high-purity [hexagonal boron nitride (hBN)| as a gate dielectric, a tunnel barrier, or a
high-quality substrate material ™. Such high-quality crystals are not widespread,

and scalable chemical vapor deposition versions typically contain impurities that lead

to leakage current in transistor devicesH*20  Furthermore, the dielectric constant of
hBN (k ~ 4) is comparable to that of SiOy (k ~ 3.9), thus limiting the downscaling
in nanoelectronics 2!, Common deposition techniques used for SiO, and HfO,
are not directly compatible with 2D| materials?223! In general, these methods tend to
damage or modify the electronic properties of the underlying crystal 24 especially
when the material is thinned to single- unit cell thickness. Other options include
exploring atomically flat layered oxides such as mica or V505 and assembling them layer
by layer. However, these dielectrics also result in a significant level of charge transfer
to neighbouring materials, large hysteresis in field-effect devices, and significant

25 - Therefore, the search for alternative dielectrics or novel

reduction of the mobility
technologies, compatible with materials which give good interface quality and with
high-£ is needed.

In the published work, we demonstrated a route to embed ultrathin HfO, in [vdW]
heterostructures using selective photo-oxidation of HfS;. As mentioned in
B.1 HfS, is a layered semiconductor with an indirect bandgap of 2.85€eV in its bulk

form 2528 and has comparable surface roughness to other crystals after exfolia-

tion (for more information see the section for [Atomic Force Microscopy (AFM)| in

the Supplementary Materials of the paper this chapter is based on). We found that
the photo-oxidation process can be enabled using laser light even when the HfS, is

embedded within complex heterostructures and under metallic contacts. This fabrica-
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tion technique eliminates the need for invasive sputtering or [Atomic Layer Deposition|
methods®. Finally, we demonstrated that the photo-induced HfO, has a di-

electric constant & ~ 15 and that this dielectric can be incorporated into four classes

of devices enabling different applications: flexible [FETE, resistive switching random
access memories ), vertical light emitters, and photodetectors.

However, this chapter presents in greater detail the devices, to which I
have directly contributed with the fabrication of materials and structures. The rest of

the results will be briefly presented for completeness purposes.

4.1 DEVICE FABRICATION

The devices presented in this chapter were fabricated using standard micromechanical

exfoliation of bulk crystals and then by making use of a|Polydimethylsiloxane (PDMS))

stamp transfer techniqueB¥ to form the heterostructures. Initially, graphene is me-
chanically exfoliated onto a thermally oxidized silicon wafer and appropriate flakes are
chosen after optical inspection. After this, the HfS, flakes are exfoliated onto [PDMS]
and transferred on the selected graphite flakes. The HfS, flakes are released from the
[PDMS] between 50 — 60°C. This process is then repeated for the subsequent layers of
the device as required. Here, for fabricating the optoelectronic devices
hBN] is used as an atomically flat substrate on to which the subsequent flakes can
be assembled. For devices on substrates a membrane is used and the
graphene is dry peeled from the onto the [hBNJZ551

Following heterostructure production, the contacts were structured using either
optical or electron beam lithography, followed by thermal evaporation of Cr/Au (5/60
nm) electrodes. After assembling the heterostructure, photo-oxidation of the HfS, layer
was performed by rastering either (A = 375nm) or visible (A = 473 nm) laser light
focused to a diffraction-limited spot in the custom-built setup described in
2.2.1.1] A typical energy density of 53 mJpm~2 was used for exposures lasting 1 — 2s
per point of the HfS, layer. The focused spot size was ds = 264 nm for the [UV] laser
and d; = 445 nm for the visible wavelength.
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Figure 4.1: Breakdown of HfO, dielectrics. (a) I;q — Vsq characteristics for a 5-nm
graphite-HfO,-Cr/Au junction. Top left inset: Fowler-Nordheim tunneling theory. Bottom
right inset: Device schematic. (b) Isq— Viq for an extended voltage range showing the break-
down field for the dielectric. Inset: Log scale plot of the same data showing the exponential

dependence of tunneling current with bias voltage.

4.2 CHARACTERISATION OF HFO, INSULATING PROPERTIES

The characterization of dielectric properties such as the [DC| dielectric constant and
the breakdown field has been conducted using a Keithley 2400 voltage/current source
meter. The electrical characterisation of graphene and [TMD|[FETk was performed
using standard low-noise [AC| lock-in techniques using a Signal Recovery 7225 lock-in
amplifier and a Keithley 2400 source meter providing the gate voltage. All electrical
transport measurements were performed either in a vacuum (1073 mbar) or in helium
atmosphere.

The breakdown voltage of the laser-written oxide was measured in a heterostruc-

ture consisting of graphite-HfO,-Cr (5nm)/Au (60 nm) as schematically shown in the

inset of [Figure [4.1] (a)l Tunneling current can be measured when a source-drain bias

is applied across the vertical junction, as shown in [Figure [4.1] (a)l The tunnel current
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is found to increase exponentially until an electric field of Egzp ~ 0.5 to 0.6 Vnm™! is

applied, at which point the current discontinuously increases to the compliance level

of the voltage source meter, as shown in [Figure [4.1] (b)l This breakdown field is com-
parable to that of SiO, and (0.6 to 2.5 Vnm~" and 1 Vnm™?, respectively) 5233,

The tunnel current is well fit by the Fowler-Nordheim tunneling model (Figure [4.1f (a)|
inset). We were able to estimate the barrier height value of ®p ~ 1.15eV ¥, This

value is smaller than expected for a graphene-HfO, barrier &5 ~ 1.78 eV, likely related

to the nonstoichiometry of the amorphous oxide and finite impurity content, leading
to an impurity band forming below the conduction band edge.

Scaling of the tunnel conductivity with oxide thickness was found to be unreliable
with thin oxides d < 3 nm displaying significantly lower than expected resistivity (~ 10°
to 107 Q pum?), while oxides of thickness d > 10 nm show similar resistivity to 5-nm-thick
oxides (~ 10! to 102 Qpm?). This can be explained as follows: in thin flakes, there
is a higher chance for electrical pinholes caused by impurities or defects that shunt the
current away from high-resistance paths, whereas thicker flakes do not fully oxidise for
the same irradiation energy (which was kept constant in this work at 53 mJpm~=2 for
exposures lasting 1 to 2s per point of the HfS, layer), leading to higher than expected
conductivity. Optimal thickness for uniform oxidation was found to be 4 to 8 nm. We
expect that the oxide quality could easily be improved by optimising for laser excitation
energy, excitation power, and laser spot dwell time during the writing procedure.

To better understand the dielectric properties of the laser-written HfO,, we fabri-
cated dual-gated graphene [FETE. An optical micrograph of a [FET] constructed on a
Si/Si0, (285nm) substrate from a stack of bilayer graphene/HfO, (7nm) and Cr/Au
contacts is shown in the inset of . The metal contacts are placed directly
on the bilayer graphene (contacts 1, 2, and 11) and on top of the HfO, (contacts 3 to
10). To form a contact between the top Cr/Au metal lead and the graphene under-
neath the HfO,, we rely on the formation of a stable conductive filament produced by
the intentional breakdown of the dielectric. In this way, we can use contacts 7 and 8 in
the inset of as source and voltage probes; contacts 9, 10, and 11 as drain
and voltage probes, while the other metal leads (3 to 6 and 8) are used as top gates.
The I,4 — V4 characteristics showing stable filament formation are shown in |Figure 4.2
@, where the red curve shows the initial dielectric breakdown at a vertical electric

field of ~ 0.5V nm~!. Further cycling of the source-drain bias with increasing current
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Figure 4.2: HfO, as an electrical contact material and gate oxide in a dual-gated
graphene (a) Vsq indicating that the formation of a conductive filament in the oxide
(red curve) further reduces resistance to the 10 k2 level (blue and black curves). (b) R(V},) for
different values of V;, from -60 V to +60 V. Inset: Optical micrograph of the heterostructure
device consisting of Gr-HfOx-Cr/Au. (c) Contour map of the channel resistance between

contacts 8 and 10, with contact 9 acting as the top gate electrode.

compliance leads to stable non-reversible filament formation that allows for direct con-
tact of the underlying graphene channel. Typical contact resistances of ~ 5.5k} are
achieved after filamentation (as the area of conductive filament is unknown, we cannot
estimate the resistivity in this case). Back gate (SiO3) sweeps of the resistance show
the bilayer graphene to be heavily p—doped with the |Charge Neutrality Point (CNP))
lying at Vonp ~ 80V. These p—type doping levels are attributed to the oxygen plasma

cleaning of the Si-SiO, substrate, used to promote the adhesion of graphene before

exfoliation.

[Figure [4.2] (c)[ shows a four-terminal top gate — back gate contour plot of the four-

point channel resistance between contacts 7 and 9 (contacted through filamentation),
with contact 8 serving as the top gate electrode. From the slope of the neutrality
point, dVi,/dVi,, and the thickness of the oxide (determined from the data), we
calculated the dielectric constant of the HfO, material to be kK~ 15+ 1. This value is
similar to literature values for amorphous HfO, #5338 Therefore, having confirmed that
the dielectric properties of our laser-written HfO, are comparable to those of sputtered

HfO, films, we turned our attention to its implementation in electronic devices.
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4.3 RESISTIVE SWITCHING MEMORY DEVICES

4.3.1 Resistive Switching Mechanism

The formation of conducting filaments illustrated in [Figure [4.1] (b)| allows for switching

between two resistance states, creating a device known as resistive switching Ran-

dom Access Memory [ReRAM| element B3 [ReRAM)| devices represent a promising

emerging memory technology with several advantages over conventional technologies

including increased speed, endurance, and device density.

A resistive switching Random Access Memories (ReRAM )| element is a simple type

of non-volatile memory device consisting of a dielectric layer sandwiched between two
metallic electrodes, as shown in the left panel of |[Figure 4.3 (a)l Initially, a ReRAM

device is subjected to the operation of electroforming, or simply forming, which is a

”soft” (i.e. reversible) breakdown of the dielectric due to the formation of a conductive

filament between the top and bottom electrode (Figure 4.3 (a)} middle panel). During

electroforming, a voltage bias is applied between the top and bottom electrode and
the current is limited by a compliance system, which allows the size of the contactive
filament to be controlled and avoids the destructive (hard) breakdown of the switching
layer.

Now, the system has two resistance states it can operate on; one where the top and

bottom electrodes are connected with the conductive filament(s) and is known as the

llow-resistance state (LRS)[ and one where the conducting filament has been depleted

of carriers and is known as the |high-resistance state (HRS), as depicted in the right
panel of The mechanism of switching between the two resistance states
is called resistive switching. It includes the process of switching from the [HRS| to the
[LRS| which is called SET process, and switching from the [LRS| to the [HRS] which is
called RESET.

The switching modes of metal-oxide can be broadly classified into two
switching modes: unipolar and bipolar®2. [Figures 4.3 (b),(c) show the I-V charac-

teristics of the unipolar and bipolar modes respectively. In unipolar switching, as can

be deduced from |Figure [4.3] (b)| the amplitude of the applied bias is responsible for
the switching and not the polarity, thus SET/RESET occur in the same polarity. If

the unipolar switching can symmetrically occur at both positive and negative volt-

ages, it is also referred as a non-polar switching mode. On the other hand, in bipolar
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Figure 4.3: |ReRAM]| operation. (a) Schematic of a [ReRAM| device (left panel). After

electroforming, a conductive filament is formed connecting the top and the bottom electrode,

thus resulting in the SET or [low-resistance state (LRS)|of the memory device (middle panel).

(b) I-V characteristics of a unipolar switching mode. (c) I-V characteristics of a bipolar

switching mode.
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switching the switching direction depends on the polarity of the applied bias. As a re-
sult, SET and RESET processes only occur in different polarities. For both switching
modes, the current is limited by a compliance system to avoid permanent dielectric

breakdown BIHE

4.3.2 ReRAM Devices with HfO,

Amongst the range of materials that show resistive switching, transition metal oxides
including HfO, are of particular interest ®3! owing to a range of unique properties such
as high mechanical flexibility, reduced power consumption, and potential for high-
density memory devices based on stacks of heterostructures ¥4 . [Figure [4.4| shows
representative device characteristics for a typical resistive switching element based on
photo-oxidised few-layer HfS;. Our devices consist of a Au top electrode with either

titanium or chromium used as an adhesion layer deposited on top of the HfS,-graphite

heterostructure (see [Figure 4.4 (a)l inset). Following photo-oxidation of the HfS,, the

device is subjected to repeated current-voltage sweeps, where the top metal electrode is
voltage-biased with respect to the bottom graphite electrode. During the initial voltage
sweeps, the current compliance and bias voltage are incrementally increased until stable
and repeatable resistance cycling is achieved (increasing the current compliance and
Vg further will lead to non-reversible conductive filaments, as discussed in the previous

section).

IFigure [4.4] (a)| shows a subsequent switching loop after the initial breakdown. At

Vig = +1V, an abrupt increase in current is observed as the device switches from a
[HRS|to a[LRS| (SET process). The device maintains its as the polarity is reversed
and swept down to —1V, where a reduction in current for increasing negative voltage
is observed, while the device switches back to the (RESET process). The use
of thin flakes allows for low-voltage operation, with the SET/RESET voltages around

|Via| =~ 1 V. The memory window of devices measured here (Rpyrs/Rprs) varies from
~ 5 up to ~ 10%, with the larger values observed for Au/Ti top electrodes. [Figure |4.4
@ shows similar current-voltage behaviour for the 1st and 100" cycle. The results of

repeated cycling are shown in [Figure(4.4| (¢)|in which Ryrs/Rrrs (with both resistance
values extracted at Vg = 100mV) shows little variation over 100 cycles. Lastly, we

investigated the long-term stability of this ReRAM]|device (Figure 4.4] (d)) and found
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Figure 4.4: HfO, as an electrical contact material and gate oxide in a dual-
gated graphene (a) Example of a switching cycle for the device architecture shown
in the bottom right inset. Top left inset: Initial filament formation sweeps before repeatable
switching was achieved. (b) First and 100" switching cycle for the same device. (c) Resistance
versus cycle number for the two resistance states plotted for the (blue) and (red).

(d) Time stability for the two resistance states.
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that the resistance levels measured for V,; = 250 mV, were consistent and well defined
for more than 10?s.

We note that resistive switching in devices using graphene for both top and bottom
electrodes was unreliable, suggesting that electrode material asymmetry is crucial for
reliable device performance. This bipolar switching is consistent with the formation
and rupture of conducting filaments. However, further studies are required to opti-
mise device performance and to better understand the role played by disorder, oxide

thickness, and contact chemistry.

44 OPTOELECTRONIC DEVICES

Vertically stacked heterostructures of 2D|materials provide a framework for the creation
of large-area, atomically thin and flexible optoelectronic devices such as photodetec-
tors L35l and light-emitting diodes @146l To date, only tunnel barriers have
been demonstrated; however, other wide-gap material oxides have not been explored
when combined with heterostructures. Here, we demonstrate the use of ultrathin

HfO, tunnel barriers in vertical light-emitting tunneling transistor device geometries.

[Figure |4.5) (a)| shows the current-voltage curve of a HfOx, [single-quantum welll
device formed by the encapsulation of monolayer MoS; in Inm to 2nm of
HfO,. Applying a bias voltage between the top and bottom graphene electrodes (G

and Gy) allows a current to tunnel through the thin HfO, layers and into the MoS,. As
we increase the bias voltage from zero, the current increases nonlinearly. Outside of a
low-bias regime (|Viq| > 1V), we observed an increase in the current due to tunneling
into the conduction band of MoS,. In addition, an asymmetry between the current at
positive and negative bias voltage is observed, which is likely due to both a variation
in doping between G; and G} and a different thickness of the top and bottom HfO,.
This behaviour is similar to previous work using tunnel barriers®.

The active area of the heterostructure was determined using scanning photocur-
rent microscopy, whereby a laser beam is rastered across the device while photocur-
rent is acquired simultaneously. Photocurrent measurements were performed using a
continuous-wave laser (), = 514nm, P = 15 W cm™?) rastered on the devices to pro-
duce spatial maps of the photoresponse. The electrical signal was acquired by a DL

Instruments model 1211 current amplifier connected to a Signal Recovery model 7124
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Figure 4.5: Thin HfO, barriers for optoelectronic applications. (a) Current-voltage
characteristics for the Insets: Device architecture (top) and schematic of the het-
erostructure band alignment (hBN}Gr,-HfO,-MoS,-HfO,-Gr;) (bottom). (b) Scanning pho-
tocurrent map acquired with a bias of V,y = —1V applied between the top and bottom
graphene electrodes. The red dashed lines correspond to the MoSy flake, while the grey
ones to the graphene electrodes. (c) Normalised photocurrent as a function of modulation
frequency. Inset: The temporal response of the photocurrent at f = 1.8 kHz. (d) Color map
of the spectra as a function of V4. (e) False-color charge-coupled device image of the
overlaid on an optical image of the device. Scale bar, 5pm. (f) Comparison between
the normalised intensities of the (black) and (brown) acquired at Vyq = —2.5V and
Vsa = 0V, respectively.
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digital signal processing lock-in amplifier. The lasers were modulated by using an ex-
ternal function generator at a frequency of fy = 73.87 Hz. The laser modulation works
as a mechanical chopper, operating at a frequency Fj, and along with the detection of
the produced signal by the current amplifier (lock-in frequency set also at fj) allows the
measurement of small electrical signals, for example, in samples with a low responsivity
and high dark current. The description of the characterisation setup can be found in
|Chapter [2.2.1.1]

IFigure [4.5) (b)|[ shows that, under a moderate bias (Vsq = —1V), the photocurrent

is predominately localised to regions of overlap between the top and bottom graphene

flakes, each outlined in light green. Photoexcited carriers in MoSy (red outline) are
separated by the graphene electrodes because of the applied vertical electric field.
Away from this region, the photocurrent (,.) drops from > 65 to < 10nA. As shown
in , we measured a reduction in the magnitude of the photocurrent as we
increased the light modulation frequency. For this device, the -3-dB bandwidth was
found to be f_345 = 40kHz and the rise time ¢, = 0.35/f_345 ~ 8.8 ps. The inset of
IFigure |4.5] (¢)[ shows multiple iterations of the photocurrent obtained at 1.8 kHz. The

measured response time is 10® to 10° times faster than that of typical planar MoS,

7. a result arising from the use of a vertical, as opposed to lateral,

photodetectors
contact geometry. The small electrode separation of ~ 6 nm and large electric fields
of ~ 0.1 to 0.2V nm~! minimise the transit time of the photoexcited carriers. Hence,
these vertical heterostructures of MoS, encapsulated in HfO, are a promising high-
speed light-detection architecture.

As the bias voltage is further increased, the quasi—Fermi levels of the graphene
electrodes allow for simultaneous injection of electrons into the conduction band of
MoS, and holes into the valence band. The carrier confinement set by the HfO, tunnel

barriers allows for exciton formation in the MoSs. The subsequent decay of those

excitons leads to light emission at the excitonic gap of MoS,. [Figure 4.5 (d)| shows

the |electroluminescence (EL)| intensity map as a function of photon energy and bias
voltage, where the main band appears at 1.78eV.

Electroluminescence is only observed for Vy; < —2V, with a more intense signal
recorded by increasing |V4|. The emergence of at —2V corresponds well with the

single-particle bandgap of monolayer MoS, #8449 while the negative threshold voltage

can be attributed to the asymmetric device structure.
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IFigure |4.5| (e)| shows a false-color [Charge-Coupled Device (CCD)| image of the
overlaid on a monochrome image of the device at an applied bias voltage of -2.5V. The
is localised to the active area of the device previously identified in [Figure [4.5( (b)|
through photocurrent mapping. To further understand the emission, normalised [EL]
and [photoluminescence (PL)|spectra are shown in[Figure[1.5](f)} The main[PL]emission
peak is assigned to the A exciton seen at an energy of 1.8 eV. The energy of the main
band red-shifts from that of[PL]by 53 meV. Typically, the exfoliated monolayer MoS, is

n—doped, which favours the formation of negatively charged excitons®¥ which have ~

30meV lower emission energy than neutral exciton. Therefore, we attributed the main
feature in [EL] spectra at 1.78 eV to the radiative recombination of the charged exciton.
Moreover, the dissociation energy (i.e. energy shift referring to that of neutral exciton)
of the charged exciton is proportional to the doping concentrationBY. Therefore, it
is likely that the large energy difference between and [PT] is an indication of high
doping in monolayer MoS,, which is due to doping of the as-exfoliated natural MoS,
flakes.

4.5 SUMMARY AND OUTLOOK

In this chapter the results of the characterisation of photo-oxidised HfS, as a dielectric
layer for heterostructures were presented, along with memory and opotoelectronic
devices that incorporate the photo-induced HfO,. We showed that ultrathin few-
layer HfS; can be incorporated into a variety of heterostructures and selectively
transformed into an amorphous high-k oxide using laser irradiation.

In contrast to sputtering or [ALD] the use of photo-oxidised HfS, allows for clean
interfaces without damaging the underlying materials. We demonstrated that the
laser-written HfO, has a dielectric constant k& ~ 15 and a breakdown field of ~ 0.5 to
0.6 Vnm~!. These properties allow us to demonstrate several promising high-quality
heterostructure devices using this oxide: (i) elements that operate in
the voltage limit of ~ 1V; and (ii) optoelectronic devices based on quantum well ar-
chitectures, which can emit and detect light in the same device, with [EL] intensities
and drive voltages comparable to devices with barriers and photodetection re-
sponse times up to 10° times faster than equivalent planar MoS, devices. Moreover,
the high-k dielectric constant, the compatibility with materials, and the ease of
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laser-writing techniques®™! will allow for significant scaling improvements and greater
device functionality, which we predict to be an important feature for future flexible
semi-transparent nanoelectronics.

However, especially for the case of memory devices, further studies are required in
order to optimise device performance and to better understand the role played by dis-
order, oxide thickness, and contact chemistry, as mentioned in [section[4.3.2 Regarding
the optoelectronic devices, future research should focus on increasing the quantum ef-
ficiency both of photodetection and of electroluminescence. In this direction, replacing
monolayer MoS, with a multilayer direct band gap material or stacking multiple HfO,

encapsulated monolayers could be the main paths to follow.
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HIGH MOBILITY IN N-DOPED CVD-GROWN WSE,
FETS

NOTE: The ideas and data presented in this chapter have been the subject of the
following publication (currently under review): Synthesis of monolayer n-doped WSe,
from solid state inorganic precursors. Nanomaterials, under review (2022). M. Och,
K. A. Anastasiou, I. Leontis, G. Z. Zemignani, P. Palczynski, A. Mostaed, M. Soko-
likova, E. M. Alexeev, A. I. Tartakovskii, J. Lischner, P. Nellist, S. Russo, and C.
Mattevi.

In this publication, my contribution was in the fabrication and optoelectronic char-

acterisation of the devices.

INTRODUCTION

The family of has attracted an increasing interest in the last decade due to their
unique optical, electrical and catalytic properties that enable potentially appealing ap-

H2I - Within this large family of materials, monolayer WSe, has emerged

plications
as an ideal material due to its direct optical bandgap close to the near infra-red re-
gion (1.65eV)B4  a large charge carrier mobility ™ and a robust valley-spin degree of
freedom®. WSe, crystallises in the thermodynamically stable hexagonal (2H) crys-
tal phase, or it can be stabilised in the distorted trigonal (1T’) phase. In the 1T’
phase it exhibits properties of a topological insulator™, and has been reported

8. Furthermore,

to be an active catalyst for the electrocatalytic hydrogen evolution!
for the 2H-WSe,, promising applications have been reported especially in the areas of

photovoltaics 1 spintronics 172 and optoelectronics B8 Additionally, WSe, and

89
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[TMDE in general are emerging as potentially transformative materials for the future

generation of ultra-short channel field effect transistors (FETE) as the charge carriers

are confined within the layer and uniformly controlled by the gate voltage F718l,

An industrially scalable synthesis method is [Chemical Vapour Deposition (CVD)|

which is also the most promising technique that can achieve high quality crystal growth
over wafer scale for mass production ™20 as already demonstrated for I1I-V semicon-
ductors. To date, monolayer WSe, has been synthesised in a form of isolated domains
by [CVD|E¥22 | and as large-scale continuous films using [Metal-Organic Chemical Vapor]
IDeposition (MOCVD)|23.

In this chapter, we demonstrate the optoelectronic properties of n-type WSes which

was synthesised using a novel [CVD| method and resulted in n-type transport. The
novelty relies in the use of the inorganic compound ZnSe as Selenium precursor, which
does not require using Hy as reducing agent or gaseous HySe. The obtained triangular
monolayer domains extend over tens of micrometres in lateral size, and they exhibit
n-type transport, which can be attributed to donor states induced by the deposition
of Zn on the surface of the crystal.

The material exhibits electron mobilities of ~ 10cm? V~!s™! and hole mobilities

up to 50cm? V=1s™!, extrapolated from the transfer curves on fabricated [Field Effect

[Transistor (FET)s. Moreover, the material possesses high intrinsic crystalline quality

as demonstrated by the narrow linewidth of the room temperature [photoluminescence]

(PL), while the low temperature emission is dominated by localised emitters due to
strong interaction between the crystal and the growth substrate.
After a brief presentation of the synthesis process in the first section of this chapter,

an in-depth analysis of the optoelectronic characterisation will follow.

5.1 SYNTHESIS OF MONOLAYER N-DOPED WSE,

The novel [CVD] synthesis method for WSe, presented in this section was developed
by the group of Dr. C. Mattevi at Imperial College London. This method is promis-
ing for industrially scalable synthesis of high-quality WSe, crystal, while it is also a
first step into the control of the charge carrier type and density in it. The latter is of
paramount importance for the implementation of WSe, in the metal-oxide semiconduc-
tor (MOS)FET architecture and complementary metal-oxide semiconductor (CMOS)
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logic controlling 2425,

This would require the doping to be air stable, covalent and controllable at the
synthesis level. However, substitutional doping of WSe, is still in early research stages,

2529 Whilst substitutional p-doping

and only a few examples are reported in literature
of monolayer WSe, has been achieved via|[CVD[B®3  substitutional n-doped WSe, can
only be obtained for bulk crystals via chemical vapour transport B2

Until now, a large amount of H, is used as reducing agent in the growth process, as it
increases the reactivity of both metal and halcogen precursors and it has been proven to
be fundamental for enabling the growth of WSe, from Se powder #3. However, handling
and storing Hy can be problematic in terms of safety, as it is highly flammable, while
H,Se presents acute toxicity at extremely low exposure concentration. By using ZnSe
as selenium precursor the usage of Hy is not required, which makes the handling process
easier and safer. In addition, it leads to the formation of large area monolayer flakes,
as shown in [Figure[5.1] (a)| which are n-doped due to the deposition of Zn atoms on the
surface of the material as shown in [Transmission Electron Microscopy (TEM)|images

(Figure |5.1] (c),(d))).
The growth was performed in a single-zone tubular furnace sublimating a 50%

wt. mixture of HoWO,-NaCl along with ZnSe powder loaded in two different alumina
crucibles placed next to each other and heated at 825 — 850 °C at low pressure (approx-
imately 0.1 — 1 mbar) using argon as carrier gas. The target substrate for the WSes
synthesis was SiO,/Si as this is inexpensive and technologically relevant for future
scalability of the synthesis. In addition, it gave the best results in terms of thickness
control, crystal size and homogeneity in the used system.

As shown in , the optical examination along with measurements
showed that a lateral flake size in the order of tens of um was achieved (~ 10-50 pm)
with a thickness of ~ 1nm, which is the expected height of a monolayer on a rough

substrate such as silica 2154

. These lateral dimensions of the WSe, triangles are in line
with the reported sizes of the majority of grown monolayers B587  Furthermore,
it was found that by increasing the temperature to 850 °C larger and thicker flakes were
synthesised.

The critical role played by the new Se precursor, introduced in this novel synthesis
approach, can be understood by using different Se-containing inorganic precursors.

Alongside ZnSe, the group of Dr. C. Mattevi at Imperial College London, who studied
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Figure 5.1: Optical and TEM images of CVD-grown WSe,. (a) Optical micrograph
of [CVD| grown monolayer Zn-doped WSe; alongside the thickness measured by Inset:
topographic map of a monolayer flake. (b) Diagram summarising the different Se
precursors used in this study with the relative evaporation temperatures and outcome. (c),(d)
images of synthesised WSey flakes. The occasional anomalous bright contrast of the
W sites is attributed to the presence of extra W and/or Zn atoms on either side of the flake
(i.e. adatoms) (c). Islands of contamination which probably contain Zn atoms are observed

on the WSe, surface. This leads to additional Zn-doping of the flakes.
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Figure 5.2: Raman spectrum of grown WSe;. Typical Raman spectrum (A =
514nm) of an as-grown WSes monolayer after PMMA-transfer on target SiOy. The principal
E'+A] and 2LA peaks are indicated.

and developed the growth process, tested different Se precursor powders (CusSe, Se-
powder, NaySe and CdSe) under different temperature conditions. The findings are
summarised in [Figure (b)l where it is shown that the highest quality of WSe,

crystal was obtained while using ZnSe as precursor.

5.1.1 Raman characterisation of CVD-grown WSey monolayer

Raman spectroscopy was utilised to investigate the quality of the crystal as it is a
non-destructive technique which gives valuable information of the crystal structure
and thickness. A representative Raman spectrum of a synthesised WSe, flake taken
in ambient conditions using 514nm excitation wavelength at the microscope setup
described in[Section2.2.1.1]is presented in[Figure[5.2l The dominant peak at 251.8 cm™!

is given by the convolution of the first order E’ in-plane and A] out-of-plane vibrational

modes, while the weaker second-order 2L A(M) mode is visible at 258.3cm ™!, is close to

38} 0]

its expected value of 260 cm~! for monolayer WSe, | . The proximity to the expected

position of the 2L A peak, along with the absence of the Bég mode at 310 cm™! confirms
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38139]

the monolayer nature of the flake! , while simultaneously implies the existence of

defects.

5.2 FABRICATION OF WSE, FIELD-EFFECT TRANSISTORS

In order to probe the optoelectronics properties of the CVD}grown WSe, we fabricated
with Ti/Au and Zn/Au contacts.

Initially, wet-etching was used to detach the material from the target Si substrate.
The donor substrates were spin-coated with a thin (~ 150 nm) layer of
2-methylpropenoate) (PMMA)| and baked at 150°C for 2 minutes before they were
put in a potassium hydroxide (KOH) solution (C' = 8.9 M , pH ~ 13) at 70°C until
the entire surface layer of Si was removed. This process leaves the PMMA] layer with

the attached material floating on the surface of the dilution and is then scooped and

transferred into clean [de-ionised (DI)| water several times to minimise the KOH residues
on the flakes which can affect the target substrate. Subsequently, the clean [PMMA]
layer was scooped with a clean Sit"/SiOy substrate and left on a hot-plate at 50°C

for at least four hours to dry. Finally, it goes through a thorough acetone - [DI] water -
IPropan-2-ol (IPA)| cleaning to remove the and other residues from the flake.

The|Field Effect Transistors were fabricated using standard electron-beam lithogra-
phy and thermal deposition of Ti/Au (5/60 nm) or Zn/Au (20/40 nm) for the contacts
followed by lift-off in acetone.

5.2.1 Aims of the study and device geometry

Various device geometries were fabricated with the aim to characterize the doping, the

free charge carrier density, type and mobility as well as the contact resistance at the

metal/WSe, interface. As discussed in jsection [2.2.2.1] at the interface of a semicon-

ductor and a metal, an energy barrier is created (Schottky barrier), thus affecting the

performance of electronic devices. The [Transfer Length Method (TLM)|is utilised to

characterise the contact resistance at the metal/WSe, interface. This consists of mul-
tiple two-terminal electrical measurements taken between pairs of subsequent metal

contacts with varying length of the semiconducting channel (see analysis in

[2.2.2.1] and [Eq. [2.19). A measurement of the 2-terminal resistance will contain the

WSe, resistance as well as twice the metal/WSey contact resistance. The channel
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resistance is expected to scale linearly with the geometrical length of the semiconduct-
ing channel. Therefore, in a plot of the total resistance as a function of the channel
length, the intercept for channel length equal to zero is equal to two times the con-
tact resistance. This value of resistance can be subtracted from the value of the total
two terminal resistance measured in field-effect transistors, enabling a more accurate
estimate of the charge carrier mobility.

An alternative method for the direct measurement and characterisation of the in-

trinsic transport properties of the channel and, therefore, the mobility of the charge

carriers as well, is the four-terminal method (also discussed in [Section [2.2.2.1)). In

this case, the resistance of the semiconducting channel is directly calculated using [Eq/
(12.20)) where Vi, opes and dpropes are the voltage difference and the distance between the
voltage probes, respectively.

Another aim of this study was to confirm the free charge carrier density and its
field effect dependence. This is achieved with Hall effect measurements, as described in
Section [2.3) During Hall measurements, the device is kept at cryogenic temperatures,
leaving no thermally excited carriers inside the channel that can modify the carrier
density and type. Due to the existence of magnetic field vertical to the flow of carriers,
those are accumulated on the edges of the channel, depending on their charge (positive
and negative charges occupy opposite edges). This gives rise to an electrical field that
applies force to the moving charges, opposite to that applied of the magnetic field.
When the two forces become exactly opposite, equilibrium is reached and the carriers
flow in straight line between the source and drain electrodes. By depositing two metal
probes vertical to the channel, we can calculate the density of free carriers according
to e B23)

In order to address these questions, we have fabricated field-effect transistors on
p-doped Si/SiOy substrates with multi-terminal Hall bar structures and performed
scaling transport experiments.

Finally, as moisture can be trapped at the interface of the semiconductor and the
deposited contacts during fabrication, thermal annealing under vacuum can be used
to remove it and improve the behaviour of the devices. Thus, by measuring the de-
vices before and after thermal annealing we can explore the functional dependence of
the aforementioned quantities on crystal quality, fabrication conditions and unwanted

contamination.
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Figure 5.3: Geometries and electrical circuits of studied devices. (a) geometry

for studying the electric transport properties of the material. Multiple contacts at different
separations are ideal to find the channel’s resistivity with [TLM] As a reference, the length
of the cross marker is 3pm. (b) Standard geometry for studying the doping of the material
using Hall measurements. Hall probes are overlapping with the WSes flake for 1pm. As a
reference, the length of the cross marker is 3 pm. (c¢) Schematic of the electrical circuit for the
two- and four-terminal (dashed line) field-effect measurements of the material. (d) Schematic
of the electrical circuit used for Hall measurements. During the measurements the sample

was kept at a temperature of 4.3 K.
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In [Figure 5.3 (a), (b)|the main types of the fabricated geometries are shown. Since

there are many parameters that can not be controlled during the growth and the
transfer of the material, the final shape of the flake is not exactly the same for all the
formed flakes. In this case, it resulted in two main shapes we mainly chose to work
with; relatively rectangular pieces that were formed after the destruction of triangular

flakes (Figure [5.3] (a))) and normal triangular flakes (Figure [5.3| (b)). The former gave

us the opportunity to deposit multiple metal contacts over a long area while the change

of the geometry of the channel was minimal.

With the contact configuration shown in [Figure [5.3] (a)l we were able to perform

multi-terminal measurements and use [Transfer Length Method (TLM)| (see [Section|
to determine the contact resistance and to probe directly the resistivity of
WSe, and the charge carrier mobility. The measurements were taken using the circuit of
(Figure|5.3| (¢)]), where the two- and four-terminal output of the device was monitored.

Furthermore, we selected flakes with triangular shape for the fabrication of multi-

terminal Hall-bars (Section [2.3] (b)). As can be seen in the two panels of
@, the voltage probes that measure the induced bias perpendicular to the flow of

carriers do not overlap with the flake more than 1pm. By minimising the overlap of

the voltage probes with the semiconducting channel, we secure a non-invasive role of

these contacts on the flow of current. In [Figure [5.3 (d)| the corresponding circuit for

Hall measurements is shown.

5.3 CHARACTERISATION OF |CVDIGROWN WSE,

5.3.1 Optoelectronic characterisation

To ascertain the doping and electrical transport properties of the [CVD}Fgrown WSes,
we fabricated with Ti/Au and Zn/Au contacts. The devices were characterised
in vacuum (1 x 107° mbar) prior to and after multiple annealing steps aimed at re-
ducing unwanted contamination of the system incurred in the fabrication. For the op-
toelectronic characterisation of all the devices presented here, the custom-made setup
described in [Section [2.2.1.2) was used.

Figure 5.4 (a)|shows the transfer characteristics of a representative device before and

after different annealing conditions, which were measured using the circuit shown in

Figure[5.3](c)l Such a comparative plot shows a change of conductive charge types from
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Figure 5.4: Optoelectronic characterisation

of WSey FET. (a) Transfer curves of

WSes FET (inset) under source-drain bias of Viq = 1V (before, after an initial vacuum

annealing step and after annealing in ambient conditions). (b) Contact resistance determi-

nation for the FET in panel (a), using [TLM| (c) Effect of annealing on the mobility of two

different devices; one with Ti/Au contacts and one with Zn/Au (panel (a), inset) contacts.

(d) Spectral response of device under source and gate bias Vyg = 3V and Vpy = =50V,

respectively.
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electrons (before annealing and after vacuum annealing) to holes after air annealing. At
the same time, the source-drain current increases upon annealing attaining an ON/OFF
ratio of ~ 105,

|Transfer Length Method (TLM)| was used after each annealing step to examine the

effects of the annealing on the semiconductor. By performing a linear fit to the Ohmic
region of the transfer curve of each contact pair (two-terminal configuration), the total

resistance (Ry,;) can be calculated according to Ohm’s law

Vg
]sd ’

where Vj, is the applied bias to the gate and I,; the measured current between the

Rtot =

(5.1)

source and drain electrodes of the device.

The results are summarised in [Figure [5.4] (b)|, where the contact resistance (R,)

is extracted before annealing, after vacuum annealing and after subsequent annealing

in ambient conditions. The contact resistance (R.) is extracted by considering the

intercept of the linear fit to the R, data, as described in [Section [2.2.2.1| by [Equation|
2, 191

d
RT = QRC + psw 2]} RT = 2Rc,

where d is the separation of the contacts.

From the data presented in |Figure [5.4] (b)| it is suggested that thermal anneal-

ing reduces the effect of contacts on the transport characteristics of the material and
enhances the output of the devices. Specifically, the value of the contact resistance

L after the vacuum

drops from ~ 205MQum~! before any annealing, to 105 MQ pm™
annealing cycles to reach a minimum of ~ 3 MQum™! after the completion of ambient
annealing cycles.

The significant enhancement of the transport characteristics due to the reduction
of contact resistance is reflected in the charge carrier mobility (u;, i = e~,h*"). Fol-
lowing the discussion in the field-effect mobility of the charge carriers
can be extracted from either the two- or the four-terminal measured transfer charac-
teristics of a using the Drude model (o; = n;qep; , @ = e, h™), where ¢, is the
elementary charge, o; is the conductivity of the channel and n; is the induced carrier

concentration due to the applied back-gate bias (V;). The conductivity of the channel
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and concentration of the carriers are given by

0; = aqepiVy and n;=aV,, i=e ,h",

where a = 7.698 x 101°cm™2V~! for SiO, gate dielectric of 280 nm thickness.

In , the field-effect mobility values of all the measured devices before
and after each annealing cycle are shown. Before annealing, the values of mobility are
quite low, not exceeding 0.4 cm? V~—!s~!. However, as we showed, annealing of the de-
vices enhances their transport characteristics and the charge carrier mobility increases

! (vacuum annealing) and 50 cm? V=1 57! (an-

reaching values as large as 10cm? V=1s~
nealing in air).

The improvement of the mobility values and the pure n-type conduction observed
after vacuum annealing can be attributed to the reduction of concentration of surface
contaminants. These were initially deposited on the surface of the channel as well as
at the interface of the channel and the metal contacts. Furthermore, the change of
carrier type from n- to p-type upon annealing in ambient is consistent with previous
studies on annealing of WSe; in the presence of oxygen reporting an increase in hole
doping due to the substitution of Se with QB4 a5 described in more detail in the
next section.

Finally, we characterised the spectral response of the WSey transistor under a
source-drain bias of Vy; = 1V and with a gate bias of Vi, = =50V (Figure [5.4] (d)).

We observed a maximum of photoresponsivity at 610 nm, which corresponds to an

energy gap of By, ~ 2eV in agreement with the theoretical values predicted from the

Mott-Wannier exciton model for monolayer WSe, on a SiO, substrate ¥

5.3.2  Enhancement of transport properties with annealing

After the initial characterisation of the optoelectronic properties of the devices, in-
situ annealing was conducted by heating the transistors at a temperature of 200°C
maintaining a background pressure of ~ 107° mbar. Vacuum annealing is an effective
method to reduce the concentration of surface contaminants by removing absorbed

o [6H8]

moisture and solvent molecule In addition, it has been shown to improve the

contact adhesion®¥ and lower the contact resistance™ . The results of our characteri-
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sation, presented in the [previous section| confirm this enhancement of the conductivity

of the channel as the devices after vacuum annealing show higher currents and carrier
mobility.

To further enhance the device output and test the limitations of the WSe, [FETE,
long annealing was performed at a temperature of 200°C in ambient conditions. Gener-
ally, enhancement of the device characteristics due to heavy oxygen doping is observed
under ambient annealing ™4 This is attributed to the substitution of Se, atoms with
O3 and the formation of WO3, which is highly conductive, islets within the crystal of
WSes,. As a result of the work function difference between WO3 and WSe,, the latter is
p-doped by the introduction of WO3 within its crystallic structure and the hole concen-
tration in the device is increased. These in-plane WSe,-WO3 heterojunctions formed
by the heating of the devices in ambient conditions are responsible for the enhancement

of the device characteristics.

5.3.3 Hall Effect Measurements

To confirm the free carrier type and concentration, we have characterised the back gate

dependence of the Hall coefficient using a 4-terminal Hall bar configuration in a number

of as-grown Zn-doped WSe, samples (see [Figure [5.5] (b)|) using a constant current bias

of 16pnA and perpendicular magnetic field —2T < B < 2T. For the characterisation,
the sample was mounted on the cryogenic experimental setup described in
[2.3.2] and was kept at a temperature of 4.3 K for the duration of the experiments.

By performing a sweep of the applied magnetic field while monitoring the induced

Hall voltage, Vi, we can extract the free carrier concentration using [Equation [2.24]

_ I/ld
AV /dB

As it is clear from the above equation, by performing a linear fit on the data collected

Na2p

while sweeping the magnetic field, we can calculate the charge carriers concentration

and type from the slope of the fitted line. This process is shown in [Figure |5.5] (a)|

where the concentration of free carriers has been extracted for V;, = 80V (red data
points and fitted line) and for V4, = 45V (black data points and fitted line). For 80V
back-gate bias, the carriers concentration was found to be approximately 6.1 x 106 m~2,

while for 45V back-gate bias ~ 1.1 x 10**m=2. It can be seen that the variance of
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Figure 5.5: Hall effect measurements of WSey FET. (a) Magnetic field sweeps and
measured Hall voltage under different back-gate bias of the WSey FET. The continuous lines
represent the best linear fits of the data. The slope of the fitted line is used for the calculation
of the carrier concentration inside the 2D channel (Nyp). (b) Electrical circuit used for the
measurements of the tested device (Device Under Test, DUT). (c) Transfer characteristic
(black curve, Vg = 2V) and gate-dependent Hall free carrier density (red data) measured
for a representative Zn-doped Hall bar device (inset). All measurements were performed at

T = 43K.

the data points in reference to the regression line in the case of V3, = 45V is quite
high and can be attributed to high resistivity of the channel, implying the existence of
many defects.

In , the extracted values of the concentration of the free charge carriers

is plotted along the low-temperature transfer curve of the device, measured between

the source and drain electrodes (Figure [5.5 (b)). By extrapolating the linear region of

the transfer characteristic curve (black curve in Figure [Figure|5.5[ (c)) we can calculate
the threshold voltage (Vr) of the device. For V,, > Vp, there is a significant current

flow from the source to the drain, meaning that the channel is sufficiently enriched
with carriers. The transfer curve shows a threshold voltage of 48.3 V, which justifies
the lower values of carrier concentration for sub-threshold gate biases.

These measurements confirm an average intrinsic n-type doping charge density
Neay > 5 x 10 m™2 at the back gate threshold voltage, whereas no valence band
conduction was observed. Specifically, the above value was measured at V;, = 40volt.
Furthermore, the free carrier density increases linearly with the back-gate voltage fol-

lowing the expected functional dependence of the Drude conductivity, o, = neqefte.
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These findings are consistent with the transfer characteristics showing n-type conduc-
tion.

Performing Hall measurements on pristine WSey crystals grown using Se powder
instead of ZnSe, we observed a much larger resistivity which hindered the performance
of electrical measurements, suggesting the material is ambipolar. The aim was to
extract the value of free carrier concentration and compare it with the one we extracted
for the WSey crystal which was grown with ZnSe powder as precursor. Ideally, the
results would clearly show an intrinsic p-type in contrast with the ZnSe-grown material.
Although the examined samples did not lead to the determination of the concentration
of carriers due to high resistivity, there were indications from the data collected during
the sweeps of the magnetic field that the material is ambipolar. This further supports

our evidence that the Zn atoms induce n-type doping to WSes.

5.4 SUMMARY AND OUTLOOK

In this chapter we presented high-quality n-doped WSe, monolayers, grown using a
novel inorganic precursor of selenium via[CVD] The material exhibits n-type of doping
which is further supported by Hall measurements. However, due to the high resistivity
of the examined samples, only Hall measurements at back gate voltages comparable to
the threshold voltage (Vr = 48.3V) of the devices were possible. Thus, we were able to
calculate a lower limit for the free electron limit, which is 5 x 10" m™2 at V;, = 40V.
This n-type of doping can partially be attributed to the presence of adsorbed Zn
atoms on the material, but still the majority of the doping is due to the field effect (see

I[Equation|1.15]). The doping is very stable, and the material exhibits electron mobilities

up to 10ecm? V~1s~!, making the material viable for electronic devices. Nevertheless,
more effort is needed in order to achieve Hall measurements at V;, = 0V, which will
accurately show the intrinsic doping of the material. Only then a safe conclusion for
the role of adsorbed Zn atoms can be reached.

Additionally, we examined a potential way to change the transport properties of the
material and enhance the field-effect mobility by annealing the devices in ambient. We
showed that mobility is improved almost five times for the ambient-annealed devices,

-1

reaching hole mobilities up to 50 cm? V=1s™1. Although these values of mobility fall

short of previously reported ones #5553 e need to emphasise that in almost all the
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cases we found the reported values were for hole but not for electron mobilility. The
data presented here show among the highest n-type mobilities reported for monolayer
WSe, [FETE.

This work will contribute towards the implementation of air stable doping in [TMDE
and to ultimately achieve high-performance electronic and optoelectronic devices. As
the doping occurs during the synthesis itself, it is compatible with large scale synthesis
of [TMDk.

In summary, more work is needed to obtain cleaner material and probably inves-
tigate whether the Zn atoms which are responsible for the n-doping of the material
can be incorporated in its crystallic structure. Different fabrication approaches and
vacuum annealing parameters need to be tested in order to end up with clean material
and interfaces which will allow more precise Hall measurements. Furthermore, differ-
ent types of devices should be tested in order to fully understand the material; mainly
heterostructures were the [CVD}grown WSe, is encapsulated in or HfO, which
will remove the effect of the anomalous SiO, surface. This, along with using graphene
electrodes, thus eliminating the effect of metal contacts on the semiconducting channel,
would make it easier to investigate the actual limitations of the material, in terms of

its transport properties.
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FINAL REMARKS AND OUTLOOK

The largest part of this thesis was dedicated to the novel method of photo-oxidation
of HfS; and to the use of the resulting high-£ HfO, in novel optoelectronic devices.
Each of the chapters discussing the applications of the photogenerated oxide presented
a novel idea and/or demonstrated a fully characterised prototype device where their
advantages over current technology were highlighted.

Specifically, began by laying the foundations of the mechanism of photo-
oxidation of HfSy. There, the importance of the importance of the presence of aqueous
oxygen in the environment where the photo-oxidation takes place was emphasised and

the chemical reactions of reduction-oxidation that lead to the formation of HfOy were

presented. Furthermore, the [second half of the third chapter| was dedicated to the

contrast study of an area where the oxidation was not uniform. By varying the laser
power along a displacement axis, it is possible to end up with different degrees of
oxidation along the path followed. The analysis was based on the fact that HfS,
is almost entirely transparent in the visual range, thanks to its wide bandgap, and
showed a correlation between the optical contrast along a HfO, gradient and the level
of oxidation. This could be a very important point as it would give a whole new level
of control in the process, resulting in a oxide with graded dielectric properties. A

two-dimensional dielectric with a gradient of refractive index could be incorporated in

van der Waals (vdW)| heterostructures and act as an exciton waveguide.

Subsequently, the first nanoelectronic devices incorporating HfO, were presented
in [Chapter |4 and included [resistive switching Random Access Memories (ReRAM )|

and optoelectronic devices where both light detection and emission are possible. This

chapter began with a characterisation of the insulating properties of HfOy, where the

111



112

breakdown field of the oxide was found to be ~ 0.6 Vnm~! and its dielectric constant ~
15. The devices presented here exhibited ambipolar switching and maintained
a steady behaviour for 100 SET/RESET cycles, while the largest memory window

reached Rygrs/Rrrs ~ 10*. Additionally, an [optoelectronic device| of quantum well

architecture was presented where light emission and detection were possible in the

same device. The |electroluminescence (EL)| intensities were comparable to those that

use hBN barriers but this device exhibited 10° times faster photodetection than planar
MoS, ones. All these showed the compatibility of the photogenerated oxide with other
materials and open a new path for application in semi-transparent and flexible
nanoelectronics.

Finally, the optoelectronic characterisation [FETE with a channel of monolayer WSes,
grown with a novel [CVD| method was presented in After an
of the novelties of the growth process, the enhancement of transport properties via
vacuum and ambient annealing and the optoelectronic characterisation of the devices
followed. The examined devices showed high ON/OFF ratios (~ 10°) and carrier mo-

bility (up to 50 cm? V=1 s™! upon vacuum annealing), showing a maximum of photore-

sponsivity at A = 610nm. Additionally, the results of |[Hall measurements| performed

in order to determine the intrinsic carrier doping, were discussed. An average intrinsic

2

n-type doping with charge density of ny.; > 5 x 10 m™2 were calculated, confirming

that it is the first reported [CVD}grown monolayer WSe, with an n-type doping.
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